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Since the early 2000s, artisanal and small-scale gold mining (ASGM) has rapidly expanded in Burkina Faso.
Mercury (Hg) is widely used to extract gold and its release through burning amalgams has led to soil
contamination near mining sites. However, the fate and speciation of Hg in soils remains poorly
understood, especially the reactivity or methylation potential of soil particles eroded into rivers. In this
study, Hg contamination levels and speciation were assessed in water, soil, and sediments from five
ASGM districts along the Mouhoun River. Surface waters near riverside mining sites showed high levels of
particulate Hg (11-239 ng L™, while more arid sites showed Hg contamination localised to ore-washing
ponds. Mercury thermodesorption and selective extraction analysis revealed that in soils collected in the
vicinity of amalgam burning sites, around 10% of total Hg (THg) was elemental (Hg0O), with most
remaining Hg bound in the divalent state to amorphous iron oxides (~60% THg) and organic matter
(~30% THq). In river sediments, Hg bound to amorphous iron was halved, while methyl Hg (MeHg) levels
increased fivefold (0.7 + 0.2 ng g™ suggesting that iron reduction in sediments promotes MeHg
production and accumulation. These results highlight the potential risks of Hg exposure for local
communities and the need for regional Hg management in ASGM areas.

Artisanal and small-scale gold mining (ASGM) is one of the largest contributors to mercury (Hg) pollution in terrestrial and aquatic ecosystems worldwide. The

Hg used for gold amalgamation is volatilized into the atmosphere or released into terrestrial ecosystems, where it can be transformed into methylmercury
(MeHg) under reducing conditions in river sediments. This toxic molecule accumulates in food webs, ultimately exposing humans. In this work, we emphasize

the significance of amorphous iron oxides in the retention of Hg in mine soils of Burkina Faso, and suggest they are prone to methylation once eroded into river
sediments. By linking Hg chemical and solid speciation, we demonstrate the importance of this characterization in assessing the availability of Hg for

methylation.

1. Introduction

experienced its most extensive gold rush during the last few
decades. Gold (Au) is typically recovered by crushing Au-ores,
washing it to isolate heavy gold particles, and then mixing it

Most artisanal and small-scale gold mining (ASGM) activities
are located in the intertropical region, involving between 10 and
19 million miners across Asia, Africa and South America.’ In
comparison to Asia and South America, West Africa has
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with elemental mercury (Hg0) to form an amalgam. Burning of
amalgam to extract gold releases mercury (Hg) vapor into the
surrounding environment, which exposes miners and their
families to Hg related risks.>® Globally, it is estimated that
ASGM is responsible for around 40% of global atmospheric
mercury (Hg) emissions.” Environmental Hg contamination
around ASGM sites results from multiple pathways including
the direct loss of liquid Hg to soils and rivers, the release of
particulate-bound Hg into rivers, and the deposition of Hg
vapor in the environment following amalgam burning.>*
Previous studies in West Africa demonstrated high levels of
Hg in ASGM topsoils with concentrations of up to 410 pg g ' in
Ghana” and 8 pg g ' in Senegal.**® High levels of Hg in river

This journal is © The Royal Society of Chemistry 2025
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sediments close to ASGM sites have also been reported, reaching
up to 10 ug g~ ' in Senegal,® 5.4 ng ¢~ ' in Tanzania, 2.9 pg g ' in
Ghana, and 20.4 pg g~ ' in Cote d'Ivoire,® compared to the
geochemical background that is between 0.005 and 0.3 ng
g 111 guch elevated Hg concentrations in sediments result
from important release of particulate bound Hg from ASGM
sites, together with liquid Hg droplets close to the ore washing
sites.® Consistently, elevated Hg levels in unfiltered surface water
have been reported surrounding mining areas in Ghana (28.7 to
420 ng L"), Cote d'Ivoire (6.6 to 53 ng L"), Senegal (5.8 to
974 ng L"), and Burkina Faso up to 21 ng L™ ".%*>157 Once in the
aquatic system, inorganic mercury can be converted by micro-
organisms into methylmercury (MeHg), a toxic compound that
bioaccumulates and biomagnifies in the trophic chain.*®**>°

However, very few studies have examined MeHg levels in
West Africa near ASGM sites. Amongst available studies, data
indicate high MeHg accumulation in river sediments, with
a highest concentration of 8.0 & 7.8 ng g ' in Senegal,® and
between 0.7 and 4.3 ng g~ in Cote d'Ivoire.’® These studies
indicated that MeHg levels are not related to total Hg concen-
tration, but to sediment geochemical conditions. Consistently,
highest MeHg concentrations are reported in suboxic to anoxic
river sediments downstream of ASGM sites, as well as in ponds
and shallow eutrophicated sites.*'® Hence, the release of Hg
from ASGM sites into productive and stratified aquatic ecosys-
tems, promotes the formation of MeHg.*' It is therefore
hypothesised that Hg-rich particles eroded from ASGM sites
during mining operations or during the monsoon period supply
downstream aquatic environments, where methylation occurs.

