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Abstract: Objectives: In artisanal small-scale gold mining (ASGM) areas in many
developing countries, mercury (Hg) is used to extract gold from ore. Data of 1250
participants from Indonesia, Mongolia, Philippines, Tanzania, and Zimbabwe were
combined to analyze the relation between exposure in ASGM areas and body burden.
Methods: Four groups were selected relating to their intensity of contact with mercury: (i) a
non-exposed control group; (ii) a low exposed group with participants only living in
mining areas, but not working as miners; (iii) a medium exposed group, miners living in
exposed areas and working with mercury without smelting amalgam; and (iv) a high
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exposed group, miners living in exposed areas and smelting amalgam. Results: Compared
to the non-exposed control group, participants living and/ or miners working in highly
exposed areas have significantly higher concentration of total mercury in urine, hair and
blood (p-value < 0.001). The median mercury value in urine in the control group is <0.2
ug/L. In the high exposed group of amalgam smelters, the median in urine is 12.0 pg/L.
The median in blood in the control group is <0.93 pug/L. The median level in blood of the
high exposed group is 7.56 pg/L. The median for mercury in hair samples from the control
group is 0.21 pg/g. In the high exposed group the median hair concentration is 2.4 pg/g
hair. Mercury levels also differ considerably between the countries, reflecting a diverse
background burden due to different fish eating habits and different work place methods.
Conclusions: A high percentage of exposed individuals had levels above threshold values.
These high levels of mercury are likely to be related with serious health problems.
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Abbreviations:
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BAT—Work place tolerance level
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LMU—Ludwig-Maximilians Universitaet—University of Munich
LOD—Iimit of detection

UMIT—The Health & Life Sciences University
UNIDO—United Nations Industrial Development Organization
WHO—World Health Organization

1. Introduction

In many developing countries, ASGM is an important economic factor. According to Hentschel et
al., the willingness of artisanal small-scale gold miners to operate legally depends on four interacting
factors, named: “legal and administrative factors”, “moral factors”, “economic factors” and “factors
related to enterprise” [1]. There are many different ways of gaining gold from ore, some with and
some without using mercury. In our study, workers used mercury to extract the gold from the ore.
After digging the miners crush and milling the ore. The workers add liquid mercury and pan the
mixture to ensure that gold is bound to mercury forming an amalgam. These workers are called
panners. To dissolve the gold from the amalgam the miners smelt the mixture and the result is refined

gold and mercury vapor. These workers are called smelters. All miners still work without any kind of
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protection, neither gloves nor dusk masks or technical systems to avoid the release of mercury vapor.
The workers inhale the toxic mercury vapor while smelting the amalgam. The environment is polluted
with mercury vapor and liquid mercury, entering the ecosystem including the aquatic system. Mercury
is one of the most dangerous and toxic neurotoxins [2].

An international response to mercury used in ASGM is the GMP (Global Mercury Project). Health
and environment assessments were performed in several countries by UNIDO [3].

LMU (University of Munich) performed health assessments in (i) Indonesia/2003 [4],
(i) Tanzania/2003 [5,6] and (iii) Zimbabwe/2004 [7]. Two different mining areas were assessed in
(1) Indonesia, (i-a) Kalimantan and (i-b) Sulawesi [4]. In (ii) Tanzania Rwamagasa mining area near
Lake Victoria was assessed [5]. In (ii1)) Zimbabwe Kadoma mining area was assessed [7]. Apart from
the GMP projects further health assessments were carried out: (iv) in the Philippines UNIDO and
LMU performed 1999 and 2000 two projects in the mining area of (iv-a) Mt. Diwalwal and (iv-b) the
neighboring area of Monkayo [6,8,9]. In (v) Zimbabwe LMU and the UMIT examined in 2006
exposed mother child pairs, once again in Kadoma mining area. In (vi) Mongolia two projects were
performed in 2008 by WHO, the Ministry of Health of Mongolia and UMIT. The first project (vi-a)
was performed in Khongor soum, the second project was performed in (vi-b) Bornuur and Jargalant
soum [10].

The objective of this paper is to use a new combined database of all above mentioned projects
which implies miners and communities from different countries with ASGM areas to report their levels
of mercury in specimens and to compare them with threshold values and non-exposed participants.

For this purpose participants were assessed according to their exposure to mercury. Additionally the
different mining areas will be compared.

2. Methods
2.1. Study Design

This study is an environmental epidemiological, cross sectional study. The influence of different
external mercury exposure on the internal human exposure is analyzed. The question is, whether the
kind of work or the area of living has influence on the concentration of mercury in the urine, blood or
hair and if ASGM is a health hazard.

