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Abstract

Many national and international initiatives aim to control and limit the use of mercury (Hg) in gold extraction. How-
ever, the feasibility of Hg eradication from the environment depends on understanding the extent of its distribution. This
case study focuses on the spatial and vertical distribution of total mercury (THg) residues at five artisanal mining sites
in Tanzania namely, Mgongo, Sekenke, Nyarugusu, Rwamgasa, and Mugusu to assess the feasibility of remediating the
problem. The trend showed presence of THg residues in surface layers (020 cm), decreasing with depth but still detect-
able in deeper layers (> 20-100 cm). A horizontal distribution in surface-layer concentrations was also observed along the
Mabubi River, which drains across Mugusu mine into Lake Victoria. Among all sites, the highest surface-layer (20 cm)
total mercury (THg) concentration was 1.48+0.02 mg/kg, measured from a sample collected at the Nyarugusu mine
site, with a moderate decrease to 0.12 = 0.001 mg/kg at a depth of 100 cm. Other soil samples from the Rwamgasa mine
site showed THg concentrations of 0.048 + 0.012 mg/kg and 0.082 £+ 0.01 mg/kg at depths of 70 and 80 cm, respectively.
These findings suggest that significant THg residues are detected from surface to deeper layers and wide area of river
sediment distribution, mediated by physical, environmental, biological and chemical processes that support simultaneous
Hg transport and suspension. The THg residues in soils and sediments challenge the feasibility of remediation efforts in
areas with similar wide contamination extents. They demonstrate a long-term legacy of contamination that will continue
to impact environmental quality in many regions affected by artisanal mining.

the environment from anthropogenic emissions and releases
of Hg and its compounds (UN 2013). Even with reductions
in current releases, addressing the historical legacy of Hg
contamination remains a significant challenge. Substantial
quantities of historical Hg contamination persist in ecosys-
tems worldwide (Al-Sulaiti et al. 2022).

Efforts to mitigate mercury environmental contamination
have also focused on the remediation of contaminated sites,
employing methods such as chemical oxidation, reduction,
adsorption, and desorption (Wang et al. 2020). However, the
speciation of Hg and other physicochemical parameters and
the contaminated medium significantly influence the effec-
tiveness of these approaches (Gai et al. 2019). In general,
the effectiveness and implementation costs of remediation

Introduction

Analyses of soil, water, and biota in areas surrounding mines
have generally indicated widespread metal residues (Mariki
et al. 2024; Sanga et al. 2023; Pu et al. 2019; Koleleni
and Mbike 2018; Song et al. 2018; Demkova et al. 2017;
Ikingura et al. 2006 etc.). This highlights the inadequately
controlled spread of mine-related contaminants into the sur-
rounding environment. Mercury (Hg) is a heavy metal with
well-documented hazards to human health (Park and Zheng
2012; Ha et al. 2017). Consequently, reducing ongoing Hg
contamination sources and minimizing the impacts of his-
torical Hg contamination are crucial. These goals are key
objectives of the international Minamata Convention, which
came into force in 2017, aiming to protect human health and


https://doi.org/10.1007/s00244-025-01172-3
mailto:tungaraza@sua.ac.tz

techniques vary widely, particularly when addressing large,
contaminated sites, such as those associated with mining
activities (Khalid et al. 2017).

Currently, Artisanal and Small-Scale Gold Mining
(ASGM) activities in developing countries are reported as
the leading global sources of Hg in the environment, primar-
ily due to the widespread use of mercury and poor handling
practices during gold extraction processes (Calao-Ramos et
al. 2021). Globally, emissions associated with ASGM activ-
ities are estimated to contribute about 38% of total mercury
emissions (UN Environment 2019). Historical records indi-
cate that the large quantities of mercury that were released
into the environment since the Spanish and Portuguese
colonial periods (Brown 2017), still persist as residues in
the environment (Alpers and Hunerlach 2000). In Tanza-
nia, a significant number of artisanal and small-scale gold
miners have been registered, estimated at approximately
700,000-1,500,000 (URT 2017).