Despite the wide use of Hg in ASGM, little is known about the
speciation and fate of Hg in iron-rich tropical soils, which
dominate much of West Africa. Once deposited on the soil, Hg
can be volatilised or complexed with organic matter and
minerals, such as iron oxides and clay minerals.> Under-
standing the distribution of Hg between soil components is
thus key to document the reactivity of Hg carrier phases, which
are prone to (bio)reduction and (bio)methylation when depos-
ited in river sediments.”*** During sediment diagenesis, organic
matter degradation and Fe(m)-reduction are driven by micro-
organisms such as sulfate-reducing bacteria “SRB”, iron-
reducing bacteria “FeRB”, and methanogens, some of which
carry gene clusters putatively required for Hg methylation, i.e.
hgcA and hgcB.>** Other contaminants such as Pb and As can
also be mobilised through ASGM operations either from ore
dust emission*® or pumped groundwater.*”

In this study, the Hg speciation (i.e., Hg0, THg and MeHg) and
distribution in soils and river sediments was analysed across five
ASGM sites along the Mouhoun River in southern Burkina Faso.
We used thermodesorption experiments with selective extrac-
tion, grain size characterization and elemental chemical analysis
to trace Hg from the mine to river environment. Comparative
experiments between selective extraction and Hg thermode-
sorption experiments were also developed to test the reliability of
thermal analysis applied to tropical soil and sediments. Finally,
we document the levels of other geogenic contaminants such as
As and Pb and examine the potential links between the
contamination and site activity and history.

This journal is © The Royal Society of Chemistry 2025
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2. Materials and methods

2.1. Environmental settings

Burkina Faso (BF) is located in West Africa, and bordered by
Mali, Niger, Benin, Togo, Ghana and Cote d'Ivoire (Fig. 1A).
Burkina Faso experiences a tropical climate divided into a dry
season, from November to May with warmer temperatures
(>40 °C) from March to May, and a rainy season from June to
October.”® The regional BF geology is dominated by Precam-
brian rocks, including granites, greenstone belts, and meta-
morphic formations of the West African Craton.**** The
greenstone belts are especially rich in gold deposits. Most of the
informal or small-scale gold mining activities in the country
extract ores from these belts by digging. These sites vary in age,
size and the numbers of miners involved. After extraction, the
ore is milled both manually and using small stone crushers.
Milled ores are then washed using either groundwater or
surface water, depending on availability, to separate light
particles from denser gold-bearing fractions using sluices. Gold
particles are then concentrated through amalgamation with
liquid Hg. The resulting amalgam is then burnt on site or in
nearby houses to extract the gold. While most of these sites rely
solely on the Hg-based amalgamation technique, some sites
also employ cyanidation using sodium cyanide. Details of the
extraction processes are provided in the SI (Fig. S1).

2.2. Sample collection and conditioning

Sampling was carried out in the south-western part of Burkina
Faso during two field campaigns performed in May/June 2018
(sites detailed in Table S1), and the second in November 2022 as
a part of the survey led by Agence Nationale d'Encadrement des
Exploitations Miniéres Artisanales et Semi — mécanisés (ANEE-
MAS). The November 2022 campaign focused on five ASGM sites
along the Mouhoun River (Fig. 1C) just before the access to
these sites was restricted because of terrorist groups’ activity.
The studied area encompasses three main districts: (i) the rural
district of Boromo, covering the mines of Siby (site B1) and
Siggnonghin (B2); (ii) the urban district of Dano covering the
mining areas of Gnikpiére (B3) and Memer (B4); and (iii) the
urban district of Gaoua including the mines of Djikando (B5),
the Quadaradouo (B6), and the neighboring small mines of
Bandediera, Banfara and Poniro (B7).

To document the environmental impact of these mining
activities, surface water (Poni River and a pristine intermittent
river at Dano, 3 km from the mining sites) and groundwater
(wells and boreholes) were sampled at each site and in down-
stream villages in the 2022 campaign. At the same time, physico-
chemical parameters (pH, Ep, conductivity, turbidity) were
measured using a multiparameter probe, Hach® (HQ4300).

Sampling was performed following an ultra-trace sampling
procedure. At each sampling site, samples were collected in
250 mL FEP Teflon containers, and filtered with 0.45 um ster-
ivex filters (Millipore). Unfiltered (UNF) and filtered (F) samples
for THg and MeHg analyses were transferred to 125 mL FEP
vials, and acidified with HCl (0.5% v/v, trace grade — Baker).
Filtered water samples for major (Fe, Al, S, Mn and P) and trace
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B1 Hg ~300 2009 6 River

B2 | Hg+CN | ~1000 2006 24 Groundwater

B3 Hg ~300 2019 100 | Groundwater

B4 Hg ~500 1997 100 | Groundwater

BS5 Hg ~1200 1995 100 River

B6 Hg N.D N.D N.D | Groundwater

B7 Hg N.D N.D N.D | Groundwater

Fig. 1 Map of the study site with (A) the location of Burkina Faso within Africa. (B) Geological map of Burkina Faso showing the greenstone belt,
the Mouhoun and Poni rivers, and the three studied mining districts: Boromo, Dano and Gaoua. (C) Zoomed in excerpt. (D) Synthetic information
for all studied sites about the type of ASGM extraction process (mercury and or cyanidation), the number of miners, year of set-up, surface area at

the date of sampling, and source of water used in the mining process.

element (As, Pb) analysis were stored in trace-grade 15 mL
polyethylene falcon tubes, acidified with HNO; (2% v/v, trace-
grade - Baker). Additional filtered water samples for anions
(sulphate, chloride and phosphate) were stored frozen until
analysis. For dissolved organic carbon (DOC) analysis, filtered
water samples were collected in pre-burnt (550 °C for 3 hours)
20 mL amber borosilicate vials, and acidified with HCI (0.1 N)
following published protocols.** All samples were packed in
double bags and stored at 6 °C in the dark until analysis.

