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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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to evaluate Hg contamination and transformation to methyl-
Hg through the measurement of (i) total Hg, Hg2+, and
methyl-Hg concentrations in mine-waste calcines and stream
sediments collected in the Almadén area; (ii) Hg and methyl-
Hg in surface waters, some of which are drinking water
supplies for residents in the region; and (iii) the potential
rate of Hg methylation and methyl-Hg demethylation in
mine-waste calcines and stream-sediment samples. We also
conducted several laboratory water leaching experiments to
evaluate the capacity of the mine wastes to release (or leach)
Hg during weathering.

Experimental Section
Sample Collection. In June 2003, we collected samples of
mine-waste calcine from the Almadén and the Almadenejos
retort sites as well as stream sediment and water from several
downstream watershed sites (Figure 2). Stream and reservoir
sediment samples were collected from surface-layer bed-
load alluvium. Mine-waste calcines were collected as grab
samples about 25-50 cm below the surface to avoid the highly
oxidized near-surface environment. Weather conditions were
hot, sunny, and dry (temperatures generally 20-26 °C) during
collection of all samples, and there was no rainfall during
our sampling or in the month before. All solid samples were
stored in glass vessels until analysis, and samples for Hg
speciation analysis were immediately frozen until analysis.

Samples for Hg methylation and demethylation rate mea-
surements were refrigerated but not frozen. Prior to geochem-
ical analysis, the stream-sediment and calcine samples were
air-dried. Sediment and mine-waste samples were sieved to
-80 mesh (0.18 mm) and pulverized.

Water samples were not filtered because comparative
reference standards for Hg such as international drinking
water and aquatic life standards are established for unfiltered
water (14, 15) and there are no clearly established standards
for Hg in filtered water. Thus, filtered water samples were
not collected in this study. Unfiltered water samples for total
Hg and methyl-Hg analysis were collected in precleaned,
Teflon bottles, which were acidified on-site with ultrapure
HCl using a final acid concentration of 0.5% v/v. Unfiltered
water samples for cation determinations were collected in
precleaned polypropylene bottles and acidified on-site with
ultrapure HNO3. Water parameters such as pH, conductivity,
total dissolved solids, alkalinity, turbidity, temperature, Fe2+,
oxidation-reduction potential, and dissolved oxygen (data
not shown) were measured at each sample site using portable
meters, field test kits, or a Hydrolab instrument.

Laboratory water leaching experiments were also carried
out on samples of mine-waste calcine using the U.S. EPA
1312 Synthetic Precipitation Leaching Procedure (SPLP) (16).
For these tests, we collected 19 grab samples from mine-
waste piles near the Almadén mine (n ) 15) and the
Almadenejos retort site (n ) 4). These samples were air-
dried and sieved to -9.5 mm prior to leaching. Following the
1312 SPLP method, 100 g of sample was leached with 2 L of
deionized water acidified to pH 4.2, and then the samples
were rotated at 28 rpm for 18 h. Our only modification of the
1312 method was that the leachate was extracted and filtered
to 0.45-µm, rather than with a 0.7-µm filter used in the 1312
method. Both unfiltered and filtered leachate samples were
analyzed for total Hg and other trace-elements.

Sample Analysis. Major and trace elements were mea-
sured in sediment, water, and leachate samples by inductively
coupled plasma-mass spectrometry. Total Hg and methyl-
Hg were determined in the sediment, water, and leachate
samples using cold-vapor atomic fluorescence (17, 18).
Measurement of total Hg followed U.S. EPA Method 1631,
and analysis of methyl-Hg followed U.S. EPA draft Method
1630 (18). Total Hg, Hg2+, and methyl-Hg determinations in
sediment and water were performed by Battelle Marine
Science Laboratory in Sequim, WA. Total Hg concentrations
in leachate samples during leaching studies were determined
at the U.S. Geological Survey, Denver, CO (USGS). During
methyl-Hg analysis, the sediment samples were extracted
into methylene chloride during digestion to avoid possible
methylation artifact effects (19). Measurement of Hg2+ (ionic
Hg) was also made using cold-vapor atomic fluorescence
following cold-leaching of the sediment samples for 24 h
with 1 N HCl (17). This operationally defined technique
liberates most Hg not bound in cinnabar or elemental Hg.
Quality control for geochemical analyses, including Hg and
methyl-Hg determinations, was addressed with method
blanks, blank spikes, matrix spikes, certified reference
materials, and blind duplicates. Recoveries on blank and
matrix spikes were 92-121% for total Hg. The relative percent
difference was e11% from certified values on standard
reference materials for total Hg in sediment and water
(sediment standards NIST-2704 and PACS-2; water standard
1641d). Water samples were corrected for distillation recovery
efficiency, which averaged 88%. Recovery efficiency was 100%
for sediments. Field and method blanks were below the limits
of determination for total Hg. Limits of determination were
0.002 µg/g for total Hg, 0.005 µg/g for Hg2+, and 0.2 ng/g for
methyl-Hg in sediment samples and 0.3 ng/L for total Hg
and 0.02 ng/L for methyl-Hg in water samples.