2.2. Participants

All participants had given a written consent to participate at the health assessments. Data from
1,609 participants from the five above mentioned countries were pooled into a new database. The
results for children have already been published [11].

The statistical analysis was restricted to participants from 15 to 60 years, which is the usual age
of miners. In total 284 participants were excluded because they were under the age of 15 and
37 participants because they were over the age of 60. Parkinson’s disease, stroke, heavy consumption
of alcohol and certain neurological diseases can mimic typical neurological symptoms of chronic
mercury intoxication. Therefore 27 participants were excluded because of such pre-existing health
problems. In the used questionnaire, questions regarding to mining history have been asked to avoid
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false negative results while putting former miners into one of the groups not working with mercury.
Only participants with a reliable exposure history to mercury were included, e.g., participants with
former exposure to mercury were not considered for the statistical analysis. In total 359 participants
were excluded from the further statistical analysis. 1,250 participants, between the ages of 15 and
60 years from the database were used for the following analysis.

For each project area a comparable control area without gold mining activities was selected by the
national project manager. The mercury exposure was determined by a detailed interview of each
participant including actual and previous occupational history. According to the different exposures
with mercury, the participants were divided into four different exposure groups: (i) A non-exposed
control group volunteers from areas without gold mining activities (210 participants); (i) a low
exposed group with participants who live in mining areas but do not work with mercury. (405
participants); (iii) a medium exposed group, with participants who live in mining areas and work with
mercury like panning, but do not smelt mercury (181 participants); (iv) a high exposed group,
participants who live in mining areas and smelt mercury (449 participants).

The participants were divided into three different age groups: (1) 15 to 25 years, (2) 26 to 45 years
and (3) 46 to 60 years. In the age group 15 to 25 years there were 399 participants, in the age group 26
to 45 745 participants and in the age group 46 to 60 years 101 participants.

2.3. Laboratory Methods

From 1250 participants urine, blood and hair samples were collected and analyzed for total
mercury: (i) From the 210 participants of the control group 210 urine samples, 166 blood samples and
191 hair samples; (ii) from the 405 participants in the low exposed group 405 urine samples,
352 blood samples and 398 hair samples; (iii) from the 181 participants in the medium exposed group
181 urine samples, 168 blood samples and 177 hair samples; and (iv) from 449 participants in the high
exposed group 449 urine samples, 435 blood samples and 408 hair samples.

The samples were transported to the laboratories within a month. To avoid degradation, the urine
and blood samples were constantly stored at 4 °C until analysis.

2.3.1. Sample Preparation and Mercury Determination

The detailed laboratory methods can be found in the specific country reports and publications [4,5,9].
All analysis was performed by the laboratory of the Institute of Forensic Medicine (LMU), unless
otherwise specified. All analyses were performed under strict internal and external quality control. The
following standard reference materials served as matrix-matched control samples: Clin Chek Level I,
Recipe, Germany. For many years the laboratory in Munich has been participating successfully in
external quality control tests for mercury in human specimen. A short overview of the laboratory
methods will be given in the following paragraph.

Spontaneous urine samples were acidified to avoid degradation. Urine samples from Indonesia,
Philippines, Tanzania, Zimbabwe and the second project in Mongolia were directly analyzed
without further pre-treatment. The content of total mercury was determined by Cold-Vapor
Atomic-Absorption-Spectrometry (CV-AAS) after capturing the mercury on a gold amalgam net.
The urine samples from the first project in Mongolia were decomposed in sealed Teflon” containers,



Minerals 2011, 1 126

and total mercury concentration was measured by the same method as described above; the analysis
was performed by the National Institute for Minamata Disease (Minamata, Kumamoto, Japan).

Blood was sampled in EDTA-coated vials. Blood samples from the Indonesia, Philippines,
Tanzania, Zimbabwe and the second project in Mongolia were analyzed without pre-treatment with
CV-AAS as described above. Blood samples from the first project in Mongolia were analyzed using a
Inductively-Coupled-Plasma Mass-Spectrometer (ICP-MS) by the Health and Safety Laboratory
(Harpur Hill, Buxton, United Kingdom).

Hair was cut if possible from the scalp with a scissor. If the hair was long, only the three centimeters
closest to the scalp were used. The hair samples were pre-treated and digested. Different ways of
analyzing mercury in hair exist in literature, but in this study, no initial washing steps were performed.
All hair samples were analyzed with CV-AAS. The hair samples from the first project in Mongolia
were analyzed using CVAAS [12]. The hair samples were washed well with detergent, and rinsed two
times with acetone to dry. Sample digestion was performed with HNOs; HC1O4 and H,SO4 followed by
reduction to Hg” by SnCl,. The total mercury levels were analyzed with an oxygen combustion-gold
amalgamation method. The analysis for the first project was performed by the National Institute for
Minamata Disease (Minamata, Kumamoto, Japan), the analysis of the second project in Mongolia was
done by the National Institute of Public Health (Ulaanbaatar, Mongolia).

