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Abstract We investigated mercury (Hg) exposure of food
web and humans in the region of Kedougou, Senegal, where
Hg is used for gold amalgamation in artisanal small-scale gold
mining (ASGM). For this purpose, total mercury (THg) con-
centration was determined in eight fish species and two shell-
fish species from Gambia River and in human hair from 111
volunteers of different age and sex, living in urban locations
(Kedougou and Samekouta) or in ASGM areas (Tinkoto and
Bantako). THg concentrations in fish samples range from 0.03
t0 0.51 mg kg ' wet weight (ww) and 0.5 to 1.05 mg kg ' ww
for shellfish. THg concentrations in fish are below the WHO
guideline of 0.5 mg kg~ ww, whereas 100 % of shellfish are
above this safety guideline. In the entire set of fish and
shellfish samples, we documented a decrease of THg concen-
trations with increasing selenium to mercury (Se:Hg) ratio
suggesting a protection of Se against Hg. However, local
population consuming fish from the Gambia River in the
two ASGM areas have higher THg concentrations (median=
1.45 and 1.5 mg kg ' at Bantako and Tinkoto) in hair than
those from others localities (median=0.42 and 0.32 mg kg
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at Kedougou town and Samekouta) who have diverse diets. At
ASGM sites, about 30 % of the local population present Hg
concentrations in hair exceeding 1 mg kg ', defined as the
reference concentration of Hg in hair. We also evidence a
higher exposure of women to Hg in the Tinkoto ASGM site
due to the traditional distribution of daily tasks where women
are more involved in the burning of amalgams. The discrep-
ancy between the calculated moderate exposure through fish
consumption and the high Hg concentrations measured in hair
suggest that fish consumption is not the only source of Hg
exposure and that further studies should focus on direct expo-
sure to elemental Hg of population living at ASGM sites.

Keywords Artisanal gold mining - Mercury -
Methylmercury - Selenium - Fish - Human health risk

Introduction

Mercury (Hg), especially under its organometallic form
(methylmercury—MeHg), constitutes one of the main toxic
metals in the aquatic environments due to its ability to
biomagnify in food chains (Chen et al. 2005). Humans are
mainly exposed to organic Hg through consumption of aquat-
ic food (Zahir et al. 2005), while exposure to inorganic and/or
elemental mercury occurs mostly through the inhalation of
gaseous elemental Hg (Agency for Toxic Substances and
Disease Registry (ATSDR) 1999). In artisanal small-scale
gold mining (ASGM) sites, miners who directly handle Hg
and burn amalgam, as well as persons living close to mining
activity areas are exposed to inorganic Hg. Exposure to both
forms of Hg has been linked with Hg neurotoxicity and other
adverse health effects (Lebel et al. 1998).

Generally, total Hg content in blood, urine and hair is used
to evaluate the human exposure to this toxic element in
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different environments. Compared to that in blood and urine,
total mercury (THg) content in hair is widely used as a bio-
indicator of Hg contamination (Airey 1983; Matsubara 1985;
Sakamoto et al. 2002) because of its non-invasive sampling,
and since it can readily be obtained and stored. According to
Johnson (2004), Hg contents in hair can generally be related to
fish consumption. To determine the safe level of Hg exposure,
the US Environmental Protection Agency (United States
Environmental Protection Agency 1997) proposed a reference
concentration of 1 mg kg ™' dry weight (dw) in hair corre-
sponding to a reference dose for the methylmercury of
0.1 ug kg ' body weight (bw) per day. Later on, Grandjean
et al. (1997, 1999) showed that women with Hg levels below
10 mg Kg ™' dw in hair can give birth to children with Hg-
related neuropsychological dysfunctions.