To assess the Hg levels throughout the Au extraction process,
samples of primary rocks, milled ores, waste piles, and solid
concentrates remaining after ore washing were collected in
2018 at the B6 and B7 mining sites. During the 2022 campaign,
soils and sediments were collected at the B1 to B5 mining sites.
At each site, a composite surface soil sample (0-5 cm depth) was
collected by pooling 5 sub-samples over ~12 m* and stored in

3248 | Environ. Sci.: Processes Impacts, 2025, 27, 3246-3260

Whirl pack® sterile bags. These samples were homogenized in
the bag and kept at room temperature until returned to the
laboratory. Surface river sediments (0-5 cm depth) were
collected with a polyethylene shovel from riverbanks, stored in
Whirl pack® sterile bags, homogenized, and kept cool at 4 °C
until analysis.

2.3. Soil and sediment characterization

In the laboratory, soil and sediment samples were freeze-dried,
and dry sieved to recover the sand (0.5-2 mm), and clay + silt
(<0.5 mm) granulometric fractions. Each fraction was weighed
to determine its relative proportion. An aliquot was then ground
into a fine powder (<63 pm) for chemical analysis.

X-ray diffraction (XRD) was carried out on the clay + silt
fraction, to determine mineral phases using the PROFEX free-
ware following a published protocol.**

This journal is © The Royal Society of Chemistry 2025
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2.4. Chemical analyses

2.4.1 Elemental analysis. Total Hg concentrations in
filtered (THgr) and unfiltered (THgynr) Water were determined
by cold vapor atomic fluorescence spectrometry (CV-AFS) after
conversion of all Hg species into Hg0 followed by detection
using a Tekran® Model 2500.*** Quality assurance, quality
control (QA/QC) was ensured using a certified reference mate-
rial (ORMS-5), with THg concentrations obtained for repeated
analyses (27.1 + 0.6 ng L™ !, N = 3) always within the range of
certified value (26.2 4+ 1.3 ng L™ "). Field and analytical blank
values for THg were 0.7 4 0.3 ng L™ ", attesting to the absence of
contamination during sampling and filtration in the field. The
detection limit (DL) defined as 3 times the standard deviation of
10 blanks was 0.04 ng L.

Total mercury analysis (THg) in solids (soil and sediment)
was performed by atomic absorption spectroscopy (AAS) after
pyrolysis at 550 °C and gold amalgamation (AMA 254, Altec)
with a relative precision of +5% determined from triplicates.
The concentrations of THg obtained for repeated analyses of
certified international reference materials ERM CC 141 [Euro-
pean Commission; 0.078 4 0.003 pg g ', (N = 7)] and IAEA 158
[International Atomic Energy Agency; 0.123 £ 0.002 ug g™ ", (N =
3)] never exceeded the certified range published (i.e., ERM CC
141 = 0.083 £ 0.017 pg gfl, and IAEA 158 = 0.132 £ 0.014 pg
g~ !, respectively). THg in mine waste solid samples was ana-
lysed by AAS after pyrolysis at 550 °C and gold amalgamation
using a Nippon DMA-3000, following a published procedure.*
Briefly, ~1 g of sample was digested in 5 mL of aqua regia
overnight before analysis. QA/QC was ensured using the stan-
dard reference material MESS-4 (marine sediment SRM from
NRC; 0.079 =+ 0.001 pg g~ ), with relative standard deviation (%
RSD) below 5%. For waste piles, rock and concentrate,
including samples where Hg was added by miners, %RSD was
<15%, given the inherent inhomogeneity of these samples.

Methylmercury concentrations in the filtered (MeHgg) and
unfiltered (MeHgynr) water samples were analyzed using an
ethylation purge and trap gas-chromatograph (GC-CVAFS) anal-
ysis (Tekran®, model 2700) following published protocols.*3*
The results were validated by duplicate analysis and quantifica-
tion using the standard addition technique.?” Field and analytical
blank values were 0.038 £ 0.004 ng MeHg per L, attesting to the
absence of contamination during field sampling, filtration and
laboratory analysis. The detection limit (DL) was 0.01 ng MeHg
per L. MeHg concentrations in soil were determined by the same
method after acid digestion following published protocols.***
Briefly, a mass of ~2 g was digested with 5 mL KBr (18%), 1 mL of
1 M CuSO, and 10 mL DCM (dichloromethane). 0.5 mL of DCM
containing MeHg was then diluted in 30 mL milliQ water, and
purged with argon for 30 minutes to remove all traces of DCM.***!
QA/QC was checked with triplicate analysis of reference material
ERM CC 580 (74.8 £ 2.4 ng MeHg per g), which was within the
range of certified values (74 + 4 ng MeHg per g).

The concentrations of major (Al, Ca, Fe, Mg, Mn, S, Ti) and
trace (Pb, Cu, Zn, Cd, Cr, As, Se) elements were analysed in
filtered water and solids using an ICP-AES (Agilent, Varian 720-
ES) and ICP-MS (Agilent, 7900), respectively, after total

This journal is © The Royal Society of Chemistry 2025
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microwave digestion for solids (ultraWAVE, Milestone) at 250 °C
as described by Falciani et al. (2000) and Melaku et al. (2005).*>**
For filtered water, QA/QC was assessed through the analysis of
the certified standards SLRS4 and SLRS6. For solids, QA/QC was
assessed by the analysis of certified reference materials JSD3,
TAEA-405 and BR24 for the sediment samples, and ERM CC 141
for the soils. Accuracies were always within the range of certified
values with a +5% margin of error.

