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Abstract
Introduction Exposure to mercury, a toxic metal, occurs
primarily from inhaling mercury vapors or consuming
methylmercury-contaminated fish. One third of all anthro-
pogenic mercury emissions worldwide are from artisanal
gold mining, which uses mercury to extract gold. Although
recent reports suggest that the Madre de Dios region in Peru
(with >30,000 artisanal miners) has extensive mercury con-
tamination, residents had never been assessed for mercury
exposure. Thus, our objective was to quantify mercury
exposure among residents of an artisanal mining town in
Madre de Dios and to assess risk factors for exposure.
Methods We conducted a cross-sectional assessment of 103
residents of an artisanal gold mining town in July 2010.
Each participant provided a urine and blood sample and
completed a questionnaire assessing potential exposures
and health outcomes. We calculated geometric mean (GM)
urine total mercury and blood methylmercury concentra-
tions and compared log-transformed concentrations between
subgroups using linear regression.

Results One third (34.0 %) of participants were gold miners.
All participants had detectable urine total mercury (GM,
5.5 μg/g creatinine; range, 0.7–151 μg/g creatinine) and
91 % had detectable blood methylmercury (GM, 2.7 μg/L;
range, 0.6–10 μg/L); 13 participants (13 %) reported having
kidney dysfunction or a neurological disorder. Urine total
mercury concentrations were higher among people who
heated gold–mercury amalgams compared with people
who never heated amalgams (p<0.05); methylmercury con-
centrations were higher among fish consumers compared
with nonfish consumers (p<0.05).
Conclusion Our findings suggest that mercury exposure
may be widespread in Huaypetue.
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CDC Centers for Disease Control and Prevention
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Introduction

Mercury is a toxic metal that can cause a variety of
adverse health effects depending on the form of mercury
(elemental, inorganic, or organic) and the pathway, quan-
tity, and duration of exposure. Chronic exposure to small
amounts of elemental or inorganic mercury occurs primar-
ily through inhalation of mercury vapors and can cause
tremors, kidney dysfunction, and various neurocognitive
and behavioral disturbances [1]. Acute exposure to ele-
mental or inorganic mercury can occur in specific occu-
pational settings or during acute poisoning events and can
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result in severe lung injury or death. Chronic exposure to
methylmercury, a common type of organic mercury,
occurs primarily through eating contaminated fish. It can
damage the central nervous system, causing impaired
vision and hearing [1]. Methylmercury exposure is of
particular concern to the developing fetus who is more
susceptible to adverse neurological effects [2].

It is estimated that one tenth of all anthropogenic
mercury emissions world-wide are from artisanal gold
mining [3]. World-wide, an estimated 10–20 million
people mine gold in “artisanal” conditions and an es-
timated 80–100 million individuals are economically
dependent on this way of life [4]. Although artisanal
mining operations vary in size, production, and legali-
ty, all rely on elemental mercury to extract gold from
ore deposits [4, 5]. To mine gold, large amounts of
elemental mercury are mixed with gold ore to form a
gold–mercury alloy, called an amalgam. These amal-
gams contain a mix of mercury and gold; to remove
the mercury, they are typically heated in an amalgam
furnace. The mercury vaporizes, while the gold stays
behind. During this process, mercury is often discarded
into the environment. When it enters the water, it can
transform into organic mercury compounds, such as
methylmercury, and bioaccumulate in fish. This process
presents three major potential routes of mercury expo-
sure: (1) miners can have dermal exposure when they
mix elemental mercury with gold ore; (2) elemental
and inorganic mercury vapors can be inhaled when
amalgams are heated; and (3) methylmercury can be
consumed from contaminated fish.

Residents of artisanal gold mining communities are at
risk for mercury exposure [5]. Previous research found
elevated mercury exposure among residents of artisanal
mining communities throughout Asia [6, 7], Africa [8,
9], and South America [10–17]. The Peruvian Amazon
is a growing hotbed for artisanal mining, and there is
growing concern over the extensive environmental mer-
cury contamination that is occurring here [18–20]. One
region in particular—Madre de Dios—is estimated to
house approximately 30,000 artisanal miners [18]. How-
ever, many studies from this region have important
laboratory limitations, with many not calculating
creatinine-corrected urine mercury concentrations, and
most not assessing blood methylmercury. Mercury levels
measured in urine best represents exposure to elemental
mercury, while mercury levels measured in blood best
represents exposure to methylmercury; thus, without
both, it is difficult to create a complete picture of
mercury exposure.