FIGURE 1. Cinnabar (HgS, red mineral) is the dominant ore mineral
at the Almadén mine, whereas elemental Hg (Hg0, gray beads) is
abundant locally.

FIGURE 2. Location of samples for sediment, water, and mine-
waste calcine collected in this study. Sample site localities (e.g.,
V1, V2, etc.) are shown for reference.
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The potential rates of methyl-Hg production and con-
sumption were determined using radioisotopic methods (3).
For these assays, sample slurries consisting of 3.0 mL of
sediment or 3.0 g of calcines or soils diluted with 3.0 mL of
water were injected (2.0 µL) with the radiotracers 203HgCl2

(0.33 µCi equivalent to 3.6 µg of Hg) and 14C-methyl-Hg
chloride (0.36 µCi equivalent to 1.26 µg of Hg) for methylation
and demethylation, respectively, and incubated at room
temperature in darkness for 1 d. The amount of Hg added
as 203Hg was equal to or less than ambient total Hg in samples.
The 14C-methyl-Hg added was approximately equal to
ambient methyl-Hg (in some calcines) to as much as 1000-
fold higher than ambient methyl-Hg (sediments and soils).
For most samples, HCl (6 N) was added following incubation
to stop the reaction. Samples were tested prior to incubation
for the presence of carbonate material by adding HCl and
observing CO2 formation. Demethylation reactions in samples
that exhibited significant CO2 formation were terminated
using NaOH (3 N) instead of HCl. For methylation assays,
radiolabeled methyl-Hg was extracted twice into toluene
following treatment with CuSO4 and KCl in H2SO4. Pooled
toluene extracts were dehydrated using anhydrous NaSO4,
and radioactivity was determined by scintillation counting.
Demethylation was determined by measuring 14C in CO2 and
CH4 using a gas-proportional counter after separation of gases
on a chromatographic column. 14CH4 was also determined
by gas-proportional counting in samples in which the reaction
was terminated by NaOH (those containing significant
quantities of carbonate minerals). However, following 14CH4

measurements, the samples were slowly acidified with HCl,
and 14CO2 was stripped via a stream of N2 and trapped in a

mixture of phenethylamine, methanol, and scintillation fluid
(3), which was counted.

Results and Discussion
Mine-Waste Calcines. Samples of mine-waste calcines
collected from Almadén (n ) 8) and the Almadenejos retort
site (n ) 2) contain highly elevated concentrations of total
Hg ranging from 160 to 34 000 µg/g, which are several orders
of magnitude higher than sediments collected from uncon-
taminated watershed baseline areas in the Almadén region
and those worldwide (Table 1). Retorting of Hg ore at
temperatures of about 500-700 °C easily converts cinnabar
to elemental Hg, the final product of Hg processing; this ease
of conversion combined with the unique properties of
metallic Hg is the reason Hg has been mined for such a long
time. However, retorting of Hg-bearing ore is known to be
an inefficient and incomplete process, and as a result, mine-
waste calcines found at most Hg mines contain unconverted
cinnabar and other Hg compounds formed during processing
(5, 8, 20, 21). Calcines in the Almadén area are similar in
character to those found at other Hg mines worldwide: they
are red-brown in color due to the presence of abundant iron-
oxides and contain fine-grained cinnabar and elemental Hg
sorbed to particulates and contain several byproduct Hg
compounds (8, 9). Highly elevated total Hg concentrations
in Almaden calcines (Table 1) are related to the inefficient
retorting process and the presence of numerous Hg com-
pounds in these wastes.

