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We present unambiguous records of preindustrial atmospheric
mercury (Hg) pollution, derived from lake-sediment cores collected
near Huancavelica, Peru, the largest Hg deposit in the New World.
Intensive Hg mining first began ca. 1400 BC, predating the emergence of complex Andean societies, and signifying that the region
served as a locus for early Hg extraction. The earliest mining
targeted cinnabar (HgS) for the production of vermillion. PreColonial Hg burdens peak ca. 500 BC and ca. 1450 AD, corresponding to the heights of the Chavı́n and Inca states, respectively.
During the Inca, Colonial, and industrial intervals, Hg pollution
became regional, as evidenced by a third lake record ⬇225 km
distant from Huancavelica. Measurements of sediment-Hg speciation reveal that cinnabar dust was initially the dominant Hg species
deposited, and significant increases in deposition were limited to
the local environment. After conquest by the Inca (ca. 1450 AD),
smelting was adopted at the mine and Hg pollution became more
widely circulated, with the deposition of matrix-bound phases of
Hg predominating over cinnabar dust. Our results demonstrate the
existence of a major Hg mining industry at Huancavelica spanning
the past 3,500 years, and place recent Hg enrichment in the Andes
in a broader historical context.
cinnabar 兩 Inca 兩 Chavín 兩 vermillion

C

innabar (HgS) is the primary mineralogical source of mercury (Hg), and forms a bright red pigment (vermillion) when
powdered. In the Andes, the use of vermillion is closely tied to
that of precious metals, and vermillion has been recovered in
burials of the elite from the first (Chavı́n) to the last (Inca)
Andean empires, where it was used as either a body paint or a
covering on ceremonial gold objects (1). During the Colonial era
(1532–1900 AD), large-scale Hg mining began in earnest with
the invention of Hg amalgamation in 1554 AD (2). For the next
350 years, Hg amalgamation became the dominant silver processing technique because it allowed for the extraction of silver
from low-grade ores (2, 3). Nriagu (2, 3) estimated Colonial Hg
emissions totalled 196,000 tons, averaging ⬇600 tons䡠year⫺1;
approximately equivalent to current emissions from China (4).
Estimates of Colonial Hg emissions represent minimum values
for the region because they only incorporate state-registered Hg
used during amalgamation. Hg emissions associated with early
Hg mining therefore remain entirely unknown. Huancavelica, in
the central Peruvian Andes, served as the single largest supplier
of Hg to New World Colonial silver mines, and thus represents
a potentially major source of preindustrial Hg pollution.
Study Region
Huancavelica is on the eastern slope of the Cordillera Occidental
in central Peru (Fig. 1). Hg deposits are related to high-grade
Cenozoic magmatism intruding Mesozoic and Cenozoic sedimentary rocks. Cinnabar is the dominant mercuric ore, and
⬎90% of historically documented cinnabar production has been
from the Santa Bárbara mine, immediately south of Huancavelica (5). Frequent cave-ins and extensive Hg poisoning
throughout Huancavelica’s 450-year Colonial history have made
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it one of the most sinister examples of human exploitation and
disastrous mining environments ever documented, earning it the
nickname mina de la muerte (mine of death) (5, 6).
We recovered lake-sediment cores from 3 lakes to reconstruct
the history of mining at Huancavelica. Two of the study lakes
presented here are named Laguna Yanacocha (hereafter LY1 and
LY2; see Fig. 1). LY1 is 10 km southeast of Huancavelica, whereas
LY2 is ⬇6 km southwest and is directly up-valley from Huancavelica
and the Santa Bárbara mine. Both lakes are small (LY1: 0.03 km2;
LY2: 0.05 km2) and relatively deep (maximum depths for LY1:
14 m; LY2: 11 m) headwater tarns that occupy undisturbed
catchments of 0.71 km2 and 0.31 km2, respectively. Laguna Negrilla
(hereafter Negrilla) is ⬇225 km east of Huancavelica in the
Cordillera Vilcabamba (Fig. 1 A). There are no major Hg deposits
or mining centres in this latter region. Negrilla is a small (0.06 km2),
deep (33 m) headwater lake that occupies an undisturbed catchment of 0.32 km2. Lakes with undisturbed catchments were deliberately targeted to minimize confounding impacts associated with
catchment disturbance, and to maximize sensitivity to atmospheric
deposition of Hg.