Thus, our objective was to assess human mercury exposure
in Madre de Dios. Specifically, our aims were as follows: (1)
to quantify mercury exposure in urine and blood samples

among residents of an artisanal mining community in Madre
de Dios, (2) to assess risk factors for exposure, and 3) to
investigate the relationship between mercury exposure and
potential health outcomes.

Methods

Study Site

This investigation represented a joint collaboration between
the Peru Centro Nacional de Salud Ocupacional y Protec-
cion del Ambiente para la Salud (CENSOPAS) and the US
Centers for Disease Control and Prevention (CDC). Huay-
petue, a gold mining town of approximately 7,000 persons,
is one of the largest gold mining towns in Madre de Dios
and thus was the site chosen for this investigation [21].

Sample Selection

We conducted a cross-sectional study in Huaypetue in July
2010. Due to the lack of roads, electricity, and security, it
was logistically difficult to apply a random selection strate-
gy in Huaypetue. Thus, we nested the mercury assessment
in a 3-day health campaign. This health campaign was
implemented by the local health directorate and provided
free health assessments to all residents. Altogether, 292
residents took part in the health campaign. We invited a
convenience sample of 103 of these 292 health campaign
attendants (35.3 %) to participate in the mercury assessment.
Inclusion criteria for the mercury assessment were age
≥3 years and residency in Huaypetue ≥6 months. Based on
findings from a previous mercury assessment in southern
Peru [12], it was determined that this sample size would
provide 80 % power to compare differences between expo-
sure groups.

Data Collection

Participating individuals gave informed consent, provid-
ed one spot urine sample and one blood sample, and
completed a self-administered questionnaire that collect-
ed demographical, dietary, occupational, and health out-
come information. The questionnaire contained a
standard health assessment form, as well as questions
developed specifically for this investigation to assess
behaviors and risk factors associated with gold mining
and mercury exposure. Most of the questions had cate-
gorical responses, as either yes/no, or frequency of a
behavior/symptom (daily, weekly, monthly, never). This
remained true of the health outcome questions, where
participants were asked to respond yes/no to questions
such as “Were you ever diagnosed with a kidney
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problem?” Approval was obtained from the Institutional
Review Board at the US CDC and the Peru Ministry of
Health.

Laboratory Methods

Spot urine samples (i.e., urine samples collected at random
times during the day) and blood samples were collected and
aliquoted using equipment certified for trace metal collection.
All biological specimens were analyzed at the US CDC’s
National Center for Environmental Health’s Division of Labo-
ratory Sciences in Atlanta, Georgia. Total urine mercury was
analyzed using inductively coupled dynamic reaction cell plas-
ma mass spectrometry, which had a limit of detection (LOD) of
0.08 μg/L [22]. Because spot urine samples can vary widely in
dilution between persons, all urine samples were adjusted for
creatinine concentration to facilitate direct comparisons. Total
urine mercury concentration is the best proxy for exposure to
elemental mercury, which is oxidized in the body to inorganic
mercury and excreted primarily in urine. Whole blood speci-
mens were analyzed for mercury species (inorganic, methyl,
and ethyl mercury) using high-performance liquid chromatog-
raphy. We report blood methylmercury concentration in this
paper (LOD00.48 μg/L), which is the best proxy for exposure
to methylmercury in contaminated fish.

Statistical Analysis

We used SAS version 9.2 for data analysis. So that they
could be included in statistical analyses, mercury concen-
trations below the LOD were assigned a value equal to the
LOD divided by the square root of 2. We log transformed all
urine and blood mercury concentrations; upon visual inspec-
tion, the data appeared normally distributed after log trans-
formation. We analyzed urine total mercury and blood
methylmercury concentrations descriptively and calculated
geometric means (GM) by taking the antilog of the mean of
the log-transformed concentrations. We compared GM con-
centrations between subgroups using t tests for two-level
covariates (e.g., sex) and ANOVA for multilevel covariates
(e.g., education) and considered p values less than 0.05 to be
statistically significant.