Different methods were used to identify the amount of mercury in the specimens because in this
new database, information about different countries, from different mercury projects, were pooled
together. Therefore, different methods and laboratories were described.

2.3.2. Limits of Detection (LOD)

The LODs for urine analysis were 0.10 pg/L for the first project in Mongolia, 0.20 pg/L for
Indonesia, Tanzania, Zimbabwe plus the second project in Mongolia and 0.50 pg/L for the Philippines.
The LODs for blood analysis were 0.20 ug/L for all countries, except for the Philippines with
0.50 pg/L. The LODs for hair analysis were 0.01 pg/g for the first project in Mongolia and for the
Philippines, and 0.02 ng/g for Zimbabwe, Tanzania and Indonesia. For the statistical analysis values
below the LOD were set to 'z of the LOD.

2.3.3. Threshold Values

To compare the results threshold values were used. There are not many actual threshold values
available, mainly not for elemental mercury [7]. WHO recommendations are out of date [13].
The German Human Biomonitoring Commission recommended threshold values for mercury in urine
and blood for the common population [14]. These threshold values (called Human Biomonitoring
levels—HBM) were used to describe the health risks from mercury exposure. Results below the lower
threshold HBM 1 level are considered as “safe” levels. Results between HBM I and HBM II
should be taken as “alert” levels and reducing the level of exposure as reasonably as is achievable is
indicated [15], adverse health effects are not excluded [9,16]. Mercury levels above HBM II are seen
as “action” levels, negative health effects are likely, and exposure reduction is essential [15,16].
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Another threshold value is the BAT value of the “Commission for the Investigation of Health
Hazards of Chemical Compounds in the Work Area”, above which workers are not allowed to work
anymore at their work place [17].

For mercury in urine the HBM I level is 7 pg/L, the HBM II level is 25 pg/L and the BAT value is
30 pg/L. For mercury in urine adjusted to creatinine the HBM I level is 5 pg/g crea, the HBM II level
is 20 pg/g crea and the BAT value is 25 pug/g crea. For mercury in blood the HBM I level is 5 pg/L
and the HBM II level is 15 pug/L.

Relating to the biological exposure index values (BEI), the value of mercury in urine should not be
over 35 pg/g crea. A mercury level in blood of 15 pg/L should be used as the biological exposure
index value. To compare the differently exposed group with each other, subgroups according to
threshold values were formed. The available results for urine, blood and hair were grouped according
to the HBM categories. Up to four categories were established: (i), below HBM 1, (ii) from HBM I to
HBM I, (iii) from HBM II to BAT or BEI, and, if available, (iv) above BAT or BEI.

For total mercury in hair, comparable limits of 1 pg/g and 5 pg/g were set [9].

2.4. Statistical Methods

The existing data from the five countries were pooled into one common database. Information from the
questionnaires such as age, gender and detailed history of work exposure was included in this new database.

The distributions of the data were analyzed. The Kruskal-Wallis one-way analysis of variance was
used to test for possible differences over all groups for the amount of mercury in human specimens
between the various exposed groups. Furthermore, the Mann-Whitney U test was performed to
compare the different exposure groups to the control group. Box plots and stacked bar charts were
used to visualize the results. Moreover threshold values were plotted into the box plot figures.

The significance was tested on o = 0.05. The statistical analysis was performed with SPSS 17.0%.

3. Results

The metric data of age, height and weight are normally distributed in each group. The Kruskal-Wallis
test and the Mann-Whitney test were performed with the four subgroups. Both, the Kruskal-Wallis and
the Mann-Whitney test are statistically highly significant and therefore the groups are not comparable
to each other in age, height and weight.

The differences are based on the different composition of the different subgroups. Mostly men are
working as miners and women tend to work less frequently as miners, mainly not as smelters. Therefore,
more men are in the highly exposed group and mainly women are in the lower exposed groups.

In Table 1, the distributions of mercury values in the specimens are shown for the different age
groups. Moreover, the age groups were compared to each other. Relating to the age, there are no
significant differences in the amount of mercury in the specimens between the three age groups.
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Table 1. Distribution of mercury levels in human specimens for three age groups.