The concentrations of major anions (Cl”, NO, , NO;,
PO,*", S0,>) were determined by ion chromatography (Dionex
ICS 2000) controlled by the Chromeleon® chromatographic
management system following a published protocol.**

Dissolved organic matter (DOC) was measured using a TOC-
VCSN analyzer (Shimadzu®) as described by Tisserand et al.
(2022, 2024).*>*¢ Precision and recovery rate were better than
5%. Total carbon (TC), total organic carbon (C) content and
isotopic signatures (6"*Cpyi and 6'°Coy) was determined on the
silty-clay fraction, using Cavity Ring-Down Spectrometry (Pic-
arro, Inc.®) coupled with a Combustion Module (Costech,
Inc.®) (CM-CRDS) using the analytical method described in
Guédron et al. (2019).*” QA/QC was performed using a reference
material, PACS-2 (certified value: "*C = —23.07 + 0.6).

2.4.2 Mercury thermodesorption experiments. Mercury
thermodesorption experiments on soil and sediment samples
were performed following published protocols.*®* Briefly, 50 to
100 mg of soil and sediments (depending on the initial Hg
concentration) were heated successively in an oven for 48 hours
at 80 °C for the determination of Hg0,*® then at 180 °C for the
determination of Hg bound to organic matter (Hg;g), and
finally by heating at 550 °C for the determination of Hg bound
to refractory phases (Hgges). The concentration of Hg associated
with each of these fraction was then obtained from the differ-
ence between THg in the bulk sample and the residue of
pyrolysis as previously published.?

2.4.3 Selective extraction experiment. Two selective extrac-
tions were carried out on soil and sediment samples to identify
and quantify the main Hg-bearing phases. The Hg bound to the
organic matter (OM) was extracted by adding 4 mL of NH,OH (1
M) to 40 mg of samples®*** under stirring. Extraction of the Hg
bound to poorly crystallised Fe(u) oxide minerals and ferrihy-
drite was carried out by adding ascorbate to approximately 40 mg
of the sample aliquot stirred at room temperature for 24
hours.>** The entire analysis protocol is presented in previous
publications.”***** Briefly, experiments were carried out in 15 mL
trace grade vials at a solid/liquid ratio of 1:100.>> At the end of
the extraction time, samples were centrifuged (3000 rpm for 20
min), the supernatant was analyzed for major elements, and the
solid residue was freeze-dried before Hg analysis. Complemen-
tary experiments were also performed to verify that the two
selective extractions effectively remove Hg0. The NH,OH or
ascorbate selective extractions were thus performed both before
(before T80) and after thermo-desorption at 80 °C (after T80).

2.5. Statistical analysis

Because geochemical data were not normally distributed, the
geochemical dataset reported in this manuscript is presented as

Environ. Sci.. Processes Impacts, 2025, 27, 3246-3260 | 3249
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the mean, the median and the standard error of the mean
(SEM), [mean (median) = SEM], and the number of observa-
tions (N).*® In addition, non-parametric Mann-Whitney rank
sum test (U test) and Kruskal-Wallis one-way analysis of vari-
ance on ranks (H test) were used to compare two or more than
two data sets, respectively. Pearson correlations were applied to
compare multiple data set pairs. The correlation coefficient (R?)
and p values (p) are reported. All statistical treatments were
performed with R software (R.4.4.1), Sigmaplot and Sigmastat®
software.

3. Results and interpretations

3.1. Mercury, arsenic and lead contents in surface and
groundwater

Across all studied sites, both surface water (river) and ground-
water exhibited close to neutral pH, averaging 7.3 (7.4) + 0.1
(Table 1). Concentrations of phosphate, nitrate and DOC
remained relatively low in river water, indicating limited influ-
ence of anthropogenic activities such as domestic wastewater
discharge or agricultural runoff. In contrast, water used for ore
processing was slightly more alkaline with an average pH of 8.3
(8.3) = 0.2 (Table 1).

Groundwaters also exhibited the highest electrical conduc-
tivity values, which increased from north to south. The highest
conductivity was measured at Gaoua (site B5, up to 900 uS cm ™"
in groundwater, and 507 pS cm™'in river), the oldest site in the
study (active since 1995), which covers a large area (100 ha) and
supports a dense mining population of around 1200 workers.
Upstream at Boromo and Dano, although conductivity is lower,
high sulfate levels are found in groundwater suggesting the
release of sulfate from sulphide mineral oxidation (i.e., pyrite)
in groundwater.>”*®

Total mercury concentrations in filtered water (THgy) are
low, with the lowest values in groundwater (0.1 to 2 ng L") and
the highest in mining effluents (0.9 to 6.5 ng L™ ") and surface
water (2 to 8 ng L™ !). Highest THg concentrations are found in
surface water at Boromo (8 ng L") and in mine water from
Dano's washing tanks (6.5 ng L™'). Meanwhile, methylmercury
represents 11 to 20% of THg in mine water (washing tanks and
mine drainage), and 11 to 35% in filtered groundwater. In
filtered river water, methylmercury remains below 3% of THg,
except in Gaoua, where it exceeds 10%, highlighting a localized
increase in methylation processes. Total mercury concentration
in unfiltered surface water (THgune = between 11.6 and
239 ng L") are 4 to 27 times higher than filtered concentrations
(between 2.7 and 8.7 ng L"), and rise with turbidity levels,
notably at Boromo (B1, THgunr = 239 ng L', Turb = 459 NTU)
and Gaoua (B5, THgynr = 37 ng L%, Turb = 152 NTU), where
river water is used for ore processing. This highlights that Hg is
mainly associated with suspended particles (Fig. S2). In unfil-
tered river and mine water, methylmercury (MeHg) represents
less than 6% of THg, whereas in groundwater, it accounts for 10
to 30%, indicating different partitioning of MeHg between
water and particles.