We fit separate multivariate linear regression models for
each of the two outcomes: (1) log-transformed urine total
mercury concentration and (2) log-transformed blood methyl-
mercury concentration. We performed step-wise regression
and only included covariates with p<0.10 in the final models.
We present the exponentiated model coefficients, which can
be interpreted as the proportional change in the arithmetic
mean associated with each level of the predictor, relative to
the referent level, after adjusting for the other predictors in the
model. Overall statistical significance of the regression mod-
els was assessed via the F test.

Results

Study Population Characteristics

We had a 100 % participation rate among the persons invited
to participate in the mercury assessment; 103 people
(100 %) completed the questionnaire and provided a blood
sample, and 102 (99.0 %) provided a urine sample. Partic-
ipants ranged in age from 3 to 70 years (mean033.9; stan-
dard deviation (SD)015.8), and slightly over half were male
(53.4 %). Number of years spent living in Huaypetue ranged
from 1 to 54 (mean013.6; SD011.7). Half of all participants
obtained their drinking water from the public system
(50.5 %); other common locations were wells (29.1 %)
and springs (9.7 %). Of those ≥18 years of age, 36
(41.4 %) had a secondary education and 13 (14.9 %) had
attended a university.

One third (n035, 34.0 %) of participants reported engag-
ing in gold mining activities that placed them in direct
contact with mercury at least once a month. This one third
was composed of 5 participants (4.9 %) who mixed mercury
with gold ore, 5 participants (4.9 %) who heated gold–
mercury amalgams, and 25 participants (24.3 %) who per-
formed both activities. These 35 individuals ranged in age
from 16 to 70 years (mean042.0; SD013.8) and were 68 %
male. On average, they had mined gold for 10 years (range0
1–40; SD09.6).

Exposure Biomarkers

All participants providing a urine sample (n0102) had de-
tectable mercury in their urine, ranging from 0.7 to 151 μg/g
creatinine (GM05.5 μg/g creatinine; SD03.4 μg/g creati-
nine) (Table 1). Urine total mercury concentrations were not
statistically different by gender, age, highest education
attained, length of time spent residing in Huaypetue, and
fish consumption (Table 1). There was also no statistical
difference between those who mixed mercury with gold and
those who did not mix mercury with gold. However, partic-
ipants who reported heating gold–mercury amalgams had
higher urine total mercury concentrations (GM08.81 μg/g
creatinine) compared with those who did not report heating
gold–mercury amalgams (GM04.49 μg/g creatinine;
p<0.05). This association had a positive linear trend: those
who heated amalgams daily had the highest levels (GM0
12.6 μg/g creatinine), followed by those who heated amal-
gams monthly or weekly (GM08.05 μg/g creatinine), fol-
lowed by those never heating amalgams (p<0.05). There
were no associations with the number of years spent mining
gold.

Most participants (n094, 91.3 %) had detectable blood
methylmercury concentrations, ranging from 0.6 to 10.0 μg/
L (GM02.7 μg/L; SD02.0 μg/L) (Table 2). The nine
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persons with levels of <LOD (0.48 μg/L) were assigned a
level of 0.34 μg/L for remaining analyses. Methylmercury
concentration did not statistically differ by mining expo-
sures such as mixing mercury with gold or heating gold–
mercury amalgams. Methylmercury concentrations were
similar among males (GM02.60 μg/L) and females (GM0
1.91 μg/L; p00.09) and among those whose drinking water
was from a nonpublic system (GM02.76 μg/L) compared
with the public system (GM01.95 μg/L) (p00.05). Methyl-
mercury was higher among fish consumers (GM02.58 μg/L)
compared with nonfish consumers (GM01.61 μg/L;
p<0.05).

Multivariate Linear Regression

Two separate multivariate linear regression models were fit—
one for total urine mercury and one for blood methylmercury
(Table 3). For total urine mercury, elevated concentrations
were associated with heating amalgams (p<0.05, F0
5.07; p<0.01, adjusted R200.08). For blood methylmercury,
elevated concentrations were associated with a university
level education (p<0.01), obtaining drinking water from a

nonpublic system (p<0.05), and consuming fish (p<0.05);
those who mixed mercury with gold had decreased methyl-
mercury exposure (p<0.05, F04.97; p<0.001, adjusted
R200.20).