Sediment cores were recovered from the deepest part of each
lake, using a percussion corer fitted with a 7-cm-diameter
polycarbonate tube. Cores were extruded into continuous 0.5-cm
intervals in the field. At all 3 lakes, sediment excess 210Pb
activities decline in near-monotonic fashion (Table S1). To
constrain ages beyond the limit of 210Pb, accelerator mass
spectrometry (AMS) 14C measurements of discrete carbonized
grass macrofossils were obtained on 5 samples from LY1, 3
samples from LY2, and 3 samples from Negrilla (Fig. 2 and Table
S2). AMS 14C ages were calibrated using SHCal04 (7) within
Calib 5.0 (8). Concentrations of total Hg were determined on a
DMA80 direct mercury analyzer (Table S3). Measurements of
sediment-Hg speciation were done by solid-phase Hg thermodesorption (9), which produces temperature-dependent Hg release curves enabling identification of species such as Hg0,
matrix-bound Hg, and inorganic HgS by comparison with reference materials (Fig. S4).
Results and Discussion
Despite different sedimentation rates (Fig. 2), the LY1 and LY2
geochemical profiles are highly concordant (Fig. 3) when plotted
on their respective age-depth models. For approximately 1
millennium before ca. 1600 BC, Hg accumulation within LY2
sediment is stable and low, averaging 6 (⫾1) g䡠m⫺2䡠year⫺1. This
represents the natural, background accumulation of nonpollution Hg within LY2 sediment. The Hg profile of the Negrilla core
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Fig. 2. Age models for the 3 lake-sediment cores. Age models for LY1 and
Negrilla are based on linear interpolation between 210Pb dates and median
ages of calibrated 14C dates, whereas a best-fit line was used between dates at
LY2. AMS 14C ages were measured on terrestrial charcoal and calibrated age
ranges are 2 .
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we conclude that the accumulation of natural, nonpollution Hg
in these lakes is 6–7 g䡠m⫺2䡠year⫺1. Although this range is
consistent with nearly all other lake-sediment reconstructions of
preanthropogenic Hg deposition from around the globe (10),
mechanisms such as catchment export and sediment focusing
ultimately serve to confound reconstructions of Hg deposition to
varying degrees (11). Therefore, to enable comparability between these, and other lake-core records, sample to background
flux ratios were calculated for each lake (Fig. 3).
At both LY1 and LY2, dramatic increases in Hg accumulation
rates are initiated ca. 1400 BC, and by 600 BC both lakes exceed
background by ⬇10-fold (Fig. 3). The accumulation of Hg
subsequently decreases in both lakes until ca. 1200 AD at LY1
and ca. 1450 AD at LY2, before increasing once again. By the
mid-16th century, sediment Hg accumulation rates at LY1 and
LY2 are enriched by factors of ⬇55 and ⬇70 relative to
background, respectively (Fig. 3). Only the latter increase in Hg
deposition is preserved at Negrilla, where Hg accumulation rates
rise dramatically ca. 1400 AD to over ⬇30 times background.
After 1600 AD, the Hg records for all 3 lakes are all characterized by Hg accumulation rates and flux ratios well above
background (Fig. 3).
The earliest (ca. 1400 BC) rise in Hg at LY1 and LY2 is
characterized by a 3- to 5-fold increase in Hg accumulation (Fig.
3), and occurs during a period of stable sedimentation with
respect to both organic and inorganic sediment fractions (Fig. S1
and Fig. S2). Consequently, these increases cannot be explained
by a rapid influx of catchment material or enhanced Hg scavenging by organic matter. Moreover, lake sediment burdens of
total Hg are largely unaffected by diagenetic processes (12, 13),
and represent minimum estimates of total Hg deposited to a lake
surface because of reductive losses before final burial (14).
Because we know of no natural mechanism capable of replicating
such large and synchronized increases in Hg deposition in 2
adjacent lakes, and given their proximity to a major cinnabar
deposit, we attribute with confidence the early increases of Hg
observed at LY1 and LY2 to the emergence of regional-scale
cinnabar mining at Huancavelica.