Finally, in ASGM locations where surface water is not avail-
able (Fig. 1), the pumping of water from geogenically enriched

3250 | Environ. Sci. Processes Impacts, 2025, 27, 3246-3260
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lead (Pb) and arsenic (As) substrates can lead to co-
contamination of surface waters. Concentrations in As and Pb
in filtered water are low at most sites (Table S2) and with both
water types, with average concentrations of 1.6 (0.7) + 0.7 pg
L~". Only the site of Dano (B4) exhibits high As levels in
groundwater reaching 61 ug L™, which is consistently found in
the water used for ore washing (140 pg L™, Table 1).

3.2. Mercury, arsenic and lead levels in soils and sediments

Total mercury levels in rocks and lateritic soils are low, i.e., from
0.001 to 0.02 pg g ' (Table 2), and in the range of the
geochemical background in pristine environments in Ghana.*
In organic matter poor topsoil (i.e., Corg from 0.3 to 1.4 ug g™+,
Table 2) with highly humidified OM (C/N = 17 + 2, Table S5)
located over 2 km from ASGM sites, THg concentration were
slightly higher, averaging 0.3 (0.3) & 0.1 pg g * (Table 2). These
value are close to those reported for pristine soils in western
Africa [i.e., < 0.3 pug g~ ' (ref. 60)], and fall within the range re-
ported in South American pristine soils [0.01 to 0.49 and 0.9 pg
g ' (ref. 22 and 61)], but higher than the values reported for
cropland soil in Burkina Faso [0.03 & 0.01 pug g~ (ref. 62)].

Similarly, THg concentrations in sediments upstream of
mining sites are low, between 0.05 and 0.3 pg g, consistent
with natural background levels. In contrast, THg levels in
mining areas are 4.5 to 22 times higher, with the highest
concentration found in mine waste and ore concentrates, which
exhibit THg values between 7.4 (3.1) + 5.5 and 2.2 (2.2) £ 1.6 pg
g™, respectively (Table S1). The most extreme THg concentra-
tion is observed in Hg-amalgamated ore concentrates at Gaoua,
where THg levels average 4147 (2056) + 2725 pg g~ " Similarly,
THg concentrations in ASGM topsoils vary between 0.9 and 4.5
ug g ', which is substantially higher compared to reference
soils. In contrast, THg levels in river sediment are moderate (0.1
(0.1) & 0.04 pg g~ ', Table 2), except for the ore washing site at
Gaoua, where THg concentrations reach up to 7.8 pg g~ '. The
majority of THg in soils is associated with the silty-clay gran-
ulometric fraction (75 (83) + 4% of THg). In sediments,
however, the THg is equally represented in the clay + silt frac-
tion (53 (47) £ 7%) compared to sand fraction (47 (53) £+ 7%).

Methylmercury (MeHg) concentrations in soils are overall
low and range from 0.04 to 0.3 ng g ', with no significant
difference between reference soils and ASGM-impacted soils.
MeHg constitutes <0.1% of THg, indicating limited methylation
in these environments. In sediments, MeHg percentages are at
least five times higher compared to soils with higher MeHg
concentrations (0.7 (0.8) + 0.2 ng g~ ') suggesting enhanced
MeHg accumulation in sediments. In addition, the sediment
collected at the site with low THg concentration (i.e., Dano, B3-
3) had a lower proportion of MeHg than those collected down-
stream of ASGM sites.

Lead (Pb) concentrations in soils were low (17.9 (10.1) + 4.7
ug g 1), falling within the geochemical background range of 4-
35 pg g ' as previously reported.®*®® Arsenic (As) levels were
similarly low (3.3 (2.4) & 1.3 ug g~ !, Table 2), with the exception
of the Dano ASGM site, where concentrations reached up to 87
pug g '. Consistently, both As and Pb concentrations in

This journal is © The Royal Society of Chemistry 2025
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“ * indicates all three studied districts (Boromo, Dano and Gaoua).
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sediments were generally low, except at the Gaoua ore leaching
site, where they reached 10.6 and 18.8 ug g~ *. These localized
hotspots likely reflect contamination linked to naturally
enriched ores and site-specific ore processing activities.

3.3. Mercury speciation and carrier phases in soils and
sediments

Elemental mercury (Hg0) quantified by thermodesorption at
80 °C (Fig. 2) averaged 10 (9) = 3% THg in pristine soils, and
increased moderately at ASGM sites (15 (7) + 6% THg), with
higher levels at Boromo (B1-1 and B2-1) and Dano (B4-1), where
Hg0 reached up to 57% THg. In river sediments, although THg
concentrations were lower than in soils, except at Gaoua ore
washing area (B5-3), Hgo still averaged 8 (8) = 1% THg in pristine
sediments, and 12 (11) + 2% THg downstream of ASGM sites.

To verify that the two selective extractions (NH,OH or
ascorbate) effectively remove Hgo, they were performed both
before (before T80) and after thermo-desorption at 80 °C (after
T80). In all cases, the THg recovered before T80 equalled the
sum of the THg recovered by thermodesorption at 80 °C plus
THg recovered after T80, confirming that both extractants also
extracted HgO present in soils and sediments (Fig. S3). Hence, in
the remainder of the manuscript, reference to NH,OH extrac-
tion performed after thermodesorption will be referred to as
Hgowm, and ascorbate extraction performed after T80 will be
referred to as Hgampe-

Hgowm in pristine soil corresponded to 40 (38) & 5% of THg,
while in ASGM soil it corresponded to 32 (29) + 4% (Fig. 2). In
contrast, HZ,mre is more abundant in both cases (59 (58) £ 2%)
in pristine soils and ASGM soils (57 (57) & 3%), suggesting that
amorphous or weakly crystalline iron oxides such as ferrihydrite
likely dominate Hg partitioning in soil.*

In river sediment, Hgoy was higher in pristine samples (46
(46) =+ 2% THg) than in sediment samples collected down-
stream from ASGM sites (26 (30) = 9%). However, Hgamre
remained similar between pristine (29 (29) + 8% THg) and
ASGM-influenced sediment (30 (31) + 6% THg).