Health Outcomes

Participants were provided with a list of symptoms com-
monly associated with mercury exposure and asked to report
which, if any, they experienced at least once a month. Over
half of participants reported experiencing headache
(55.4 %), mood swings (52.5 %), and muscle weakness
(51.5 %) (Fig. 1). Those who heated gold–mercury amal-
gams were more likely to report experiencing memory loss
(66.7 vs. 42.2 %, respectively; p<0.05) compared with
those who did not heat amalgams.

A few participants reported being previously diagnosed
with a medical condition by a health professional (e.g.,
nurse, doctor, or community health worker). Frequently
reported conditions were digestive system disorders (n0
20, 19.4 %), kidney dysfunction (n09, 8.7 %), and nervous
system disorders (n04, 3.9 %). Participants reporting kidney

Table 1 Creatinine-corrected
urine total mercury concentra-
tions (in micrograms per gram
creatinine) by sample subgroups,
Madre de Dios, Peru, 2010

aTotals do not all add to 102
because of missing data
bOnly includes participants aged
≥18 years (n087)
cNonpublic drinking water sys-
tems constituted well (n030),
spring (n010), river (n07), and
water truck (n01)

*p<0.05 for a t test comparing
the geometric means

No.a Geometric mean Median 75th
percentile

90th
percentile

95th
percentile

Total 102 5.47 4.32 12.24 31.53 53.89

Gender

Male 55 5.74 4.39 13.12 32.81 57.72

Female 46 5.19 4.25 11.43 25.05 49.77

Age (years)

3–21 23 4.01 2.49 7.65 15.86 17.55

22–33 27 6.16 4.39 16.31 32.96 87.39

34–43 24 8.40 6.97 24.97 57.72 80.75

44–70 28 4.38 3.52 8.50 24.44 31.53

Highest education attainedb

None/some elementary 38 7.26 6.59 17.57 49.77 95.09

Secondary 36 4.95 3.70 8.91 32.96 80.75

University 13 3.83 3.16 4.39 32.81 57.72

Drinking water source*

Public system 52 4.17 3.23 6.35 18.37 49.77

Nonpublic systemc 48 7.02 5.69 17.57 48.86 87.39

Mix mercury with gold ore

Yes 30 7.36 5.88 16.31 39.80 53.89

No 72 4.84 3.94 10.47 31.53 57.72

Heat gold–mercury amalgams*

Yes 30 8.81 8.65 18.37 51.83 87.39

No 72 4.49 3.62 8.16 24.15 32.96

Fish consumption

No 35 5.22 4.22 11.12 31.53 87.39

Yes 50 6.04 6.11 15.86 31.32 53.89

J. Med. Toxicol.



dysfunction had higher urine total mercury concentrations
(GM012.0 μg/g creatinine) than those not reporting kidney
dysfunction (GM05.1 μg/g creatinine; p<0.05).

Discussion

Our findings suggest that mercury exposure may be wide-
spread in Huaypetue. All residents, including nonminers and
children, had mercury detected in their urine sample, suggest-
ing recent exposure. Thus, our findings support the need for
preventive interventions to reduce mercury exposure in Huay-
petue and other artisanal gold mining towns and for continued
assessments to measure baseline exposures and evaluate the
adoptability and effectiveness of future interventions.

This is one of the first investigations to measure mercury
concentrations in an artisanal gold mining community using
both urine and blood as biomarkers. Total urine mercury and
blood methylmercury represent exposure to different forms
of mercury. Total urine mercury concentration primarily
represents exposure to the elemental and inorganic forms
of mercury that are used to extract gold during the mining

process. Conversely, blood methylmercury concentration
primarily represents exposure to methylated mercury, which
occurs almost exclusively in water—following runoff from
mining operations—and thus is most commonly found in
contaminated fish [1]. By analyzing mercury levels in both
urine and blood, we were able to conduct a more thorough
assessment and evaluate various contributing risk factors for
exposure.