Recent studies have documented the antagonistic effect of
selenium (Se) against the toxicity of mercury in aquatic or-
ganisms (Belzile et al. 2006; Chen et al. 2001). Belzile et al.
(2006) suggested that Se plays an important role in limiting
the whole-body assimilation of Hg at lower levels of Hg in the
aquatic food chain. Peterson et al. (2009) suggested that the Se
protective mechanism is related to the formation of highly
stable organic MeHg-selenocysteine (MeHg-SeCys), which
forms in the brain and nervous systems of Hg-stressed organ-
isms, removing Hg from the biologically unavailable. Alter-
natively, Khan and Wang (2009) concluded that Hg can be
sequestered in Se-bearing environments by in vivo biominer-
alization of HgSe,S;_,(s) involving selenite and glutathione,
which is thought to be the ultimate metabolic product respon-
sible for the Hg—Se antagonism in biological systems. How-
ever, using the selenium to mercury (Se:Hg) molar ratio in risk
assessment, risk management and risk communication at this
time is still open to debate, and more information is needed
about Hg and Se interaction, and on the relationship between
this molar ratio and health outcomes.

In sub-Saharan African countries, the environmental and
health effects of Hg pollution have been reported for arti-
sanal small-scale gold mining (ASGM) by Campbell et al.
(2005), Donkor et al. (2006), Ikingura et al. (2006) and
Ouédraogo and Amyot (2013). In Senegal, particularly in
the Kedougou region along the Gambia River (Fig. 1), the
use of Hg in ASGM has been increasing in recent years.
Handling of Hg is mainly done by women during the
amalgamation stage of the ore dressing, while men are
engaged in the physical gold mining activities (Niane et al.
2014). During this process, a large quantity of Hg is
discarded into the soil and the river system of the surround-
ing environment. After about 10 years of abundant Hg use
in ASGM activities, environmental impacts are already no-
ticeable (Niane et al. 2014). Consequently, there are poten-
tial environmental and health impacts of these activities,
which have to be evaluated. Despite its recent introduction
in the Kedougou region, little information is available on Hg
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exposure and its potential health effects in the local
population.

Our study aimed to provide new data for a region where
ASGM activities involving Hg amalgamation are recent and
poorly documented. For this purpose, we have assessed the
current status of Hg pollution in the Gambia River ecosystem
analysing fish and shellfish as well as the exposure of the local
population to Hg via fish consumption. The assessment was
based on the evaluation of the concentration of Hg in the food
chain and human hair of inhabitants from different localities
and various sampling sites from the Kedougou region, Eastern
Senegal. We also report Se contents in fish samples and
discuss its potential role in Hg detoxification.

Material and methods
Study area

The main resources of gold of Senegal are located in the
Kedougou Kenieba inlier, which is interpreted as an accretion
of north-easterly trending Birimian volcanic terrains. Accord-
ing to Lawrence et al. (2013), the Kedougou Kenieba inlier
(KKI) represents the westernmost exposure of the Birimian
Supergroup (2050-2200 Ma) of the West African Craton. This
gold region stretches across much of West Africa, including
Senegal, Mali, Burkina Faso and the Ivory Coast. According
to Bassot (1997), the KKI is subdivided into the Mako Super-
group (granite—greenstone belt) and an eastern Diale-Dalema
series (sedimentary basin) (Fig. 1). The Mako Supergroup
hosts the Sabodala deposit, the only industrial mine of the
region exploited by Teranga Gold operation (TGO in Fig. 1).
Gold mineralization is controlled by two major geological
structures, which are the main transcurrent shear zone and
the Senegalo—Malian fault (respectively, MTZ and SNF in
Fig. 1; Sylla and Ngom 1997). Alluvial gold and gold-
bearing quartz veins hosted by shear zones are the two types
of gold mineralization in Kedougou. About 30,000 to 60,000
artisanal miners are involved in ASGM in different villages of
the region of Kedougou (Programme d’Appui au Secteur
Minier PASMI 2009). Two types of sites were selected for
this study (Fig. 1): (1) sites devoid of any mining activity,
including Kedougou town, where inhabitants have a varied
diet, and Samekouta, where inhabitants have a monotonous
diet and (2) ASGM sites at Tinkoto and Bantako, where
people are eating fish caught from the Gambia River
(Fig. 1). The more expensive, larger and piscivorous fish are
typically prepared at home or eaten in a restaurant in the
mining areas of Tinkoto and Bantako. Both villages have
distinct social differences. Bantako village, which is located
along the Gambia River, has a population which includes
about three quarters of immigrants; by contrast, Tinkoto is a
traditional village with a majority of locally rooted population.
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Fig. 1 Geological map and localization of the main sampling sites modified after Niane et al. (2014)