Calcines containing the highest total Hg contents were
collected from the Almadenejos retort site (11 000 and 34 000
µg/g). The Almadenejos site has been inactive since the 1850s,

TABLE 1. Mercury Speciation Data for Hg Mines Worldwide, Comparative Baselines, and Regulatory Standards

unfiltered water sediments, calcine, or soil

location Hg
(ng/L)

methyl-Hg
(ng/L)

Hg
(µg/g)

methyl-Hg
(ng/g)

Hg2+

(µg/g)
Almadén Hg District, Spaina (6, 9)

downstream from mines 7.6-13 000 0.41-30 3.0-2300 0.32-82 <0.005-17
mine-waste calcines 160-34 000 <0.2-3,100 0.97-11,000
soils 6-8889
mine-pit lake 2200-2800 0.040-0.065 935 3.0 17

Idrija Hg Mine, Slovenia (3, 29, 30)
downstream from mines 6.0-322 0.01-0.6 0.77-1347 0.01-11
mine-waste calcine 10-727 6.5-14

Hg Mines, California (21, 31)
downstream from mines 1400-19 000 0.96-4.5 0.4-220 1.1-150
mine-waste calcines 2-450 000 <0.003-47 10-1500

Hg Mines, Southwest Alaska (4, 22)
downstream from mines 1.0-2500 0.01-1.2 0.90-5500 0.05-31 0.01-34
mine-waste calcine and soil 3.5-46 000 0.2-41 0.01-483

Hg Mines, Nevada (32)
downstream from mines 6.0-2000 0.039-0.92 0.17-170 0.12-0.95
mine-waste calcine 14-14 000 <0.05-96

Palawan Hg Mine, Philippines (33)
downstream from mines 170-330 <0.02-0.33 3.7-15 0.28-3.9
mine-waste calcine 18 000-31 000 <0.02-1.4 28-660 0.13-3.2
mine-pit lake 120-940 1.7-3.1 6.9-400 2.0-21

Comparative Baselines Distal from Mines
baselines, Almadén, Spaina (6) 9.1-43 0.048-0.34 0.36-0.60 0.23-4.3 0.025-0.029
Lake Baikal, Russia (34) 0.14-2.02 0.002-0.161 0.005-0.072
Lake San Antonio, CA (35) 0.6-1.8
baselines streams, SW Alaska (4) 0.1-1.4 0.04-0.2 0.02-0.78 0.1-0.3
uncontaminated streams, Canada (36) 0.01-0.7
streams and lakes, Antarctica (37) 0.27-1.9 0.02-0.33

Regulatory Standards
international drinking water standard (14) 1000
U.S. EPA drinking water standard (38) 2000
U.S. EPA, acute aquatic life water standard (15) 2400
U.S. EPA, chronic aquatic life water standard (15) 12

a This study.
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and the highly elevated Hg results for these calcines suggest
that significant Hg was lost during processing at this site,
probably as a result of inefficient retorting. In addition, ore
that was rich in elemental Hg was also known to have been
processed at Almadenejos. Highly elevated Hg concentrations
in mine wastes from other Hg mines worldwide are common,
but total Hg concentrations in mine-waste calcines from the
Almadén District are among the highest previously reported
(Table 1). Only soils collected from Hg mines in southwestern
Alaska (22) have been reported to contain higher Hg
concentrations (46 000 µg/g).

Concentrations of methyl-Hg in the mine wastes are more
important than total Hg concentrations simply because
methyl-Hg is highly toxic to all organisms. Our methyl-Hg
concentrations in mine waste and sediment are the first
reported for the Almadén area. Similar to the results for total
Hg, methyl-Hg concentrations found in Almadén mine-waste
calcines are highly elevated, ranging from <0.2 to 3100 ng/g.
The highest methyl-Hg concentrations were found at the
Almadenejos retort site (2700 and 3100 ng/g) and are more
than an order of magnitude higher than previously reported
from other Hg mines (Table 1). Concentrations of Hg2+ are
also highly elevated in calcines collected from the Almadén
area, but especially in samples from the Almadenejos site
(1900 and 11 000 µg/g). These data suggest that high
concentrations of reactive Hg2+ compounds could be bio-
available for microbial transformation of inorganic Hg to
methyl-Hg.