Age groups
15-25 26-45 46-60 Total
Number 399 745 101 1245
Minimum <LOD <LOD <LOD <LOD
. Median 4.09 347 3.26 3.57
He in urine ug/L Mean 33.1 32.4 20.0 316
p-value < 0.001 (Kruskal-Wallis) ;
Percentile 95 166 112 55.7 119
Maximum 1530 5240 900 5240
Mann-Whitney p-value <0.001 | <0.001
Number 375 703 100 1178
Minimum <LOD <LOD <LOD <LOD
L Median 3.65 2.94 2.24 3.08
Hg in urine pg/g crea Mean 20.3 18.9 103 18.6
p-value < 0.001 (Kruskal-Wallis) -
Percentile 95 105 78.4 26.8 80.9
Maximum 575 1697 392 1697
Mann-Whitney p-value <0.001 <0.001
Number 312 706 103 1121
Minimum <LOD <LOD <LOD <LOD
_ Median 3.87 5.16 6.36 5.12
Hg in blood ng/L . Mean 9.67 11.7 11.1 11.1
p-value < 0.001 (Kruskal-Wallis) -
Percentile 95 41.0 39.2 24.5 38.2
Maximum 292 429 193 429
Mann-Whitney p-value <0.001 <0.001
Number 372 704 98 1174
Minimum <LOD <LOD 0.04 <LOD
o Median 1.16 1.71 2.57 1.60
Hginhairpglg - Mean 3.99 | 670 502 | 571
p-value < 0.001 (Kruskal-Wallis) -
Percentile 95 14.5 19.9 23.5 19.2
Maximum 158 792 76.8 792
Mann-Whitney p-value <0.001 <0.001

3.1. Mercury Levels in the Different Countries

The human biomonitoring data were analyzed for the different countries, stratified into exposed and
non-exposed areas in each country. Table 2 shows the results for the exposed areas of the countries and
Table 3 corresponding to the control areas of each country. The results differ greatly between the
differently exposed areas (Table 2). Mercury in urine is a good marker for acute inorganic exposure. The
highest median mercury urine levels were found in Zimbabwe 2004 (36.6 ng/L) and Philippines-Mt.
Diwalwal (8.64 pg/L). The highest maximum mercury urine levels were found in Indonesia-Kalimantan
(5,240 pg/L) and Zimbabwe 2004 (1,530 pg/L). Mercury in urine corrected for creatinine is another
marker for acute exposure. The highest median mercury levels were found in Zimbabwe 2004 (25.8 ng/g
crea) and Philippines-Mt. Diwalwal (5.64 pg/g crea). The highest maximum mercury levels were found
in Indonesia-Kalimantan (1,697 pg/g crea) and Zimbabwe 2004 (547 ng/g crea). Mercury in blood
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indicates acute and chronic exposure for both inorganic and organic mercury. The highest median
mercury blood levels were found in Indonesia-Sulawesi (11.1 pg/L) and Zimbabwe 2004 (10.2 pg/L).
The highest maximum mercury blood levels were found in Indonesia-Kalimantan (429 ng/L) and
Indonesia-Sulawesi (186 ng/L). Mercury in hair is a marker for chronic organic, but as well inorganic
exposure. The highest median mercury hair levels were found in Zimbabwe 2004 (3.58 ug/g) and
Indonesia-Sulawesi (3.09 pg/g). The highest maximum mercury hair levels were found in
Indonesia-Kalimantan (792 nug/g) and Indonesia-Sulawesi (239 pg/g).

To summarize, mainly in Zimbabwe 2004, Philippines-Mt. Diwalwal, Indonesia-Kalimantan and
Indonesia-Sulawesi the median levels in the mining areas are high, compared to the other areas. This is
mainly due to different exposure situations. The ore gained in the different areas depends on the
technical equipment of the miners, the more ore they gain, the more processing is performed, leading
to a higher use of mercury. Also, different ways of processing the ore influence the mercury release
into the environment and the miners and the general population are exposed to a different risk. The
mining areas in Zimbabwe, Philippines and Indonesia are real hot spots of ASGM, whereas in
Tanzania and Mongolia mining is performed at a much lower industrial level, and in Zimbabwe 2006
only women were examined, who are far less involved in amalgam smelting than male miners. The
very high maximum levels from Indonesia and Zimbabwe are due to a specific high exposure of the
amalgam smelters in these areas. These descriptive results might help to compare results from other
mining areas worldwide. The control areas differ as well. The median levels in all specimens (Table 3)
are highest in Philippines, second highest in Indonesia-Sulawesi. Lowest median levels were found in
Zimbabwe 2006 and Mongolia. The difference in the control groups is due to different fish
consumption habits, high in Eastern Asian areas, close to the sea, and low in land-locked countries.
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Table 2. Mercury in human specimens for each mining area.