Sampling

Fish samples (n=32) were purchased from local fishermen
along the Gambia River, and the shellfish (n=7) were collect-
ed in Gambia River at Bantako (Table 1). The muscle tissue of
fish samples were frozen on-site and stored at —20 °C in clean
polypropylene bottles until acid digestion at the University of
Geneva, Switzerland. The digestion of fish samples and
shellfish was performed according to the methods described
by Rashed (2001) and Sivaperumal et al. (2007) with some
modifications. Briefly, a portion of dorsal muscle tissue from
each fish sample was freeze-dried and ground to obtain a fine
powder. Then, approximately 1 g was digested in 10 ml of a
suprapur HNO3;—HCI1O, (3:1) mixture in Teflon bombs and
heated overnight at 110 °C. The digested samples were then
cooled at room temperature and centrifuged.

One hundred and eleven human hair samples were col-
lected from four local communities in Kedougou region
between June 3 and 18, 2013, using clean stainless steel
scissors (Table 2). A questionnaire including gender, age and
frequency of fish consumption was completed by each

volunteer who provided hair samples. Hair samples were
washed twice with acetone and rinsed with Milli-Q water
before analysis.

Analytical procedures

For both hair and fish samples, Hg analysis was carried out
using atomic absorption spectrophotometry for mercury de-
termination (Advanced Mercury Analyzer; AMA 254,
Altec®) at the University of Geneva, Switzerland, as described
by Bravo et al. (2010).

Digested fish samples were also analysed for Se by ICP-
MS at the University of Geneva, Switzerland (7700x series,
Agilent®). A collision/reaction cell (helium mode) and inter-
ference equations were utilized to correct spectral interfer-
ences. The certified reference material DORM-2 (fish mus-
cle), DORM-3 (fish protein) and TORT-2 (lobster hepatopan-
creas) were used to verify the quality, the precision and the
reliability of the results. The results are expressed in
milligramme per kilogramme wet weight (ww) for fish muscle
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Table 1  Length (cm), weight (g), THg (mg/g ww), diet habit and Se:Hg molar ratio of each fish species
Sample Scientific name/ Number of L Wt THg (mg kg Se (mg kg Se:Hg
type diet habit fish (cm) (2) T ww) T ww) (molar ratio)
sampled
Mean Range Mean Range Mean Range
Fish Alestes dentex® 1 18 25 0.16 0.18 2.82
Oreochromis niloticus® 1 33 750 0.04 0.23 14.06
Sarotherodon 13 7-19.50 10-200 0.10+0.05 0.03-0.22 0.35+0.1 0.28-0.48 13.04 5.54-27.10
melanotheron®
Hepsetus odoe® 3 22.5-32 35-750 0.39+£0.13 0.18-0.51 0.5+£0.03 0.48-0.51 3.98 2.50-6.70
Labeo parvus® 3 13-13.50 13-15 0.06+0.03  0.03-0.09 0.34+0.11 0.23-046 18.90 9.80-34.70
Marcusenius senegalensis® 2 27.5-46 13-15  0.07£0.004 0.07-0.08 0.45+0.15 0.34-0.55 16.56 11.9-21.2
Synondontis ocellifer® 4 13-15 10-15 0.19+£0.06 0.14-0.26 0.28+0.03 0.22-040 4.04 2.10-4.90
Chrysichthys 3 13-15 19-21 0.28+0.1  0.21-0.37 0.36+0.12 0.26-043 343 239-524
nigrodigitatus®
Schilbe intermedius® 2 10-14 200400 0.37+£0.03 0.35-0.39 0.45+0.15 0.46-045 3.14 2.98-3.29
Shellfish ~ Etheria elliptica 2 0.60+0.07 0.54-0.65 0.5+£0.19 0.38-0.65 2.16 1.76-2.60
Aspatharia senegalensis 5 0.79+0.2  0.63-1.05 0.18+£0.09 0.04-0.35 0.66 0.10-1.40

#Non-piscivorous
® Piscivorous

¢ Omnivorous

samples and in milligramme per kilogramme dry weight (dw)
for hair samples.