Mercury transformation studies confirm the finding that
Almadenejos calcines are “hot spots” for Hg methylation.
Methylation rate constants (kmeth) in Almadenejos samples,
determined from the conversion of 203Hg to methyl-203Hg,
are about an order of magnitude higher than those noted for
Almadén calcine samples (Table 2). In fact, methylation rate
constants in most of the calcine samples collected at Almadén
are below the detection limit of the method (∼0.01% d-1),
which is not surprising because this material was dry and
oxic, conditions generally not conducive to methylation,
which is primarily an anaerobic process (23, 24).

Rate constants are used to estimate the rate at which Hg
is methylated and demethylated by multiplying by the
independently determined Hg2+ and methyl-Hg concentra-
tions, respectively. Demethylation destroys methyl-Hg, so
demethylation rates are subtracted from methylation data
to obtain a potential net methylation rate (Table 2). Because
Almadenejos calcines contain about 100-fold more Hg2+ than
those from Almadén, the potential net methylation rate in
Almadenejos calcines is about 5000 times higher than that
found at Almadén. Ambient methyl-Hg in the Almadenejos
samples is about 300-fold higher than at Almadén. Net

methylation calculations must be viewed with caution
because introduced radioisotopes tend to be more bioavail-
able than ambient species (25, 26). However, high Hg
transformation rates are found at sites rich in methyl-Hg
(i.e., Almadenejos), indicating that the rates we measured
are good indicators of the ability of sites to create and
accumulate methyl-Hg.

Although rate constants for demethylation (kdeg) are
generally higher than methylation (kmeth), the quantity of
ambient methyl-Hg is low as compared to Hg2+, so the
estimated rate of demethylation is small and less than 2.0%
of the methylation rate. These data suggest that methyl-Hg
should be accumulating rapidly and should double in 0.3-
5.0 d. This is obviously much faster than what is occurring,
and the discrepancy is most likely due to (i) the relative lability
of the 203Hg tracer and (ii) the high concentrations of natural
Hg2+ that are not as bioavailable as the added tracer. However,
the wide differences between sites in rate constants and net
rates indicate that material at the Almadenejos mine is easily
methylated and that this methyl-Hg accumulates to high
concentrations. For example, despite the several orders of
magnitude difference in Hg concentrations and in activity
rates at the two calcine sites, the ratio of the methylation to
methyl-Hg concentration at each was within a factor of 3-6,
suggesting that the rate measurements are useful for
comparing sites exhibiting extreme differences in Hg spe-
ciation and activity. It is also interesting that a natural soil
sample collected in the Almadén area displayed low kmeth

and high kdeg like the calcine samples, and it also exhibited
a potential rate of methyl-Hg formation that is high relative
to the degradation rate. The ratio of methyl-Hg formation/
methyl-Hg degradation in the soil sample (Table 1) is similar
to that noted in Almadenejos calcines despite the fact that
both sites are significantly different in terms of Hg species.

14C-methyl-Hg was degraded solely to 14CH4 in calcine
samples from both Almadén and Almadenejos (Table 2),
which is indicative of reductive demethylation processes,
presumably catalyzed by the mer detoxification process (27).
The mer system is comprised of genetic loci harboring genes
conferring resistance to inorganic Hg and, sometimes,
organomercurial compounds. The latter occurs via an
organomercurial lyase that catalyzes the reductive cleavage
of the methyl group of methyl-Hg to CH4, as opposed to the
oxidative demethylation of methyl-Hg that liberates CO2 (3,
28). Studies suggest that the reductive mer mediated dem-
ethylation dominates at high Hg concentrations in more
aerobic settings, whereas the oxidative demethylation path-
way dominates at lower Hg concentrations in more anaerobic
settings (25). The calcines we studied are rich in Hg, but it
has been shown that oxidizing conditions support the

TABLE 2. Mercury Transformation Rate Constants (k) and Potential Rates of Hg Transformations in Various Sample Types from
the Almadén Mining District, Spain

Hg transformation constant (% d-1)

location n
methylation,

kmeth

demethylation,
kdeg % CH4

a

methyl-Hg
formationb

(ng g-1 d-1)

methyl-Hg
degradationc

(ng g-1 d-1)
net formationd

(ng g-1 d-1)