Indonesia-  Indonesia- . Zimbabwe Philippines-Mt. Philippines- . .
. . Tanzania .. . Mongolia Zimbabwe
Kalimantan Sulawesi L. mining Diwalwal Monkayo L. L. Total
. . mining . . mining mining (2006)
mining mining (2004) mining mining
Number 168 101 184 157 119 72 155 79 1035
Minimum 0.29 0.43 <LOD 0.44 0.27 0.25 0.25 <LOD <LOD
L Median 5.86 14.1 1.73 36.6 8.64 1.00 3.57 4.76 5.28
Hg in urine pg/L
Mean 88.2 36.2 7.56 93.0 22.9 1.37 5.15 14.0 37.9
Percentile 95 197 137 30.6 377 112 3.70 12.0 354 146
Maximum 5240 564 147 1530 294 8.55 78.5 374 5240
Number 168 101 182 157 119 72 142 79 1020
Minimum 0.46 0.48 <LOD 0.20 0.27 <LOD <LOD <LOD <LOD
L Median 3.47 5.27 0.96 25.8 5.64 1.22 4.70 4.00 4.04
Hg in urine/g crea
Mean 354 20.8 3.77 55.2 14.6 1.38 12.4 10.1 21.4
Percentile 95 128 102 17.6 211 56.7 3.47 342 19.5 98.4
Maximum 1697 233 36.8 547 196 5.15 311 286 1697
Number 168 101 187 153 119 72 155 0 955
Minimum 1.45 3.42 0.45 0.60 1.22 <LOD <LOD . <LOD
i Median 9.31 11.1 1.85 10.2 10.1 6.86 0.20 . 6.04
Hg in blood pg/L
Mean 24.8 20.5 3.29 16.7 14.8 9.06 0.42 . 12.4
Percentile 95 128 72.0 11.0 51.6 43.8 21.5 1.40 . 42.4
Maximum 429 186 33.3 97.6 108 47.5 9.60 . 429
Number 167 99 160 136 117 72 155 77 983
Minimum 0.33 0.58 <LOD 0.39 0.43 0.68 <LOD <LOD <LOD
Lo Median 3.05 3.09 0.58 3.58 2.81 2.99 0.15 1.26 1.89
Hg in hair pg/g
Mean 17.5 9.33 1.80 9.21 5.27 3.51 0.28 2.56 6.61
Percentile 95 60.1 38.9 5.98 33.9 19.9 10.1 0.80 5.82 20.6

Maximum 792 239 48.7 112 37.8 13.2 2.71 29.1 792
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Table 3. Mercury in human specimens for the not exposed control areas.

Indonesia- Tanzania Zimbabwe (2004) Mongolia Zimbabwe
Philippines-control Total
Sulawesi control control control control (2006) control
Number 21 31 36 38 41 43 210
Minimum <LOD <LOD <LOD <LOD <LOD <LOD <LOD
. . Median 0.73 0.31 <LOD 1.66 <LOD <LOD <LOD
Hg in urine pg/L
Mean 0.90 0.43 0.52 2.06 0.19 0.18 0.69
Percentile 95 2.75 1.76 3.32 7.59 0.60 0.22 3.26
Maximum 3.16 1.78 8.78 7.59 1.24 3.03 8.78
Number 21 31 36 38 0 32 158
Minimum <LOD <LOD <LOD 0.39 <LOD <LOD
. . Median 0.40 0.20 <LOD 1.61 <LOD 0.21
Hg in urine/g crea
Mean 0.43 0.24 0.31 2.56 0.18 0.83
Percentile 95 0.66 0.52 2.82 8.55 0.89 3.62
Maximum 1.35 0.92 3.57 9.31 3.37 9.31
Number 20 31 36 38 41 0 166
Minimum 2.36 0.22 <LOD 0.72 <LOD <LOD
. Median 4.47 0.98 0.43 9.26 <LOD 0.93
Hg in blood pug/L
Mean 4.92 1.05 0.53 10.4 0.31 3.37
Percentile 95 9.16 2.01 1.79 24.5 1.60 14.2
Maximum 10.1 2.29 1.88 31.3 3.60 31.30
Number 20 24 32 39 34 42 191
Minimum 0.83 0.08 <LOD 0.98 0.03 <LOD <LOD
. . Median 1.53 0.36 0.09 2.72 0.07 0.07 0.21
Hg in hair pg/g
Mean 1.64 0.36 0.22 4.02 0.10 0.11 1.14
Percentile 95 3.03 0.65 1.01 9.94 0.30 0.31 4.13
Maximum 3.72 0.68 3.25 34.71 0.62 0.55 34.7

131
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3.2. Results in the Differently Exposed Subgroups

132

The results for mercury in urine, blood and hair are given for the four differently exposed subgroups

in Table 4.