Molar concentrations per fish were obtained by dividing
the concentration of the total mercury by its molecular weight
of 200.59, and the concentration of the total selenium by its
molecular weight of 78.9. Mean Se:Hg molar ratios were
calculated from the mean selenium and mean mercury con-
centrations in each fish species.

Table 2  Concentration of THg (mg kg ™) in the hair of studied volunteers

Statistical analysis

The Kolmogorov—Smirnov test was used to evaluate the
normality of the data. The Kruskal-Wallis test was used
for multiple sample comparison (H test). All the statisti-
cal tests were performed using Statistica (12.0) software,
and a p value of 0.05 was chosen to indicate the statis-
tical significance.

All Kedougou Samekouta Tinkoto Bantako
(n=111) (n=25) (n=38) (n=20) (n=28)
Median 0.57 0.42 0.32 1.5 1.45
Max 7.67 1.24 1.44 6.26 7.67
Min 0.1 0.1 0.12 0.25 0.33
Geometric mean 0.65 0.39 0.34 1.48 1.45
Arithmetic mean 1.1 0.46 0.41 2.12 2.03
SD 1.41 0.27 0.28 1.87 1.83
Male (n) 50 10 20 8 12
Age mean® 36.6 14.9 28 19.7
Range (3-60) (1-35) (6-51) (1-37)
Female (n) 61 15 18 12 16
Age mean” 21.8 21.2 29.9 154
Range (2-45) (3-45) (1-56) (1-43)

SD standard deviation

*Years
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Results
Hg and Se concentrations in fish and shellfish

Table 1 and Fig. 2a show the mean THg (mg/kg ww) and the
standard deviation (SD) in fish according to their diet habit,
length and weight. The highest mean THg is found in shellfish
tissues (0.7+0.2 mgkg ' ww, n=7). Amongst fish species, the
highest mean THg concentrations are found in piscivorous
fish (0.4+0.1 mg kg ' ww, n=5) and omnivorous fish (0.3+
0.09 mg kg ' ww, n=8), being significantly higher than THg
in non-piscivorous fish (including non-piscivorous,
invertivorous and limnivorous) (0.09+0.05 mg kg ' ww, n=
19).

The range of mean Se concentrations (0.2 to
0.5 mg kg ' ww) amongst fish species and shellfish is
lower than that of Hg (0.04 to 0.79 mg kg ' ww) and
without significant differences between mean Se concen-
trations and diet habits (Table 1). The calculated Se:Hg
molar ratios vary greatly amongst fish and shellfish spe-
cies (0.6 to 18.9). For the fish species, Oreochromis
niloticus, Sarotherodon melanotheron, Labeo parvus and
Marcusenius senegalensis yielded the larger mean Se:Hg
molar ratios between 13 and 19, whereas those of the
other fish species remain around 3 to 4 (Table 1). Se:Hg
ratios in shellfish are the lowest ones, ranging between
0.7 and 2.2 (Table 1, Fig. 2b). Figure 2c¢ reveals that
Se:Hg molar ratios and THg concentrations are inversely
related, with the highest Se:Hg ratios corresponding to the
lowest THg contents.

THg concentrations in hair

The descriptive statistics of the THg concentration in hair for
the entire group, including men and women, are given in
Table 2. The mean THg concentrations in hair samples of
volunteers are 1.1+1.4 mg kg ' (0.1-7.7, n=111). In this
study, we chose the 1 mg Hg kg™ dw in hair as the threshold
level according to the USA (US Environmental Protection
Agency (1997)). Our study indicates that 29 % of the sampled
volunteers exceed this level.