Less than 20 km from Huancavelica, the archaeological site of
Atalla is the earliest example of large-scale ceremonial architecture in the central Andes. Although Atalla lacks direct dating
and excavation, surface remains suggest the site served as a
regional Center for procuring and distributing cinnabar (15).
Ceramics suggest Atalla dates to the Early Horizon (ca. 800–300
PNAS 兩 June 2, 2009 兩 vol. 106 兩 no. 22 兩 8831
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is somewhat different; however, background Hg accumulation
rates are of similar magnitude [7 (⫾2) g䡠m⫺2䡠year⫺1] for much
of this lake’s early record. Background Hg levels do not appear
to have been reached at LY1, although Hg accumulation rates of
6 g䡠m⫺2䡠year⫺1 are noted in the deepest intervals (Fig. 3). Thus,
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Fig. 1. Map of the study region. (A) Map of Peru with study region and location of Negrilla. (B) Detailed map of Huancavelica region with locations of Santa
Bárbara mine, the 2 study lakes (LY1 and LY2), and remains of Colonial Hg retorts.
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Fig. 3. Lake-sediment profiles of Hg deposition and Andean archaeology.
(A) Compilation of central Andean archaeology (EIP, Early Intermediate Period; LIP, Late Intermediate Period). (B) Profiles of Hg accumulation rates and
flux ratios for lakes LY2, LY1, and Negrilla. Two intervals of marked Hg
enrichment are shaded. Pre-Colonial Hg deposition peaks during the height of
the Chavı́n culture, whereas the later rise occurs under Inca and subsequent
Colonial control. This second period of extensive mining activity witnessed the
long-range transport of Hg emissions, as shown by the onset of Hg deposition
to Negrilla, ⬇250 km east of Huancavelica.

BC), and was actively engaged in trade with Chavı́n de Huántar
in the Cordillera Blanca (15) (Fig. 1). Chavı́n influenced much
of the Peruvian Andes at its apogee, and represents the cradle
of complex Andean culture (16, 17). High-status burials at
Chavı́n de Huántar, and other Early Horizon sites, commonly
contain prestigious materials including gold adorned with ver8832 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0900517106

million (17, 18). However, cinnabar mining at Huancavelica
precedes even the earliest radiocarbon dates for Chavı́n (1), and
therefore must predate the rise and expansion of Chavı́n culture.
The rate of Hg accumulation at both LY1 and LY2 declined
during the subsequent Early Intermediate Period (ca. 200 BC to
500 AD; Fig. 3). At LY1, Hg flux ratios briefly return to
background ca. 200 AD; however, no parallel return to background is evident at LY2. This discrepancy likely indicates that
watershed-scale Hg retention times vary between the 2 lakes.
The steady export of legacy Hg from the catchment of LY2 may
be therefore partially responsible for the maintenance of elevated Hg accumulation during this period. In any case, cinnabar
mining does appear to have continued during the Early Intermediate Period, although at reduced intensity. Although the
collapse of Chavı́n likely curtailed the demand for exotic goods
including cinnabar, highly stratified cultures from the north coast
of Peru, such as the Moche (ca. 100–700 AD) and Sicán (ca.
700-1200 AD), may have sustained some level of imperial
demand for cinnabar. Burials of Moche and Sicán nobles are
some of the richest yet excavated in Peru, and vermillion is
ubiquitous (19). Huancavelica is the likely source, given the
scarcity of other cinnabar deposits in the Andes (20).
By 800 AD, a brief renewal in cinnabar mining is indicated as
Hg flux ratios increase to 3.5 and 5.5 at LY1 and LY2, respectively (Fig. 3). This increase occurs during the Middle Horizon
(ca. 500 to 1000 AD), and is followed by larger increases in Hg
deposition at LY1 during the Late Intermediate Period (from ca.
1000 to 1400 AD). The Middle Horizon and the Late Intermediate Period witnessed the rapid development and expansion of
mining and metallurgy in the Andes (21, 22). During the Late
Intermediate Period, the archaeological site of Attalla appears
to have been reoccupied (15), suggesting continuation, if not
intensification, of local cinnabar processing. Inca expansion into
the central Andes occurred ca. 1450 AD, and cinnabar production appears to have increased dramatically under Inca control.