Table 4. Exposure subgroups and Hg in human specimens.

Low

Medium

High

Control Total
exposed exposed exposed
Number 210 405 181 449 1245
Minimum <LOD <LOD <LOD <LOD <LOD
Hg in urine pg/L Median <LOD 2.3 6.41 12.0 3.57
(p-value < 0.001 Mean 0.69 7.96 259 69.7 31.6
Kruskal-Wallis) Percentile 95 3.26 22.1 70.8 274 119
Maximum 8.78 874 868 5240 5240
Mann-Whitney p value <0.001 <0.001 <0.001 .
Number 158 397 179 444 1178
Minimum <LOD <LOD <LOD <LOD <LOD
Hg in urine/g crea Median 0.21 1.88 4.36 9.11 3.08
(p-value < 0.001 Mean 0.83 5.63 18.8 36.5 18.6
Kruskal-Wallis) Percentile 95 3.62 18.9 79.6 143 80.9
Maximum 9.31 355 409 1697 1697
Mann-Whitney p value <0.001 <0.001 <0.001 .
Number 166 352 168 435 1121
Minimum <LOD <LOD <LOD <LOD <LOD
Hg in blood pg/L Median 0.93 3.61 7.74 7.56 5.12
(p-value < 0.001 Mean 3.37 6.38 12.5 17.3 11.1
Kruskal-Wallis) Percentile 95 14.2 19.5 42.6 56.4 38.2
Maximum 313 172 145 429 429
Mann-Whitney p value . <0.001 <0.001 <0.001
Number 191 398 177 408 1174
Minimum <LOD <LOD <LOD <LOD <LOD
Hg in hair pg/g Median 0.21 1.23 2.72 2.40 1.6
(p-value < 0.001 Mean 1.12 2.72 11.0 8.49 5.71
Kruskal-Wallis) Percentile 95 4.13 7.32 19.9 33.1 19.2
Maximum 347 103 792 239 792
Mann-Whitney p value <0.001 <0.001 <0.001

In the control group, the median of mercury in urine is <LOD with a maximum of 8.78 ng/L and a
minimum <LOD. The amount of mercury in blood lies in between <LOD and 31.3 pg/L with a median
of 0.93 ng/L. The amount of mercury in hair lies within the interval of <LOD and 34.7 pg/g with a
median of 0.21 pg/g. In the low exposed group, the level of mercury in urine lies in an interval of
<LOD to 874 pg/L with a median of 2.3 pg/L. The amount of mercury in blood in the low exposed
group lies within the range of <LOD to 172 pg/L with a median of 3.61 pg/L. The amount of mercury
in hair lies within the interval <LOD and 103 pg/g with a median value of 1.23 pg/g. In the medium
exposed group, the amount of mercury in urine lies between a level <LOD and 868 pg/L with a
median of 6.41 pg/L. The level of mercury in blood lies between a level of <LOD and 145 pg/L with a
median of 7.74 ng/L. The amount of mercury in hair lies between the range of <LOD and 792 pg/g
with a median of 2.72 pg/g. In the high exposed group, the level of mercury in urine lies between the
levels of <LOD to 5240 pg/L with a median of 12.0 pg/L; and the amount of mercury in blood in this
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group lies within the interval of <LOD and 429 pg/L. with a median of 7.56 pg/L. The amount of
mercury in hair lies between <LOD and 239 pg/g with a median of 2.40 pg/g.

Participants from the control group have statistically significant lower levels of mercury in the
different specimens than participants in exposed areas. There is a clear trend to higher levels of
mercury in all specimens according to the relevant exposure situation in the different subgroups.
Participants who live in the exposed area and smelt mercury have the highest levels of mercury.

4. Discussion

In the control areas of each country the levels of mercury in the specimens are rather low, but in the
corresponding exposed areas the levels of mercury are increased. The level of mercury in all specimens
increases in relation to the intensity of contact with mercury. The analysis of the four different
exposure subgroups shows that the control group has significantly lower levels of mercury in urine,
blood and hair compared to the low, medium and mainly the high exposed group. This tendency is not
only seen in the primary projects but as well in the common database for all subgroups.

4.1. Mercury Threshold Values

In Table 5 the distribution of the results from subgroups formed due to the exposure status are
shown in comparison to the threshold categories. In Figures 1 to 4 the results are shown as box plots.
These box plots show clearly that the increasing exposure is well reflected in urine, blood and hair
mercury levels. Participants from the control group have in general levels of mercury below threshold
values, but many participants living in the exposed area have levels above threshold values. Mainly
participants in the high exposed group, the amalgam smelters have levels above HBM II or even
BAT/BEI values.