Figure 3a shows that mean THg concentrations in hair
samples is significantly higher (H test, p value <0.001) for
the communities living at the mining sites of Bantako (2.1+
1.9 mgkg ' dw, n=20) and Tinkoto (1.9+1.7 mgkg ' dw, n=
28) compared to those from the non-mining sites at Kedougou
City (0.5£0.3 mg kg ' dw, n=25) and Samekouta (0.4+
0.3 mg kg ' n=38). Hg concentration in hair collected from
women (mean 2.5 mg kg ' dw, Table 2) is 2.3 times higher
than that in hair from men (mean 1.1 mg kg ' dw, Table 2) at
Tinkoto (Fig. 3b). By contrast, there is no difference in Hg
concentrations in hair between genders at the other sites
(Fig. 3b).

Figure 3¢ shows that the median Hg concentration in hair
for the group with the highest fish consumption per week in
the ASGM sites (i.e. Bantako and Tinkoto, median=
2.4 mg kg ' dw) is almost 6.4 times higher than the median
value of the same group from the non-mining control sites (i.e.
Kedougou and Samekouta, median=0.38 mg kg ' dw).
Amongst hair samples collected from people living in ASGM
sites (i.e. Bantako and Tinkoto), the group that rarely or never
eats fish has a median Hg concentration in hair of
0.97 mg kg ! dw, being 2.6 times higher than the median
value of 0.39 mg kg ' dw of the same group from Kedougou
and Samekouta (Fig. 3¢). In the non-mining control sites (i.c.
Kedougou and Samekouta), there is no difference between the
groups consuming fish twice or more every week and the one
consuming fish no more than once a week. In contrast, in the
ASGM sites of Tinkoto and Bantako, there is a statistically
significant difference (H test, p value=0.003) of Hg concen-
tration in hair between these two groups (Fig. 3c¢).

When considering the Hg concentration in the hair of
children and women of childbearing potential (Fig. 3d), the
mean Hg concentration in hair samples of women, children
and women who have given birth to children is below the
recommended threshold value of 1 mg kg™ dw at the control
sites of Kedougou town and Samekouta. In contrast, in active
ASGM sites at Bantako and Tinkoto, the mean Hg in the hair
of these two groups is above the lowest threshold value
defined by the US EPA (Fig. 3d). These two groups are
considered by the World Health Organization (WHO) as
groups at risk with respect to Hg exposure because they are
particularly vulnerable and more sensitive to the adverse
neurological effects of methylmercury. Some studies have
shown that prenatal MeHg exposure can produce adverse
neurological effects on children and risk of preterm delivery
(Bose-O’Reilly et al. 2010; Grandjean et al. 1998; Murata
et al. 2004; Xue et al. 2007). Maternal exposure to MeHg is
a risk to the offspring because it passes readily through the
placenta to the foetus (Bjornberg et al. 2005; Kajiwara et al.
1996).

Discussion
Contamination of fish from Gambia River

Piscivorous fishes (Hepsetus odoe, Schilbe intermedius) have
mean THg concentrations of 0.38 mg kg ' which are close but
still below the WHO’s safety consumption guideline of
0.5 mg kg ' (World Health Organization 2004), and those of
non-piscivorous fishes (Sarotherodon melanotheron,
Synodontis ocellifer, L. parvus) are of 0.09 mg kg ' which
remain five times below the above-mentioned threshold value
(Fig. 2a). These mean concentrations of 0.09 and
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Tapajos river basin and Tunisia (Barbosa et al. 2001; Donkor
et al. 2006; Dos Santos et al. 2000; Mezghani-Chaari et al.
2011; Kidd et al. 2004; Ouédraogo and Amyot 2013).