Almadenejos calcines 2 0.32 (0.12-0.52)e 7.8 (0-16) 100 11 300 (9900-13 000) 210 (0-420) 11 100 (9400-13 000)
Almadén calcines 5 0.021 (0-0.10) 5.7 (0-21) 100 2.3 (0-11.3) 0.3 (0-0.7) 2.0 (-0.69 to 11)f

Azogado Creek
sediments

2 0.88 (0.55-1.2) 31 (9.0-53) 7.5 (0-15) 6.4 (4.3-8.6) 24 (4.8-43) -18 (-35 to -0.59)

Valdeazogues River
sediments

7 3.4 (0.38-13) 4.4 (0.04-17) 22 (0-100) 1.8 (0.04-9.1) 0.11 (0.001-0.68) 1.7 (-0.35 to 9.3)

El Entredicho mine pit 1 0.01 0 nag 1.9 0 1.9
Gargantiel Reservoir

sediments
1 9.6 3.0 100 2.4 0.13 2.2

soil 1 0.09 9.7 100 14 0.4 13

a Percent of 14C recovered as CH4 during the demethylation of 14C-methyl-Hg. b Product of methylation rate constant times Hg2+ concentration.
c Product of demethylation rate constant times methyl-Hg concentration. d Methyl-Hg formation rate minus methyl-Hg degradation rate. e Range.
f Negative numbers indicate net degradation of methyl-Hg. g Not applicable.
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formation of CH4 from methyl-Hg even when Hg levels are
quite low (3). Indeed, a soil sample containing low Hg
collected approximately 100 km from Almadén also yielded
only CH4 from methyl-Hg (data not shown).

On the basis of the data collected, we conclude that the
Almadenejos retort site has much higher Hg-methylation
than calcines from the Almadén mine site. Our results indicate
that significant elemental Hg was lost at this site either
through retort stack emissions, spillage, or in discarded mine
wastes. Through time, the majority of this elemental Hg was
converted to Hg2+ compounds, mostly by oxidation, and there
are also reactive Hg2+ salts present in the mine wastes, which
were formed during the retorting process. Previous work at
Almadenejos has shown the presence of Hg0 and Hg2+

compounds sorbed to particulates in mine waste (9). At
Almadenejos, extremely high concentrations of bioavailable
Hg2+ have resulted in high microbial Hg-methylation, which
is surprising considering that the surface environment where
the samples were collected is oxic and generally considered
nonconducive to Hg-methylation. We suggest that methyl-
ating bacteria were probably dormant when dry but were
reactivated when saturated with water during the laboratory
methylation experiments.

Stream Sediments. Stream and reservoir sediment
samples were collected from sites along the Valdeazogues
River and its tributaries (Figure 2) to evaluate Hg contami-
nation and Hg methylation in sediments derived from the
Almadén mine-waste calcines, which erode into this water-
shed. Stream sediments collected from Azogado Creek, within
about 7 km downstream from waste piles at the Almadén
site, contained the highest total Hg concentrations, ranging
from 770 to 2,300 µg/g (Figure 3). Such total Hg concentrations
are similar to those found in sediments collected downstream
from other Hg mines worldwide (Table 1). Few structures
are found preventing downstream erosion of mine wastes at
the Almadén retort site, and as a result, detrital fragments
of calcine and fine-grained cinnabar are found in stream
bed material at sample sites on Azogado Creek, indicating
that mine wastes are eroding into streams downgradient from
Almadén mine-waste piles. However, stream sediments col-
lected more distant from mined areas along the Valdeazogues
River show significant geochemical dispersion, where total
Hg concentrations vary from 2.6 to 36 µg/g (Figure 3).
Sediment samples collected from two baselines sites distant
from Hg mines in the region contain the lowest total Hg
concentrations 0.36 µg/g (upstream on the Valdeazogues
River, site V9, Figure 3) and 0.60 µg/g (Gargantiel Reservoir,
site G1, Figure 3). Total Hg concentrations in these samples
are similar to those found in sediments collected from

uncontaminated sites worldwide (Table 1). However, it is
probable that the landscape in a significant area around
Almadén is affected by Hg because of the wide distribution
of Hg mines and the duration of Hg mining in this region.