Table 5. Distribution of the mercury concentration in the human biomonitors in four
exposure subgroups compared to threshold values (HBM = human biomonitoring level,
BEI = biological exposure index, BAT = work place tolerance level).

Control Low exposed Medium exposed High exposed
Count % Count % Count % Count %

<HBM 1 207 98.6% 332 82.0% 99 54.7% 168 37.4%

Hg HBM I—HBM 11 3 1.4% 55 13.6% 54 29.8% 127 28.3%
urine HBM II—BAT 0 0% 2 0.5% 2 1.1% 16 3.6%
>BAT 0 0% 16 4.0% 26 14.4% 138 30.7%

H <HBM I 164 97.0% 312 77.2% 99 54.7% 167 37.3%
urini/ HBM I—HBM 11 5 3.0% 78 19.3% 50 27.6% 140 31.3%
& HBM II—BAT 0 0% 5 1.2% 8 4.4% 20 4.5%
crea >BAT 0 0% 9 22% 24 133% 121 27.0%
0 <HBM 1 125 75.3% 210 59.7% 58 34.5% 164 37.7%
bloid HBM I—HBM 11 37 22.3% 114 32.4% 76 45.2% 149 34.3%
>HBM II/BEI 4 2.4% 28 8.0% 34 20.2% 122 28.0%
<1 pg/g 133 69.6% 178 44.7% 44 24.9% 112 27.5%
Hg hair 1-5 pg/g 53 27.7% 178 44.7% 96 54.2% 171 41.9%

>5 ugl/g 5 2.6% 42 10.6% 37 20.9% 125 30.6%
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Figure 1. Urine mercury concentrations in four exposure groups (threshold values HBM I
7.0 ng/L, HBM 11 25.0 pg/L, BAT 30.0 ug/L).
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Figure 2. Urine/g crea mercury concentrations in four exposure groups (threshold values
HBM 1 5.0 pg/g crea, HBM II 20.0 pg/g crea, BAT 25.0 ng/g crea, BEI 35 ng/g crea)
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Figure 3. Blood mercury concentrations in four exposure groups (threshold values HBM 1
5.0 ug/L, HBM II 15.0 pg/L, BEI 15.0 pg/L).
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Figure 4. Hair mercury concentrations in four exposure groups (comparison lines 1.0 pg/g
and 5.0 pg/g).
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The comparison of the levels from control areas with threshold values indicates that in the control
areas there is only background mercury exposure likely, e.g., the fish consumption influences the levels
in the control areas. Areas with a high consumption of fish, such as the Philippines and Indonesia have
higher mercury levels compared to areas with lower fish consumption such as Zimbabwe and Tanzania,
but the lowest levels were found in Mongolia, where hardly any fish is available.

Occupational exposure is the main contributor to the body burden with mercury. The population
that is not involved in working with mercury, but living in exposed areas has in a considerable
percentage mercury levels above HBM I and even HBM 11 (see Table 4). As published elsewhere,
severe symptoms can be found even in these low exposed groups [4,5,9]. Miners working with
mercury have mercury levels of a high percentage, above HBM 11, the highest levels are found in the
group of amalgam smelters. Levels above HBM II are likely to be associated with mercury
intoxication [4,5,9]; but also participants with levels below HBM II are not unlikely to have
neurological symptoms from the chronic mercury exposure [16]. In Figures 5 to 8 the mercury levels
of the different subgroups were classified on the basis of HBM-levels and BEI/BAT values.

In general, a reasonable percentage of participants living in ASGM areas is already burdened with
mercury. Miners using mercury are heavily endangered, since their mercury levels are in a high
percentage above the threshold values. Finally, the workers smelting amalgam are extremely burdened
and are very likely to develop chronic neurological symptoms.

Figure 5. Mercury in urine—stacked bar chart for threshold values.
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Figure 6. Mercury in urine/g crea—stacked bar chart for threshold values.
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Figure 7. Mercury in blood—stacked bar chart for threshold values.
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Figure 8. Mercury in hair—stacked bar chart for threshold values.
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4.2. Results in Comparison with Other Publications

The participants from the control areas had low background mercury levels. Similar background
levels for mercury were found in Europe and Northern America [18-20].

From two ASGM areas in Northern Tanzania, mercury levels in urine were determined. The
mercury levels in the exposed areas were similar to the ones reported in this paper with a mean
mercury urinary level of 39 pg/g creatinine for high exposed participants and maximum mercury level
in urine of 172 ng/g creatinine [21].