3.4. Comparison between thermodesorption and selective
extractions

Thermodesorption has been used by many authors to identify Hg
association with carrier phases in soils and sediments, providing
an  alternative  to  laborious  sequential  chemical
extractions.”*¥*"* To test its reliability in these tropical soils
and sediments, we compared Hg thermo-released at 180 °C
(Hg1s0), expected to represent divalent mercury bound to organic
matter,*>”® with results from NH,OH and ascorbate extractions.
Thermodesorption at 180 °C released 77 (89) + 13% THg from
pristine and 78 (86) = 7% THg from ASGM soils (Fig. 3).

Hg,so showed a significant correlation with Hgoy (R* = 0.95,
P < 0.01) but the slope of the regression curve (Hgom =
0.28Hg; g0 + 34.72) suggests that only ~28% of Hg, s is Hgowm, as
quantified by the NH,OH extraction (Fig. 3A). In contrast, Hg; g
correlated more strongly with Hg,mre (R = 0.99, p < 0.01,
Fig. 3B), with a larger regression slope (HZamre = 0.64Hg1g0 —
11.04) indicating greater thermal recovery of Fe-bound Hg.

This journal is © The Royal Society of Chemistry 2025
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Fig.2 From left to right: methylmercury (MeHg) and total mercury (THg) concentrations. Proportions of THg (%) released by thermodesorption
at 80 °C (HgO0), 180 °C (Hgg0) and the difference between 180 and 550 °C (Hggres). NH4OH (Hgom) or ascorbate (Hgamre) selective extraction in
soil away from ASGM sites (top); ASGM-influenced soil (middle) and river sediment (bottom). Stars indicate the pristine environment, i.e., soil
samples at Boromo, Dano and Gaoua (Site B1-3, B4-3 and B5-5, respectively) were collected a few km downstream of the ASGM site, and
sediment samples were collected upstream of the ASGM site at Dano (sites B3-3 and B3-4). All Gaoua sediment samples (site B5) were collected
downstream of the ASGM site.
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Fig. 3 ASGM soils. Biplots between Hg released by thermal desorption at 180 °C (Hg;g0) and (A) Hgom (extracted by NH4OH); (B) Hgamre
(extracted by ascorbate) and (C) the sum of Hgom plus Hgamre (HJom+amre)-

Finally, when Hg;g, is compared to the sum of Hgoy and The residual divalent Hg (Hgges), defined as the difference
Hgamre, the correlation remained high (R2 = 0.99, p < 0.001, between thermodesorption at 180 °C and 550 °C, was minor in
Fig. 3C) with a near unity slope ((Hgom + HZamre) = 0.93Hg150 —  soils, typically <6%. However, Hgg.s increased in river sedi-
5.30), suggesting that treatment at 180 °C likely captures Hg ments, averaging 44 (44) + 6% THg in pristine sediments and
associated with both OM and amorphous or weakly crystalline 23 (16) + 13% downstream of ASGM sites.

Fe oxides. In river sediments, Hg;g, was lower than in pristine Finally, from an analytic perspective, low-cost thermode-
soils, averaging 47 (47) + 6% in pristine samples and 67 (75) £ sorption approves a valuable tool for analysis of West African
12% in ASGM-influenced ones. tropical soils. Thermodesorption at 80 °C reliably captures Hg0,
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while thermodesorption at 180 °C reflects Hg associated with
both organic matter and amorphous iron oxides. However, di-
stinguishing between those two fractions still requires selective
chemical extractions.

4. Discussion

4.1. Impact of ASGM activities on mercury and arsenic
contamination of surface water

Mercury concentrations in filtered groundwater and surface
water (THgr = 5.0 (2.7) & 1.5 ng L") across the three ASGM
districts were comparable to background values reported for
pristine surface water in BF (5.3 + 6 ng L™"),"” and were lower
than those reported downstream of ASGM areas in Senegal (5.6
to 34.5 ng L ').° The positive correlation found between THgp
and DOC (R* = 0.74, p < 0.05, Fig. S1 and Table S4) suggests that
dissolved and colloidal Hg is mainly bound to organic
ligands.””® MeHgy concentration and contribution to THgg
(below 3%) aligned with observations in other surface waters of
BF and Cote d'Ivoire.'” In groundwater, THgr and DOC do no
show significant correlation (p > 0.05) suggesting that Hg is not
only bound to organic ligands, but potentially to other inor-
ganic ones (Table S3).

In contrast to filtered fractions, unfiltered surface and mine
waters exhibited higher THgunr concentrations (up to
240 ng L™"). These values were positively correlated with
turbidity (0.97, p < 0.01), indicating that particulate-bound Hg is
the main vector of Hg transport in aquatic systems.® The highest
THgunr concentration was found at the Boromo site (B1), the
most recent ASGM site (established in 2009), which has the
lowest number of miners. In contrast, THgynr levels were lower
at Gaoua (B5), the oldest ASGM and most intensively mined site
(Fig. 1), likely because of the easier access to the Poni river,
which dilutes the suspended solids and associated contami-
nation. This suggests that local hydrographic conditions,
particularly the river type (intermittent/permanent), play
a larger role in controlling Hg mobilisation compared to size,
age and the intensity of ASGM activities. For example, during
the dry season, water levels in intermittent rivers like Boromo
drop, resulting in minimal direct input of contaminated waters
directly into surface waters.