Although trace amounts of mercury in gold ore have
been identified (URT 2017), Tanzania lacks a geochemi-
cal baseline to indicate the natural occurrence of Hg in the
environment. Nevertheless, the well-documented elevated
Hg concentrations in areas of significant anthropogenic Hg
releases are likely primarily attributable to these activities.
According to the Tanzania National Action Plan for Arti-
sanal and Small-Scale Gold Mining 2020-2025 (URT 2020),
the annual utilization of Hg for gold extraction ranges from
13.2 to 24.4 tonnes. Consequently, environmental protec-
tion efforts and Hg residue detection initiatives in Tanzania
have focused on regions influenced by ASGM.

Artisanal and small-scale gold mining has been prac-
ticed in Tanzania for more than fifty years. ASGM sites
have evolved into permanent human settlements with
growing populations, sometimes exceedingly high, such as
Rwamgasa and Mugusu mines, with approximately 16,000
and 15,000 residents, respectively (pers. communication).
These sites are officially recognized as settlement villages,
supported by essential social services like schools and
places of worship. However, they have also become areas
contaminated by the accumulation of mercury-polluted soil
and mine effluents within their ecosystems.

Historically, in Tanzania, ASGM sites and their vicinities
have been recognized for having elevated concentrations of
Hg (Sanga et al. 2023; Campbell et al. 2003; Van Straaten
2000; Ikingura and Akagi 1996; etc.). Research findings
have revealed the presence of Hg in all environmental com-
ponents at mining sites, including water, sediments, fish,
cattle, other domestic animals, and various plant-based
foods (Machiwa 2009; Tkingura et al. 2006; Chibunda et al.
2008; Chibunda and Janssen 2009; Tungaraza et al. 2011;
Mariki et al. 2024). Notably, crucial food items, such as
Nile perch from Lake Victoria, have demonstrated values

nearing the WHO limit of 0.2 pg/g (Campbell et al. 2003;
Campbell 2001). However, observations by Ikingura et al.
(2006) on total Hg (THg) concentrations in Nile perch indi-
cated contamination levels ranging from 2 to 35 ug/g, far
exceeding the WHO recommended limit.

In the most recent study by Nipen et al. (2022), con-
ducted in Dar es Salaam, Tanzania’s largest city, which does
not have any ASGM activities, relatively low THg concen-
trations were found in soil samples (ranging from 0.0067 to
0.098 mg/kg). These concentrations were much lower than
the general background soil concentrations of 0.03—1.0 mg/
kg (Wang et al. 2020). However, in other parts of the world,
higher levels of gaseous elemental Hg (as high as 2.41 ng/
m?) have been reported as typical of urban environments
(Lin et al. 2023). This suggests the potential significance of
atmospheric Hg transport impacting the region from diverse
sources. Atmospheric Hg influences are beyond the scope of
this investigation but are being evaluated in ongoing work.
Nonetheless, it is unlikely that the locally elevated environ-
mental concentrations found near ASGM sites are due to
regional or long-range atmospheric transport. To address
the critical issue of environmental pollution, Tanzania has
undertaken various initiatives, including becoming a signa-
tory to the international Minamata Convention. Other efforts
to curb mercury use include policy implementations such as
the National Environmental Policy (URT 1997), a compre-
hensive countrywide inventory of mercury releases (URT
2012), and the Minamata Initial Assessment (URT 2017).

The purpose of this investigation was to characterize
and quantify the extent of mercury contamination in areas
affected by ASGM (artisanal and small-scale gold mining)
activities by measuring mercury distribution in vertical soil
and sediment profiles. This study provides a deeper exami-
nation of the distribution of mercury residues in mining vil-
lages and their surroundings. Given the need for concrete
actions, particularly regarding the remediation of already
contaminated sites and the associated challenges, it is essen-
tial to present the extent of mercury residue distribution.