In Zimbabwe, participants from two ASGM areas were assessed, four out of 43 participants in one
area and seven out of 23 participants in another area had mercury levels in blood >50ug/L. For urine
the results were four out of 43 in the first area >10 pg/L [22].

In a ASGM area in Southern Peru mean mercury levels in urine were 728 pg/L for the six high
exposed participants and 8 pg/L for the six low exposed participants [23]. These levels are higher
compared to results of this study, but the case number is very small.

A study in Mindanao, Philippines showed similar results [24]. Another study in the Talensi—-Nabdam
District, Ghana showed that 20% of all participants had levels of urinary mercury (>10 pg/L) and 5%
had urine mercury levels of above 50 pg/L. Active miners had the highest mercury levels, mainly
amalgam burners (median: 43.8 pg/L; mean = SD: 171.1 £ 296.5 pg/L; n = 5) [25]. In an Amazonian
population in Bolivia hair levels of the general population were high, due to high fish consumption, but
still occupational exposure showed an increase in mercury hair levels (geometric mean 5.75 ug/g) [26].
Only few human biomonitoring studies were published with mainly small case numbers. The results of
this study are comparable with the published references.
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4.3. Limitations of This Study

One limitation of this study may be that the four differently exposed groups have a different
composition relating to gender. In the control group, 67.3% of the participants are female and only
32.7% are male. However, in the high exposed group, 30.2% are female and 69.8% are male. On the
other hand, no gender-specific susceptibility to mercury is described in literature. Moreover, the
different additional exposure with mercury from fish consumption in the respective countries is a
problem. In Indonesia or the Philippines for example, the background burden with mercury is higher,
which means that participants from these areas have a mixed exposition with inorganic and organic
mercury, which might have adulterated the result.

One general limitation is the exposure assessment. There are no personal exposure assessments
available, and the questionnaire is the only reliable source of information. Some miners might have
worked every day, others only occasionally. So with this data collection, it is not possible to quantify
the mercury exposure [27].

Another limitation might be that not all results were obtained from the same laboratory. Only the
results from Mongolia come from different laboratories, but still they might not be fully comparable.

A final limitation is that the threshold values used were derived toxicologically using methyl
mercury and elemental mercury data. It might be that the threshold values are not fully adequate for

elemental mercury [7].
5. Conclusions

The newly developed database was created with urine, blood and hair mercury results from
participants from different ASGM areas. This new database enables, for the first time, a comparison of
the mercury concentrations in the specimens of participants living and/ or working in mining
communities worldwide. The level of mercury in all specimens augmented with the increasing mercury
exposure. The mercury levels between the various exposure subgroups differ significantly.

According to environmental studies, many possible pathways to uptake mercury exist for miners
and inhabitants, e.g., drinking water, from the soil through eating vegetables and consuming
fish [28-30]. However, the toxic mercury vapor from smelting the amalgam seems to be the most
dangerous pathway of exposure, since the amalgam smelters in particular have shown extreme high
levels of mercury in their specimens.

Today, medical knowledge about the health risks in ASGM is limited. It is unknown
how many people precisely all over the world are working with mercury in gold mining areas.
However, Hentschel ef al. made some estimates about people working in ASGM areas in different
countries, estimating a total number of workers of 185.000 on the Philippines, 550.000 in Tanzania,
350.000 in Zimbabwe and 109.000 thousand in Indonesia [1]. This database, containing six “hot spots”
in five countries, provides a first overview about the situation in certain countries in Africa and Asia. It
would be useful if this project, examining participants living in mining areas, should be extended to
gain more data on health effects of elemental mercury in ASGM areas.

It is essential to introduce strategies to minimize the mercury exposure of miners and community
members in ASGM areas. The introduction of mercury-free technologies, corresponding technical



Minerals 2011, 1 140

trainings and health education campaigns is urgently needed. There are already some studies and
recommendations referring to mercury-free gold mining, for example M. Vieira et al. “Mercury-free
gold mining technologies: possibilities for adaptation in the Guianas” [31] and Appel et al. “Borax—an
alternative to mercury for gold extraction by artisanal small-scale gold miners: introducing the method in
Tanzania” [32]. Additionally regional capacity-building measures and regulations on governmental
levels are necessary [33,34].

There are some studies about children from the Faroe Islands who suffer from mercury side effects
due to intoxication from the environment and from their parents. Children in a highly exposed study
region with mother having high levels of mercury in her hair, show a decreased intelligence as one
severe outcome of chronic mercury intoxication disclosed [35].

This is only one further example which categorically demonstrates the need for more research
regarding the effects of mercury and the implementation of mercury reduction projects.
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