The increase of mean THg concentrations in fish from non-
piscivorous to omnivorous and to piscivorous species is in
accordance with the common increase in THg concentrations
along trophic chains reported for numerous aquatic ecosys-
tems around the world (Kwaansa-Ansah et al. 2011;
Ouédraogo and Amyot 2013). These relatively high THg
concentrations in fish are related to the recent use of Hg
amalgamation during ASGM activities in the region of
Kedougou. Indeed, Bantako (Fig. 1), where shellfish is
caught, is a site with highly Hg-contaminated sediments (av-
erage value 4.3 mg kg ') along Gambia River (Niane et al.
2014). The high THg concentrations determined in shellfish
(Fig. 2a) can be explained by the fact that such species live
within bottom sediments and therefore are more exposed to
Hg-contaminated sediments than pelagic species. According
to Harris and Bodaly (1998) and Black et al. (2011), the higher
growth rate of fish and the shorter life span of fish in the
tropics or differences in the food web structure can explain the
low mercury concentration in fish.

As for Hg, Se concentration increases from non-
piscivorous to piscivorous fish according to their trophic level.
The biomagnification of Hg and Se along the food web in
Kedougou region is consistent with previous studies in trop-
ical areas (Campbell et al. 2008; Kidd et al. 2003; Ouédraogo
and Amyot 2013). The Se:Hg molar ratios of the non-
piscivorous fishes most frequently consumed by inhabitants
and omnivorous and piscivorous fishes are above 1 (Table 1,
Fig. 2b), meaning there is an excess of Se relative to Hg.
Considering all sampled fish and shellfish species, a signifi-
cant relationship is found between THg concentrations and
Se:Hg molar ratios evidencing that higher THg concentrations
are found for species which have the lowest Se:Hg molar
ratios (Figs. 2b, c). This observation is in accordance with
previous studies, which suggested that an excess of Se confers
a protective advantage for fish (Burger and Gochfeld 2012)
and that high Se:Hg molar ratios are favourable for Se neu-
tralization of the Hg toxic effects in the upper trophic levels.
Several studies have suggested that Se:Hg molar ratios above
1 protect against Hg toxicity (Ralston et al. 2006; Peterson
et al. 2009; Ralston and Raymond 2010) because of the
formation of insoluble Se-Hg complexes, which sequester
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Hg from biological processes and neutralize its toxic effects
(Belzile et al. 2009; Khan and Wang 2009; Peterson et al.
2009; Sermo et al. 2011). However, the degree of Se excess
necessary to counteract the toxic effect of Hg is still unclear,
and recent studies showed that other contaminants may reduce
the concentration of Se in water (Burger and Gochfeld. 2012;
Gochfeld et al. 2012; Ouédraogo and Amyot 2013). There-
fore, care should be taken before integrating Se:Hg ratios in
risk assessments about Hg toxicity.

Fish consumption advisories

According to Clarkson (2002) and Johnson (2004), consump-
tion of contaminated freshwater fish is directly related to an
increase in Hg concentrations in hair. We can assess the
potential health risk by comparing the estimated dietary ex-
posure to MeHg from fish and shellfish intake using the safety
guideline levels recommended by the joint FAO/WHO Expert
Committee on Food Additives (JECFA) such as the provision-
al tolerable weekly intake (PTWI) of MeHg of 1.6 ug kg ™' bw
week ' (UNEP/WHO (2008); World Health Organization
2004).

The mean MeHg concentration in all fishes can be estimat-
ed based on a 0.8 MeHg/THg ratio (Bloom, 1992). This ratio
is commonly used and validated by the Hg community since
numerous publications evidenced percentages of MeHg in
riverine and marine fish largely exceeding 80 % of THg
(e.g. Francesconi and Lenanton 1992; Grieb et al. 1990;
Hammerschmidt et al. 1999; Mason et al. 2000; Orihel et al.
2007). Based on this ratio, the calculated mean of MeHg
concentration are 0.07+£0.04 mg/kg ww for non-piscivorous,
0.32+0.1 mg/kg ww for piscivorous, 0.18+0.06 mg/kg ww
for omnivorous species and 0.6+0.14 mg/kg ww for shellfish
(Table 3). Thus, a standard meal with 227 g of fish or shellfish
(World Health Organization 2004) contains 15.9 pg MeHg if
non-piscivorous fish is considered, 40.9 ng MeHg for omniv-
orous fish, 72.6 ug MeHg for piscivorous fish and 136.2 ug
MeHg for shellfish, with only the latter exceeding the PTWI
of 112 ug MeHg for a 70-kg heavy person (World Health