Similarly to previous studies [6, 8, 12, 17], we found that
participants who heated gold–mercury amalgams had ele-
vated urine mercury concentrations compared with those
who did not heat amalgams. This corresponds to what is
known about mercury uptake in humans; very little elemen-
tal mercury is absorbed following dermal contact or inges-
tion while approximately 80 % of elemental mercury vapors
that are inhaled are absorbed [23]. When amalgams are
heated, anyone in the vicinity can be exposed to mercury
vapors. In Amazonian gold mining communities, amalgam
furnaces are often dispersed throughout the town and can be
located adjacent to community shops and residences. Thus,
anyone who happens to be nearby can be exposed to mer-
cury vapors when amalgams are heated. Given their

Table 2 Blood methylmercury
concentrations (μg/L) by sample
subgroups, Madre de Dios, Peru,
2010

aTotals do not all add to 103
because of missing data
bOnly includes participants aged
≥18 years (n087)
cNonpublic drinking water sys-
tems constituted well (n030),
spring (n010), river (n07), and
water truck (n01)

*p<0.05 for a t test comparing
the geometric means

No.a Geometric
mean

Median 75th
percentile

90th
percentile

95th
percentile

Total 103 2.27 2.70 4.72 6.37 7.52

Gender

Male 55 2.60 3.26 5.07 6.37 8.99

Female 46 1.91 2.01 3.80 5.33 6.41

Age (years)

3–21 24 2.34 2.74 4.82 6.37 7.60

22–33 27 2.09 2.52 5.23 6.78 7.52

34–43 24 2.21 1.98 3.82 5.26 5.52

44–70 28 2.47 3.67 4.94 6.41 6.96

Highest education attainedb

None/some elementary 38 1.81 1.73 3.89 6.39 9.86

Secondary 36 2.60 3.34 5.02 5.60 6.78

University 13 2.93 2.89 5.26 6.41 7.52

Drinking water source

Public system 52 1.95 2.24 4.24 5.33 6.78

Nonpublic systemc 48 2.76 3.27 5.24 6.96 9.86

Mix mercury with gold

Yes 30 2.99 3.28 4.95 8.41 9.88

No 73 2.03 2.52 4.59 5.52 6.41

Heat mercury–gold amalgams

Yes 30 2.60 2.92 4.24 6.20 6.96

No 73 2.15 2.65 4.72 6.37 7.60

Fish consumption*

Yes 50 2.58 3.08 4.72 7.24 9.86

No 35 1.61 1.58 3.26 4.94 6.37
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potential to disperse mercury vapors throughout a wide area
[12, 17], it is likely that mercury inhalation via amalgam

heating is the primary mercury exposure pathway in most
Amazonian artisanal mining communities.

Surprisingly, we found that urine total mercury and blood
methylmercury concentrations were elevated in participants
who drank water from wells, springs, and other nonpublic
systems. In water, elemental mercury is chemically trans-
formed to inorganic and organic forms. Drinking water is
not commonly cited as a source of mercury exposure, and
<15 % of ingested inorganic mercury is absorbed by the
gastrointestinal tract [1]. It is possible that certain unprotect-
ed water sources in this region could contain very high
mercury levels, and thus could be a potential exposure
pathway. However, it is also possible that this relationship
could be a result of confounding by an unmeasured variable.

Our investigation, the first to describe mercury exposure
in the Peruvian region of Madre de Dios, found a GM total
urine mercury concentration of 5.5 μg/g creatinine. This is
an order of magnitude higher than levels documented in the
general US population (0.44 μg/g creatinine) [1], where
artisanal mining using mercury is mainly absent. The medi-
an urine total mercury concentration measured among min-
ers who reported heating amalgams in our study (8.65 μg/g
creatinine) is in the range found among gold miners in other
regions, including Tanzania (3.55 μg/g creatinine), the Phil-
ippines (1.3–7.5 μg/g creatinine), Indonesia (5.33–
10.24 μg/g creatinine), and Zimbabwe (23.4) [6, 8, 11].

Eight study participants had urine total mercury concen-
trations that exceeded the American Conference of Govern-
mental Industrial Hygienists’ recommendation of 35 μg/g
creatinine [24], which is a level at which remediation (e.g.,
removal from high-risk exposures, chemical chelation, etc.)
could be considered. These participants were provided their
results and offered the opportunity to participate in remedi-
ation. However, no participants opted to participate in re-
mediation. Gold mining is the staple economy of the region

Table 3 Multivariate linear regression models for risk factors of total
urine mercury and blood methylmercury exposure, Madre de Dios,
Peru, 2010