Methodology
Study Area

Soil samples were collected from five artisanal and small—
scale gold mines in Tanzania located in the central region
(Sekenke and Mgongo) and the Lake Victoria region
(Rwamgasa, Nyarugusu and Mugusu). Sediment samples
were taken along the Mabubi River that crosses adjacent to
Mugusu mine to Nungwe floodplain close to Lake Victoria
(Fig. 1). The Mabubi River is characterized by a shallow,
clear, and continuously surface flowing water with aquatic
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Fig.1 Locations of ASGM sites in the Lake Victoria region and part of central Tanzania. A redrawn map from Google Earth image shows the
details of the sampling points along the Mabubi River next to the Mugusu village

and riverine vegetation. All mines are actively using Hg-
amalgam method for gold extraction, which involves mix-
ing finely ground gold-bearing ore with liquid mercury to
form a gold—mercury amalgam. The amalgam is then heated
in open air (roasting), which vapourize mercury at its low
boiling point of about 357 °C, leaving behind metallic gold.
The characteristics of the mines are summarised in Table 1.
Mining activities take place outside the human settlement
area at all mining sites studied here, but all gold extraction
processes take place within the settlement premises.

Sampling

The sample collection took place during a dry period charac-
terized by intensified mining and processing activities. Soil
samples were collected from each artisanal mining village,
while at the Mugusu mining village, sediment samples were
taken from the Mabubi River and the floodplain at Nungwe
Bay. For soil sampling in the mining villages, the central
point of each village was selected as the sampling location.
At each site, three sampling points were established at inter-
vals of approximately 20 m along the middle section of the
riverbanks, covering depths in 10 cm increments from the
surface to a maximum depth of 100 cm. The sampling inter-
vals were chosen to maximize the likelihood of capturing the
true distribution of mining impacts across the site. However,
it is acknowledged that this approach does not guarantee full
representativeness of pollutant distribution across the entire
mining environment. Additionally, certain depth intervals
were inaccessible due to the presence of underlying rocks,
which posed limitations to the sampling process. Samples

were collected using a stainless steel Edelman hand auger
with graduated depth marks.

As noted before, sediment samples were collected from
the Mabubi River and the Nungwe floodplain. The Mabubi
River is a perennial water body that flows adjacent to the
Mugusu mine and eventually reaches Lake Victoria at Nun-
gwe Bay through a floodplain, located approximately 10 km
from the Mugusu mining village. Using a similar sampling
technique, points along the river were selected at intervals
of at least 1 km, starting at a point upstream, at the begin-
ning of the mining village. At each sampling point, three
samples were collected at a spacing of about 60 cm. This
was necessitated by the narrow riverbanks, physical barri-
ers such as vegetation, and potential interference from local
human activities. This approach enabled the collection of
a broad range of sediment samples to assess the extent of
mercury contamination associated with mining activities.
All samples were stored in amber bottles with Teflon caps
and transported to the laboratory within 24 h of collection.

Sample Preparation and Analysis
Sample Preparation

Soil and sediments were freeze—dried for 24 h, followed by
sample pulverization before chemical treatment. The diges-
tion of samples was conducted following EPA method 1631
(USEPA 2001), a chemical digestion method. For each sam-
ple, approximately 0.5 g was weighed into a 40 ml reagent
bottle. Subsequently, 8 ml of high—purity analytical-grade



Table 1 Characteristics of sampling locations where vertical soil and
sediment samples were collected during the investigation

Sampling  Type of Site characteristics

sites sample
Sekenke  Soil Mining and processing activities con-
(Singida, ducted across the site
central Sample(s) collected from processing
region) locations
Sparse population with semi—permanent
settlements
Area =0.5 km?

Mgongo  Soil
(Singida,

central

region)

Previously known as Sekenke Mine during
colonial times (established in 1909 under
industrial mining; Henckel et al. 2016)
Dense human settlement with permanent
housing

Highly active with mining and processing
activities spread throughout the village
Samples collected from mining and pro-
cessing areas

Area =2.5 km?

Mugusu  Sediment ~ Sampling points along Mugusu river that
#1-4 runs adjacent to Mugusu mining village,
(Geita, empties into Lake Victoria
Lake Mining is conducted on a hill overlooking
Victoria the village, which lies downhill
region) Processing activities are carried out across
Mugusu village (=1.5 km?), with effluents
draining into the Mabubi River, especially
during periods of high runoff
Water depths at sampling sites: Mugusu
#1 =10 cm, Mugusu #2 =15 cm, Mugusu
#3 =15 cm, Mugusu #4 =30 cm
Sampling depth at Mugusu #4 was
restricted by underlying rocks

Nungwe  Sediment
floodplain

(Geita)

A floodplain connecting the Mabubi River
to Nungwe bay of Lake Victoria

The floodplain is utilized for rice
cultivation

Samples were collected from the flood-
plain (rice farm)

Water depth at sampling site =15 cm
The oldest artisanal mine, in operation
since the 1970s

Currently with reduced activity, but
extraction continues using previously
mined drainage soil

Samples collected from the central pro-
cessing area, within the former mining site
Area =6 km?