Organization, 2004). The reported national average of weekly
fish consumption by Senegalese people is stated as 430 g/
week (Food and Agriculture Organization 2003). However,
this national average of weekly fish consumption is not rep-
resentative of distal places since it is based on the majority of
the population living along the Atlantic coast and eating larger
amounts of fish than the communities remote from main
fishing locations, such as Kedougou. Therefore, we used the
standard meal value for fish consumption rate of 227 g/week
in Kedougou region which appears to be more realistic. Con-
sidering an adult man of 70 kg or an adult woman of 65 kg, the
provisional weekly intake (PWI) for a single fish meal per
week ranges between 0.2 and 1.1 mg kg™’ body weight (bw)
(Table 3) depending on the consumed fish species (i.e. non-
piscivorous to piscivorous) and reaches 1.9 to 2.1 mgkg ' bw
for a shellfish meal. Such values are below the World Health
Organization (2004) safety guideline of 1.6 pg kg ' for fish,
whereas it exceeds this value for shellfish. However, when
considering three to four fish meals per week, this guideline is
casily exceeded.

Evaluation of human exposure to Hg and recommendations

Mercury concentrations measured in hair samples obtained
from inhabitants of ASGM sites (Tinkoto and Bantako)
(Fig. 3, Table 2) largely exceed the 1 mg kg ' guideline
recommended by the USA (United States Environmental
Protection Agency (1997)). In these locations, inhabitants
consume larger piscivorous fish caught in the Gambia River,
which are more expensive, and are typically prepared at home
or eaten in a restaurant. Because of the price of gold, it confers
a higher income to the population of mining areas (Tinkoto
and Bantako) than to the remaining parts of the region. In
contrast, hair collected from people living outside of the gold
mining areas at Samekouta and Kedougou City (Fig. 3a) have
Hg concentrations far below the above guideline. These re-
sults reflect a lower exposure to Hg of people living outside of
gold mining areas, who have a more diverse diet and who
consume imported fish rather than local fish from Gambia

Table 3  Allowable fish consumption estimates based on average body weight of 65 and 70 kg for woman and man, respectively, and provisional
weekly intake (PWI) based on MeHg concentration and mean weight of each fish species

Fish species Number of samples Mean Mean MeHg Allowable fish consumption per week (g) PWI (ug kg™
weight (2)  (ngg ' ww)
Man ‘Woman Man Woman
Non-piscivorous 19 73.94 0.07£0.04 1600 1486 0.2 0.22
Piscivorous 5 277 0.32+0.1 350 325 0.91 0.98
Omnivorous 8 16.25 0.18+0.06 622 578 0.51 0.55
Shellfish 7 nd 0.6+0.14 187 173 1.71 1.85

PWI values in italics above the provisional tolerable weekly intake (PTWI) (UNEP/WHO, 2008; World Health Organization, 2004) safety guideline of

1.6 pg kg
nd no data
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River. In addition, at Samekouta, fishermen and inhabitants
consume higher quantities of smaller non-piscivorous fishes
(S. melanotheron) from Gambia River than other fish species.
They prefer to sell the piscivorous fish because it constitutes
an important source of income for them. Such discrepancy
between the two groups, control versus ASGM sites, is con-
sistent with the findings in other studies in Tanzania and
Ghana (Adimado and Baah 2002; Ikingura and Akagi 1996;
Voegborlo et al. 2010), which documented a direct relation-
ship between nutrition habits and exposure to Hg.