Hg accumulation at LY1 increases rapidly (⬎55-fold), and is
matched by the first increase in Hg at Negrilla, which exceeds
background by ⬇30-fold (Fig. 3). The appearance of Hg pollution
at Negrilla indicates Inca exploitation of the Huancavelica cinnabar
deposits exceeded all previous cultures, producing a broadly dispersed legacy of Hg pollution captured by all 3 study lakes.
Inca mining continued until 1564 AD when the Spanish crown
assumed control, at which time the Santa Bárbara mine was
established. In contrast to cinnabar extraction for vermillion,
Spanish efforts concentrated on supplying elemental Hg (Hg0)
to Colonial silver mines for use in Hg amalgamation. Hg
amalgamation was invented in 1554 AD by Bartolomé de Medina
in Mexico, and is considered one of the most remarkable
technological advances of Ibero-America (2). Cinnabar ores
from Huancavelica were smelted in grass-fired, clay-lined retorts
(hornos; Fig. 1), until vaporization yielded gaseous Hg0, a portion
of which was trapped in a crude condenser and cooled, yielding
liquid Hg0. Emissions of Hg thus occurred both during mining,
as cinnabar dust, but also during cinnabar smelting, as gaseous
Hg0. Historical records of Hg production at Huancavelica indicate declining Hg output while under Colonial control, and into
the 20th Century (5). At LY1 and Negrilla, Hg accumulation
decreases through the Colonial period, while increasing at LY2
(Fig. 3). The apparent discordance between the Hg profiles
appears to support the suggestion that the watershed of LY2
continued to export legacy Hg to the lake during periods of
declining atmospheric deposition, a mechanism that has also
been observed in modern lake systems (23). The mine was
permanently closed in 1975 AD, and currently the only mining
of Hg at Huancavelica is artisanal. In response, Hg flux ratios at
Negrilla have declined, and are currently ⬇4.6 times background
in the uppermost sediments (Fig. 3). This level of relative Hg
enrichment is in agreement with the vast majority of sedimentCooke et al.
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Fig. 4. Measurements of Hg speciation within LY2 sediment. (A) Plot of
relative percentage cinnabar and matrix-bound phases of Hg. (B) Concentration of Hg as cinnabar down-core. Before anthropogenic enrichment a combination of cinnabar dust and matrix-bound Hg make up the sediment Hg
record. During the height of Chavı́n mining (ca. 400 – 800 BC), cinnabar dust
was the vast majority of sediment Hg. After Inca control of the mine (ca. 1450
AD), matrix-bound phases of Hg predominate, despite a synchronous rise in
the concentration of Hg as cinnabar. This relationship suggests a shift in the
phase of Hg emitted, from cinnabar dust to Hg0 (or possibly Hg2⫹). Both would
subsequently be available for oxidation/reduction cycling within the atmosphere, sorption by organic matter, methylation, and subsequent bioaccumulation within aquatic food-webs.

core studies from remote lakes, which collectively suggest an
average increase in global Hg deposition rates of 3–5x background values (10). In contrast, Hg flux ratios at both LY1 and
LY2 in 1975 AD were 105 times background. Although modern
flux ratios at LY1 have declined by ⬇60% (to 42 times background), no such decline is recorded at LY2. The elevated Hg
accumulation rates still present at these lakes likely reflect the
legacy of ⬎3,500 years of regional Hg pollution residing within
their catchments.
The mercuric species emitted during Colonial and preColonial mining activities have direct implications for the size of
the impacted airshed. Atmospheric Hg0 has long atmospheric
residence times (⬇0.5–1.5 years) and is the most important Hg
species at the global scale (24). In contrast, oxidized reactive
species of mercury can be rapidly scavenged from the atmosphere, whereas coarse particulate forms (including cinnabar
dust) predominate in direct proximity to Hg point-sources (25).
Measurements of Hg speciation within LY2 sediments confirm
that major changes in Hg extractive technology occurred at
Huancavelica (Fig. S4). Solid-phase thermal desorption reveals
2 predominant Hg phases: cinnabar and noncinnabar (i.e.,
matrix-bound), which are variably expressed down-core (Fig. 4).