Stream-sediment samples collected most proximal to
mines or mine wastes also contain highly elevated concen-
trations of methyl-Hg and Hg2+. For example, the three
sediments collected from Azogado Creek contain methyl-
Hg ranging from 11 to 82 ng/g and Hg2+ concentrations
ranging from 0.19 to 1.6 µg/g. A pit-lake sediment sample
collected from El Entredicho mine contained a methyl-Hg
concentration of 3.0 ng/g and a Hg2+ concentration of 17
µg/g. These results indicate significant Hg methylation in
areas proximal to the mines. Concentrations of methyl-Hg
in stream sediments in the Almadén area are similar to, or
higher than, those found in sediment samples collected
downstream from other Hg mines worldwide (Table 1, Figure
4). For example, only sediments collected downstream from
Hg mines in the California Coast Ranges (31) have been re-
ported to contain higher methyl-Hg concentrations (as much
as 150 ng/g; Table 1). Stream sediments collected more dis-
tally from mines in the Almadén area along the Valdeazogues
River contain methyl-Hg concentrations ranging from 0.32
to 4.0 ng/g and Hg2+ concentrations ranging from <0.005 to
0.23 µg/g. Methyl-Hg and Hg2+ concentrations in the
Valdeazogues River sediments are generally higher than those
in the baseline sites, although sediment collected from
Gargantiel Reservoir contained a methyl-Hg concentration
of 4.3 ng/g, suggesting elevated Hg methylation at this site
as well.

The kmeth values for sediment samples are up to 1-2 orders
of magnitude higher than those noted in most calcines (Table
2). The kdeg values in Valdeazogues River sediments are similar
to those in calcines, whereas kdeg values are highest in the
Azogado Creek sediments. Sediments sampled were clearly
anoxic, which would enhance methylation, whereas de-
methylation is active under both anaerobic and aerobic
conditions (27). Concentrations of Hg2+ in Azogado Creek
sediments are about 10-fold higher than in Valdeazogues
River sediments, which accounts for the higher potential
methylation rates in Azogado Creek sediments. However,
the high kdeg values up to 53%/d and the high methyl-Hg
concentrations up to 82 ng/g in Azogado Creek result in high
methyl-Hg degradation rates leading to an average net
degradation of methyl-Hg. Only two of three sediment
samples from Azogado Creek yield measurable Hg trans-
formation data, and one of those exhibit high values of kdeg

(>50%/d) and a high concentration of methyl-Hg (82 ng/g).

FIGURE 3. Total Hg concentration in sediments and mine wastes
versus distance from the Almadén mine. Sample site localities
(e.g., V1, V2, etc.) are the same as shown in Figure 2. Pit-lake sediment
is from the El Entredicho mine. Negative distances are those
downstream from the Almadén mine; positive distances are those
upstream from Almadén.

FIGURE 4. Concentration of total Hg vs methyl-Hg in sediments and
calcines collected in the Almadén area. The range of data for Hg
mines in Alaska and Nevada are shown for reference.
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The other site yields gross rates of formation and degradation
that are nearly equal. Hence, average data reported in Table
2 are somewhat misleading. However, rapid rates of activity
in Azogado Creek suggest that methyl-Hg in those sediments
is recycled rapidly through methylation and demethylation
(39), but the net result is a significant accumulation of methyl-
Hg.

Even though Valdeazogues River sediments do not
transform Hg as rapidly as Azogado Creek sediments, Hg is
actively transformed. Like the calcine samples, Valdeazogues
River sediments yield an average net Hg transformation rate
that is similar in magnitude to the pool size of methyl-Hg.
In other words, the net quantity of methyl-Hg produced per
day is similar to the amount of methyl-Hg measured. In fact,
when data from all the sites are examined, the net quantity
of methyl-Hg produced per day is within a factor of 4 of the
quantity of ambient methyl-Hg. It follows that rate measure-
ments provide data that agree with Hg speciation data and
that the formation of methyl-Hg is tightly coupled with its
demethylation. The degradation of 14C-methyl-Hg in sedi-
ment samples occurs primarily via the oxidative pathway as
indicated by the production of 14CO2 (Table 2). Only one
sediment sample produced 100% 14CH4 from 14C-methyl-
Hg, and this sediment was collected from a reservoir in the
Valdeazogues River system (Figure 2, site V5). Six of the nine
sediment samples analyzed yield <3% CH4. These data agree
with the assumption that the anaerobic degradation of
methyl-Hg usually occurs by an oxidative demethylation
pathway (3, 27), as opposed to the reductive path that is
evident in oxic soil and calcine samples.