Such high concentrations of Hg in the hair of people living
in ASGM sites highlight that the previously calculated PWI
may underestimate the real Hg exposure of this group of
people or that these populations are exposed to other Hg
sources than the ones from fish. Indeed, mean Hg concentra-
tions in the hair of people living in ASGM sites equal or
exceed the guideline concentrations, even if they eat no more
than one fish meal per week. According to Clarkson and
Magos (2006), Hg concentrations in hair generally reflect
environmental exposures to organic Hg, although they state
that about 20 % of Hg in hair may be derived from inorganic
sources. Another explanation about such a difference in THg
content in hair might also be related to direct exposure to
gaseous elemental Hg of people living in mining areas. In-
deed, while there is no significant difference in the mean THg
concentrations in hair between men and women in control
sites (Fig. 3b), such a difference is significant between men
and women living in ASGM sites. At Tinkoto, which is the
oldest mining site with a very traditional distribution of daily
tasks as a function of gender, mean THg concentrations in
women hair are higher than the ones in men (H test, p<0.05—
Fig. 3b). Women typically perform the apparently less phys-
ically demanding manual jobs, including the final stages of
gold enrichment, with mixing of Hg with the gold-bearing
grinded rocks for Hg amalgamation, and amalgam decompo-
sition by heating. By contrast, men are engaged in more
specialized, mechanized physically demanding manual jobs,
such as digging and bedrock mining, which means that wom-
en from this village are much more exposed to vapours of Hg’
during the entire gold mining and ore dressing processes. At
Bantako, where hair samples from both men and women have
THg concentrations above the US EPA threshold guideline
(Fig. 3a), such difference in Hg concentration in hair is less
pronounced between men and women suggesting that both
genders are exposed in similar proportions and/or that there is
a more equal distribution of tasks during mining and ore
processing tasks. In contrast to our study, previous studies
did not reveal any relationship of Hg concentrations in hair
and gender (Mortada et al. 2002; Olivero et al. 2002; Agusa
et al. 2005).

Finally, we show that amongst people living in ASGM
sites, women of childbearing age, pregnant women and
children have high THg contents in hair (Fig. 3b). The

comparison of our data set with those of the National
Health and Nutrition Examination Survey (NHANES) per-
formed between 1999 and 2000 in the USA (McDowell
et al. 2004) shows that measured THg levels in hair of
children, pregnant women and women of childbearing age
living in ASGM sites were respectively almost five and four
times higher than those of the NHANES. Since amongst
these susceptible subgroups in ASGM areas children are
exposed much earlier in life to other Hg sources through the
placenta of their mothers, and immediately after birth by
Hg-contaminated breast milk (Bose-O’Reilly et al. 2010;
Xue et al. 2007), careful attention should be applied to this
high-risk population.

Conclusions

This research presents the first assessment of Hg contamina-
tion in fish species and humans from the Kedougou region,
eastern Senegal. Amongst the 39 sampled fishes and
shellfishes in this study, the majority of the analysed species
have Hg concentrations below international recommended
safety. We also evidenced a decrease of THg concentrations
with increasing Se:Hg molar ratios suggesting a protection of
Se against Hg adverse effects. However, people living in
ASGM areas, who consume these fishes, revealed high con-
centrations of Hg in hair, exceeding the guidelines given by
US EPA. Therefore, the major source of Hg exposure for
people living in ASGM sites remains unclear. Indeed, we
suggest that these populations are exposed to both organic
and elemental Hg via fish consumption and exposure to Hg’
during amalgam burning, respectively. Our results show that
after about 10 years of use of Hg in the gold ore dressing
process, there is a high potential health risk of Hg toxicity,
especially for women of childbearing potential, pregnant
women and children living in ASGM sites, whose Hg con-
centrations in hair are above the toxicity threshold recom-
mended by the US Environmental Protection Agency
(Fig. 3b).

For caution, we recommend that piscivorous fish such as
H. odoe and S. intermedius and shellfish with high concentra-
tions of Hg should not be consumed more than once a week by
the local population, particularly for the high-risk groups,
including young children under 10 years, pregnant women
and frequent fish consumers for whom the World Health
Organization threshold guideline was developed. Based on
our results on the Hg concentrations in hair, further studies
should consider the use of other bio-indicator such as blood
and urine to identify the dominant chemical forms of Hg and
their sources.
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