In sites where the river is not accessible, miners rely on
groundwater to wash ores. This practice supplies As-rich water
to the surface, especially when geogenic As levels in ground-
water are high. The green stone belt of BF contains sulfidic
minerals such as pyrite and arsenopyrite, which are known
sources of high concentrations of arsenic.” Elevated As levels
in groundwater have been reported across the country,
ranging from 0.2-140 pg L~'.>777® A notable case is Dano,
where As concentration in wells used for drinking water
exceeded the WHO guidelines of 10 pg L™',”” posing a poten-
tial public health risk.”*”® Groundwater samples from Dano
revealed high As concentration (60 ug L") along with high
sulfate concentrations (14 mg L™'), supporting that the
oxidation of sulfidic minerals is the likely source of As in this
region.

3254 | Environ. Sci.: Processes Impacts, 2025, 27, 3246-3260
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4.2. Partitioning of mercury species onto soil carrier phases
in the ASGM context

Mercury concentrations in topsoils from ASGM sites (0.9 to 4.5
ug g ') were 3 to 15 times higher than those measured in non-
ASGM sites (0.3 (0.3) £ 0.1 pg g~ '), which had similar levels to
background levels reported for tropical soils in South Africa
[0.075 to 0.15 pg g~ * (ref. 79)], West Africa [<DL to 0.19 ug g~ *
(ref. 14)], New Zealand [0.018 to 0.339 pug g~ (ref. 80)], Amazonia
[0.01 to 0.9 pg g " (ref. 22 and 61)], and Australia [0.68 pg g *
(ref. 81)]. Elemental mercury levels at (T80) in pristine topsoils
(10 (9) £ 3% THg) are virtually the same as those in ASGM soil (9
(7) £ 2%, without sample B4-1). This shows that all the soils
collected in this study contain at least ~10% Hg in the form of
thermally unstable Hg reported to be represented mainly by
Hg0, and small proportions of Hg chlorides.”* The high
amounts of Hg0 in ASGM topsoils (Fig. 2), in particular at Dano,
suggest its deposition after condensation near amalgam
burning sites.® Under BF's dry and warm climate, this accu-
mulated Hg0 might be re-emitted into the atmosphere,®
making these topsoils long term sources of atmospheric Hg0.
Unfortunately, the limited number of collected topsoil samples
in HgO contaminated sites, such as Dano, do not allow for the
modelling of HgO0 re-emissions, which will need to be quantified
in future research. In parallel, the presence of elemental
mercury in river sediment downstream from mining sites
(~10%, Fig. 2), also suggests transport of Hg0 from topsoils to
the river during the wet season when erosion is most important.

In both pristine and ASGM soils, divalent Hg is mainly
bound to amorphous or weakly crystalline Fe oxides (58 + 3%
THg), highlighting their major role in Hg retention.>®*%
Amorphous oxides are known for their high metal sorption
capacity, particularly due to the significant contribution of
intraparticle diffusion, and site densities as much as 3 orders of
magnitude greater for amorphous iron oxide than for
goethite.**®” This is further supported by the low proportion of
Fe and Al extracted with ascorbate (<2% of total soil Fe or Al;
Tables S5 and S6). Although ascorbate extraction has been re-
ported to be highly selective and specific for amorphous
oxides,***® the potential dissolution to a small extent of metal-
SOM complexes, and Fe oxides such as small amounts of
goethite and hematite cannot be excluded.*®* In contrast to
Amazonian soil, where divalent Hg is mainly associated with
OM,>?* the BF soils exhibit a lower Hg-OM association (Hgoym =
34 (33) £ 3% THg). Furthermore, a positive correlation between
Hgoym and total sulfur content in soils (R*> = 0.74, p < 0.05,
Fig. 4A) suggests that Hg is complexed with sulfur-containing
functional groups in OM, which is consistent with the obser-
vations in Amazonian soils.”” The agreement between Hg levels
measured with thermo-desorption at 180 °C and the combined
sum of Hgoy and Hgamre likely indicates that the divalent Hg is
associated with both OM and amorphous or weakly crystalline
Fe oxides,* such as organic coatings on Fe/Al oxides, which
have been described in the Amazonian region.>>**”°

Although the proportion of MeHg in soil was low (<0.1%
HgT), a significant correlation with organic matter (R> = 0.67; p
< 0.05, Fig. S4B) suggests that OM controls the MeHg

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 ASGM soil. Biplots between (A) Hgowm (extracted with NH4OH) and total sulfur, (B) MeHg concentration versus organic carbon (Cog).

accumulation in soils, consistent with earlier studies.? Yet, the
data on MeHg in tropical African soils remain scarce. The
concentrations found in BF soils (0.13 (0.08) + 0.04 ng g~ ") fall
at the lower end of the range reported for Amazonian soil and
litter [<1 ng g~ " (ref. 91)]. Such low MeHg levels likely reflect
limited atmospheric MeHg input via throughfall and litter-
fall,>** or unfavorable geochemical conditions for in situ
methylation in arid conditions.”*

Although crystalline Fe oxides (goethite and hematite), and
kaolinite account for about a quarter (25 (24) + 9%, Fig. S4) of
the soil composition, the high proportion of Hg associated with
amorphous iron oxides suggests that these crystalline iron
oxides and clay minerals play a secondary role in Hg retention,
in line with observations from Amazonian soils.?” The remain-
ing divalent Hg fraction (Hgres = THg — Hgigo — HEO) corre-
lated with Al concentrations (R*> = 0.66, p < 0.05, Fig. S2). This
suggests that HgRes is likely associated with aluminosilicates
consistent with the silicate-rich soils composed mainly of
quartz (40-80%) and kaolinite (5-30%), with minor amounts of
minerals such as goethite, hematite, mica and others (Fig. S4).