Our data indicate that sediments collected from Azogado
Creek and Valdeazogues River downstream from mined areas
have high potential to transform Hg to methyl-Hg and are
host to active Hg-methylators and methyl-Hg demethylators.
The stream environments are obviously wet, anoxic, and
contain more organic matter than the mine-waste calcines;
these conditions are conducive to microbial methylation.
Stream-sediment data suggest significant Hg contamination
and Hg-methylation along at least 60 km of the Valdeazogues
River from El Entredicho Reservoir to the La Serena Reservoir
(Figures 2 and 3).

Water. Total Hg concentrations are highly elevated in
water samples collected from the Azogado Creek (n ) 2;
11 000 and 13 000 ng/L) and El Entredicho mine-pit lake (n
) 2; 2200 and 2800 ng/L) and greatly exceed several important
water quality standards including: (i) the 1000 ng/L inter-
national drinking water standard for Hg (12), (ii) the 2000
ng/L drinking water standard for Hg used in the United States
(38), and (iii) the 12 ng/L Hg standard recommended by the
U.S. EPA to protect against chronic effects to aquatic wildlife
(15) (Figure 5). Water from Azogado Creek or El Entredicho
pit lake is not a source of public drinking water, but the total
Hg concentrations are of great concern because they are
several orders of magnitude higher than the standard
recommended to protect against chronic effects to aquatic
wildlife. Total Hg concentrations in water collected in the
Almadén area are also some of the highest reported as
compared to other Hg mines throughout the world (Table
1). Conversely, water collected from the baseline sites in the
Almadén region contain much lower total Hg concentrations
(upstream site on the Valdeazogues River, 7.6 ng/L; Gargantiel
Reservoir, 9.1 ng/L) and are below all of the water standards
for Hg discussed above. One tap-water sample collected from
the University of Castilla-La Mancha in the town of Almadén
contained 43 ng Hg/L and is well below the 1000 ng/L drinking
water standard for Hg established by the WHO. Water
collected from the Valdeazogues River from sites downstream
from mines contain total Hg concentrations ranging from 43
to 161 ng/L and are much lower than those found in water
from Azogado Creek (sites within 7 km of Almadén calcines),

but the concentrations significantly exceed the 12 ng/L U.S.
EPA standard for Hg to protect against chronic effects to
aquatic life (Figure 6). Total Hg concentrations in water from
the Valdeazogues River are below drinking water standards
for Hg, but the Valdeazogues River is also not generally used
as a source of public drinking water.

There are no established standards for methyl-Hg in water,
but concentrations of methyl-Hg in the water collected from
Azogado Creek (4.9 and 30 ng/L) are highly elevated when
compared to methyl-Hg in water collected from baselines
sites (0.048 and 0.41 ng/L) in the Almadén area. Similar to
the results for total Hg, concentrations of methyl-Hg found
in water from Azogado Creek are among the highest reported
for that observed in water samples collected near other Hg
mines worldwide (Table 1). Methyl-Hg concentrations in
water collected from the Valdezogues River varied from 0.39
to 1.8 ng/L (Figure 5) and are also generally higher than
found in baseline sites in the Almadén area and higher than
observed in uncontaminated baseline streams and lakes
worldwide (Table 1). The Valdeazogues River is a large and
important watershed and fishery in the region. Our results
suggest significant transference of methyl-Hg from the
sediment to the water column in this important ecosystem.
Recent studies in the Almadén area reported elevated

FIGURE 5. Concentration of total Hg vs methyl-Hg in surface water
collected in the Almadén area. The World Health Organization (WHO)
drinking water standard and the U.S. Environmental Protection
Agency (U.S. EPA) Hg standard to protect against adverse chronic
effects to aquatic life are shown for reference. The range of data
for worldwide uncontaminated baselines is also shown for
reference.