During the pre-Inca era, cinnabar was the dominant Hg species
in all sediment samples, averaging 78% of the total sediment Hg
inventory. Although not precluding the emission of other species
1. Burger RL (1992) Chavı́n and the origins of Andean civilization (Thames and Hudson,
London), pp 248.
2. Nriagu JO (1994) Mercury pollution from the past mining of gold and silver in the
Americas. Sci Total Environ 149:167–181.
3. Nriagu JO (1993) Legacy of mercury pollution. Nature 363:589.
4. Wu Y, et al. (2006) Trends in anthropogenic mercury emissions in China from 1995 to
2003. Environ Sci Tech 40:5312–5318.
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Materials and Methods
Sediment Geochemistry. Blank values, average relative standard deviations,
and recoveries of standard reference materials [NRCC PACS-2 (marine sediment, certified value 3040 ⫾ 200 ng䡠g⫺1) and MESS-3 (marine sediment,
certified value 91 ⫾ 9 ng䡠g⫺1)] associated with DMA80 measurement of Hg are
presented in Table S3. Solid-phase Hg thermo-desorption (SPTD) is an indirect
method in which Hg species are determined by thermal desorption or decomposition temperatures (9). The method has a detection limit of 0.4 g䡠g⫺1 Hg,
and a maximum sample size of ⬇200 mg. In SPTD analysis, the sample is placed
in a quartz furnace and heated at a rate of 0.5 °C s⫺1. Volatilized Hg compounds are carried from the furnace with N2 200 mL䡠min⫺1, and reduced to Hg0
by thermal reduction in a quartz tube heated to 800 °C before being analyzed
by flameless AAS. This method produces temperature-dependent Hg release
curves that are species- and matrix-specific. These release curves enable identification of species such as Hg0, matrix-bound Hg, and inorganic cinnabar
(HgS) by comparison to pure Hg phases and reference materials (Fig. S4).
Quantification of Hg species was made by peak integration (27). The sample
volume used was between 20 and 200 mg of dry sediment depending on
sediment-Hg concentrations. Relative standard deviation on replicate measurements of Hg binding forms in sediments (matrix-bound noncinnabar Hg
compounds and cinnabar) of each sample (n ⫽ 3– 4) ranged 2.8% to 15.4%
(mean 8.0%). Total organic matter was determined by loss-on-ignition (28).
Sediment chlorophyll a was inferred using visible-near infrared reflectance
(VNIR) spectroscopy (29).
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of Hg, these results suggest that pre-Inca Hg pollution, although
important locally, exerted little influence beyond the range of
particulate dust transport, a conclusion supported by the apparent lack of any pre-Inca Hg pollution at Negrilla. A progressive
decline in the cinnabar fraction is noted in sediments that
postdate ca. 1450 AD, and the majority of sediment Hg burdens
remain matrix-bound through the remainder of the LY2 sediment record. This is despite absolute increases in the concentration of total Hg (Fig. S2) and of the fraction that is cinnabar
(Fig. 4). The onset of long-range transport of Hg during the Inca
hegemony suggests a shift in Hg extractive technology and
associated Hg emissions. Indeed, to transport Hg the ⬇225 km
to Negrilla, at least some emissions must have been in the form
of gaseous Hg0 (or possibly reactive Hg2⫹). In contrast to coarse
particulate cinnabar dust, gaseous atmospheric Hg species can be
broadcast atmospherically over far greater distances, can undergo atmospheric oxidation/reduction cycling, and Hg2⫹ can be
methylated once delivered to aquatic systems.
A growing number of cores from remote lakes suggest an
approximately 3-fold increase in Hg deposition over the last
⬇100–150 years (10, 24). These records are predominantly from
the northern hemisphere, and do not reveal any significant
preindustrial Hg enrichment. In contrast, our results suggest that
considerable preindustrial Hg pollution occurred in the Andes.
The onset of cinnabar mining at Huancavelica ca. 1400 BC places
our lake-sediment records among the earliest evidence for
mining and metallurgy in the Andes, of comparable antiquity to
the oldest known hammered and annealed objects from welldated contexts (26). Before Inca control of the mine, Hg
emissions appear to have been restricted to the environment
surrounding Huancavelica. Over the past ⬇550 years however,
emissions of Hg have been transported long distances.
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