Variable Exp (β
coefficient)

p value Adjusted
model R2

Total urine mercury exposure 0.08

Drinking water source

Public system 1.00 –

Nonpublic systemb 1.51 0.091

Heat gold–mercury amalgams

No 1.00 –

Yes 1.85 0.030

Blood methylmercury exposure 0.20

Highest education attained

None/some elementary 1.00 –

Secondary 1.31 0.168

University 2.32 0.006

Drinking water source

Public system 1.00 –

Nonpublic systemb 1.51 0.035

Mix mercury with gold

No 1.00 –

Yes 0.59 0.011

Fish consumption

No 1.00 –

Yes 1.61 0.012

a Other drinking water sources constituted well (n030), spring (n010),
river (n07), and water truck (n01)
b Nonpublic drinking water systems constituted well (n030), spring
(n010), river (n07), and water truck (n01)
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Fig. 1 Frequency of symptoms
reported by the sample
population, stratified by
participation in heating
amalgams, Madre de Dios,
Peru, 2010
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and unfortunately the participants would have been return-
ing to the polluted area postmining. For the remaining
participants, urine total mercury levels were below the
threshold likely to cause acute poisoning. Insufficient epi-
demiologic data exist to quantitatively assess the risk of
chronic health effects at these lower levels. However, one
previous study noted initial nervous system impairment at
total urine mercury concentrations as low as 10 μg/g creat-
inine [25] while another found that persons with total urine
mercury concentrations ranging from 30 to 100 μg/g creat-
inine had initial stages of tremor, psychological disorder,
and impaired nervous conduction [26].

In general, methylmercury levels in most of our study
participants were below the US Environmental Protection
Agency’s (EPA) reference dose of 5.8 μg/L, which is a level
assumed to be without adverse health effects [27]. However,
10.7% of the total sample population had levels above 5.8 μg/
L. The potential for harm at these levels is uncertain. Although
they are not at risk of acute methylmercury poisoning, these
individuals could possibly benefit from reducing their con-
sumption of fish with high mercury levels if other protein
sources are readily available. Specifically, the US EPA rec-
ommends a maximum daily methylmercury intake of 0.1 μg
of mercury per kilogram of body weight [27]. This would be
particularly important for women of child-bearing age (16–
49 years), of whom 5.3 % had elevated blood methylmercury
levels, because the developing fetus is more susceptible to
potential neurological effects [2].

This study had a few limitations. For logistical and safety
reasons, we took a convenience sample of people attending
a free health campaign. Thus, our results may not be gener-
alizable to all Huaypetue residents. Furthermore, Huaypetue
may not be representative of all artisanal mining communi-
ties in Madre de Dios. Although blood and urine samples
are the gold standard for measuring mercury exposure, they
show only recent exposure to mercury during the preceding
1–3 months. The questionnaire was developed as part of a
response, and due to the rapid timeframe between instru-
ment development and study implementation, we were un-
able to assess the questionnaire for validity and reliability.
Thus, relationships between risk factor information and
mercury exposure should be interpreted cautiously, as some
findings were likely biased towards the null. Participants
self-reported symptoms, and health outcomes, as there was
limited diagnostic capability in the town; thus, these data
may not always be reliable. In addition, due to the cross-
sectional study design, we were unable to determine the
timing of symptoms and health outcomes in relation to
exposure. Finally, this study did not measure pathways of
exposure and did not capture the time of last occupational
use of mercury prior to sample collection.

This investigation also had several strengths. We drew a
demographically diverse sample from a remote location that

is often inaccessible to researchers, and we had a 100 %
participation rate. We collected urine and blood samples in a
controlled area, away from the center of town where amal-
gam heating takes place, and thus there was limited potential
for environmental contamination of urine samples. Finally,
we collected information on a large number of risk factors.

This investigation supports the need for mitigation efforts
to decrease mercury exposure in artisanal mining commu-
nities. These efforts might include warning community
members about the risk of adverse health effects from mer-
cury exposure and encouraging the adoption of mining
practices that utilize less mercury. Specifically, creating
centralized amalgamation centers located away from com-
mercial and residential areas and facilitating the installation
and use of amalgam furnace retorts to decrease emissions
are recommended. Because artisanal mining communities
lack an organized governmental structure, educating dispa-
rate groups of miners and implementing safer practices will
require a unified, persistent effort. Increasing public aware-
ness of this health threat is needed to encourage govern-
ments, public health agencies, nonprofit organizations, and
individual miners to invest in this issue.
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