FIGURE 6. Total Hg concentration in water and leachates of calcines
vs distance from the Almadén mine. Sample site localities (e.g., V1,
V2, etc.) are the same as shown in Figure 2. The pit-lake sample
is from the El Entredicho mine. Negative distances are those
downstream from the Almadén mine; positive distances are those
upstream from Almadén.
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concentrations of total Hg and methyl-Hg in freshwater clams
in the Valdeazogues River and suggest that Hg contamination
is being actively transferred to biota (6).

Water was not found flowing through, or directly from,
mine-waste calcines at any of the sites studied in the Almadén
area. Therefore, water leach experiments of mine-waste
calcines were carried out to simulate mine-water runoff,
which demonstrates the capacity of the calcines to release
Hg into surrounding downstream watersheds during periodic
high precipitation events. Some of the leachates produced
during the leach experiments contained extremely high
concentrations of Hg. For example, calcines collected from
waste piles in the Almadén area (n ) 15) produced leachate
concentrations of total Hg varying from 2.2 to 1400 µg/L in
unfiltered samples and from 2.0 to 400 µg/L in samples fil-
tered to 0.45 µm. Leachates of calcine samples from the
Almadenejos retort site (n ) 4) were even higher in Hg,
ranging from 5.2 to 120 000 µg/L in unfiltered samples and
from 3.6 to 120 000 µg/L in samples filtered at 0.45 µm. These
leachate concentrations are several orders of magnitude
higher in total Hg than observed in natural streamwaters in
the Almadén area (e.g., maximum total Hg concentration of
13 µg/L in Azogado Creek water) and are 120 000 times higher
than the 1000 ng/L WHO drinking water standard for Hg.

In the leachates from this study, as much as 70% of the
total Hg was found in the filtered samples, indicating that
water-soluble Hg compounds are present in the calcines or
that finely particulate Hg-bearing material or colloids released
during leaching passed through the 0.45-µm filter during
filtration. Using scanning electron microscopy, we have
observed calomel (Hg2Cl2), a soluble Hg salt, in mine-waste
samples from the Almadenejos site; however, additional
studies are needed to quantify the amount of these com-
pounds present in these mine wastes. The total Hg con-
centrations in the leachates produced in this study probably
represent the maximum concentrations that can be obtained
by water leaching of the calcines because the U.S. EPA 1312
method is a very rigorous and thorough leaching method.

Over 1 000 000 m3 of calcines are on the ground surface
in the Almadén area, and much more additional mine waste
has been back-filled into underground adits, shafts, and
tunnels. Using an average Hg concentration for Almadén
calcines of about 1000 µg of Hg/g, we calculate over 4000 t
of Hg in the Almadén area (excluding the Almadenejos site)
that is potentially available for surface leaching and runoff
into the surrounding environment. In addition, significant
quantities of cinnabar-bearing ore have been stockpiled at
Almadén, which may add to the load of Hg available for
surface leaching.

The Hg data for Valdeazogues River water show natural
dilution and attenuation (Figure 6), as do the Hg results for
the stream sediments (Figure 3), which is to be expected.
However, total Hg concentrations for all water samples
collected downstream from mined areas on Azogado Creek
and the Valdeazogues River exceed the 12 ng/L U.S. EPA
aquatic life standard. Methyl-Hg concentrations in these
waters are also generally higher than those found in
uncontaminated baseline sites worldwide (Figure 5). In
addition, Hg contamination in the Valdeazogues River and
Azogado Creek is widespread, which may have significant
adverse effects to biota in this important ecosystem. To
further evaluate the potential effects to this aquatic ecosys-
tem, Hg concentrations need to be measured in freshwater
fish in the Valdeazogues River, and presently, Hg data for
such fish are lacking.

Acknowledgments
This study was jointly funded by the U.S. Geological Survey,
the U.S. National Science Foundation Grants 99-75407 and
03-22022, and the Spanish Ministry of Science and Technol-

ogy Grant REN2002-02231. Phil Hageman (USGS) provided
total Hg analyses of leachate samples. We thank Ian Ridley
and Pat Shanks (USGS) and three anonymous Environ. Sci.
Technol. reviewers for constructive comments that helped
to improve the paper.

Literature Cited
(1) Peabody, C. E. The association of cinnabar and bitumen in

mercury deposits of the California Coast Ranges. In Bitumens
in Ore Deposits; Parnell, J., Kucha, J., Landais, P., Eds.; Springer-
Verlag: Berlin, 1993; pp 179-209.
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