4.3. Fate of Hg carrier phases and implication in MeHg
accumulation in river sediment

Hg in ASGM soils is primarily associated with silt and clay size
particles (Table S5), and these fractions are the most susceptible
to erosion and downstream transport during the rainy season
(Fig. 5). Once deposited in river sediments, amorphous and
weakly-crystallized iron oxides - enriched in the clay fraction
because of their small particle size, rapidly dissolve in reducing
environments or get recycled by sediment microorganisms
during early diagenesis.*** This transformation enhances Hg
availability for methylating organisms. Consistently, the
proportion of Hg bound to amorphous or weakly crystalline
oxides in sediments is at least twice as low compared to soil (all
detailed in Table S7). This difference is offset by a five-fold
increase in Hg associated with undefined mineral phases in
the residual fraction (Hgges = 30 (30) £ 9% THg vs. Hggres = 9 (3)
+ 4% THg in soil). Meanwhile, Hg associated with OM in
sediments (Hgon = 33 (37) & 7% THg) remains similar to soil
values (Hgowm = 34 (33) £ 3% THg). Thus, the decline in Hg,mpe
without a rise in Hgow, offset by the rise in Hgges, suggests Hg
released from the dissolution of amorphous iron oxides under

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Synthesis figure showing the environmental processes involved
in gold mining and the percentages of different mercury compounds
in soils and sediments downstream of mining sites in Burkina Faso.

anoxic conditions has been recycled onto diagenetically neo-
formed minerals.>**?

The percentage of MeHg in river sediments (0.23 (0.17) +
0.08% THg) is at least five times higher compared to soils (0.04
(0.03) £ 0.01% THg) suggesting enhanced MeHg production
and accumulation in river sediments.® It is therefore likely that
some Hg released during sediment amorphous Fe oxide disso-
lution has becomes available for methylating microorgan-
isms.***® Although the presence of Hg associated with
amorphous iron oxides is known to promote methylation,***’,
(de)methylation rates in sediments are directly influenced by
Hg biochemical availability, as well as by a large number of
environmental variables, including biological and nutrient
availability, pH, temperature, redox potential (i.e., anaerobic
conditions), and the presence of inorganic and organic (e.g.,
inhibition due to sulphide formation) complexing agents.*****
All these environmental factors strongly influenced the meta-
bolic activities of specific methylating microbes,* such as
sulfate (SRB) and iron-reducing (IRB) bacteria.?***'*>'* Inter-
estingly, MeHg percentages in sediments decreased as Corg
increased (R> = 0.82, p < 0.05, Fig. S5) suggesting that Hg
associated with OM is less bioavailable to methylating
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organisms compared to Hg associated with reactive iron
oxides.>*** In parallel, no significant correlation is found
between THg and MeHg concentrations in sediments indi-
cating that MeHg accumulation is independent of the amount
of THg, but rather depends on the reactivity and type of Hg
carrier phases,??* the geochemical conditions (e.g., redox),**®
and the types of microorganisms (e.g., SRB and IRB) present in
the system that carry gene clusters putatively required for Hg
methylation.’®* In addition, even at highly contaminated sites,
such as Gaoua sediments downstream of the ore washing area
(THg = 7.8 ng g '), MeHg remains low. This likely results from
the predominance of Hg in forms such as Hg0 (Hg0 = 13% THg)
which are potentially less available for microbial methylation.

5. Conclusion

This study highlights that the recent expansion of artisanal and
small-scale gold mining (ASGM) activities in Burkina Faso has
a major impact on the Hg contamination in soils, especially
near amalgam burning sites. The magnitude and the extent of
contamination are closely related to local mining practices and
the environmental context (access to river or groundwater for
ore washing, and location of amalgam burning sites), rather
than to the size or age of the ASGM sites and the number of
miners.

River sediment contamination results from high particulate
Hg release into rivers in areas where ore is processed directly on
river banks. In contrast, groundwater-based ore processing
limits downstream contamination, but increases the risk of
arsenic mobilisation from bedrocks.

In ASGM soils, Hg0 accounts for approximately 15% of THg,
and up to 57% in amalgamation areas. Divalent Hg is mostly
bound to amorphous iron oxides (~60%) and organic matter
(~30%). In contrast, in river sediments, amorphous iron oxide-
bound Hg decreased sharply by five-fold, and methylmercury
(MeHg) concentrations increased proportionally. Our findings
suggest that once associated with amorphous iron oxides, Hg is
likely more bioavailable to methylation in river sediments. By
contrast, Hg associated with OM appears less bioavailable for
methylating organisms.

Future research should focus on the fate of elemental Hg in
soils, including volatilization rates, quantify exposure risks for
nearby populations and miner communities, and investigate
microbial communities responsible for MeHg production in
river sediments. Experiments using isotopically enriched Hg
adsorbed onto carrier phases such as amorphous Fe oxides
could determine the conditions under which Hg becomes
bioavailable and methylated, and how OM enhances or impedes
Hg bioavailability.
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