Rwam- Soil The mine has transitioned into a perma-
gasa nent human settlement (village)

(Geita) Mining and processing activities occur
within the village

Samples were collected from the mining
and settlement area

Area =3.0 km?

Nya- Soil
rugusu
(Geita)

concentrated HC1 (37% Sigma-Aldrich) and 2 ml of con-
centrated HNO; (70% Sigma-Aldrich) were added within
a fume chamber. The samples and reagents were allowed to
digest at room temperature overnight. Following digestion,

40 ml of 0.07 M (35%) BrCl solution was introduced into
each digested sample and allowed to settle overnight to
facilitate the oxidation of all mercury species in the sample.

Sample Analysis

Each sample was analysed by transferring 1.25 mL sub-
samples from the digested and oxidized samples into 25 mL
analytical glass vials. The subsamples were then diluted
to 25 mL with deionized water (18.2 MQ), and 0.1 mL of
30% hydroxylamine hydrochloride was added to neutralize
the BrCl. Subsequently, 0.1 mL of 20% stannous chloride
(sigma-Aldrich) in 10% HCI was added to each subsample
in the analytical vials, which were immediately sealed with
Teflon-lined caps.

Sample quantification was conducted using the Brooks—
Rand "MERX" automated mercury analytical system,
equipped with a Brooks—Rand MERX III CVAFS detec-
tor model III Atomic Fluorescence Spectrophotometer. The
analysis was carried out at the Department of Chemistry and
Physics, Sokoine University of Agriculture (SUA). Mercury
concentrations were determined using calibration curves
based on a certified mercury standard (VWR-BDH 10 mg/L
stock solution in 5% HNO3). The method involved purging
volatile mercury from the sample with argon gas to the detec-
tor. Quality control was conducted by triplicate analysis of
equipment blanks and calibration blanks to discriminate the
influence of both analytical equipment and chemicals and
reagents used. The analyses of samples were also simul-
taneously conducted in triplicates together with prepared
certified reference estuarine sediment (ERM—CC580; certi-
fied value: 132 + 3 mg/kg). A recovery rate of 98.73% was
achieved, with a mean concentration of 130.33 mg/kg and a
standard deviation of £ 0.87 mg/kg (n=4).

Results

A summary of the results is presented graphically in Figs.
2, 3 and 4. In Fig. 2, total mercury (THg) concentrations
at both the Sekenke and Mgongo mines were higher in
the surface (20 cm) soil samples. At Sekenke, the average
concentration slightly decreased from 0.77 £+ 0.02 mg/kg at
20 cmto 0.73 +0.02 mg/kg at 30 cm, and further decreased
to 0.32 £ 0.09 mg/kg at 40 cm. At 50 cm, the recorded aver-
age concentration was 0.14 £+ 0.09 mg/kg, with the minimum
concentration recorded in the deeper sampled layer (60 cm),
which showed an average concentration of 0.106 = 0.02 mg/
kg. At the Mgongo mine, the surface (20 cm) concentration
was higher (2.1 = 0.06 mg/kg) compared to Sekenke mine.
The concentration decreased to 0.85 + 0.05 mg/kg at 30 cm
and further to 0.25+0.008 mg/kg at 40 cm. Between 40 and
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60 cm, the variation in concentration was not significant
compared to the surface layers. Soil sampling at these mines
was limited to a depth of 60 cm due to the rocky substrate
at deeper levels. The general trends in the figure for both
mining sites indicated a decrease in concentration from the
surface to deeper soil layers. However, at 60 cm depth, the
Mgongo mining area’s soil samples still showed a signifi-
cantly higher average THg concentration (0.24 + 0.03 mg/
kg).

In Fig. 3, the trend of THg concentration at the Nyarugusu
mine mirrors that of Fig. 2 but exhibits a more pronounced
decreasing trend extending deeper to 100 cm. The average
concentration decreased from 1.48 £+ 0.02 mg/kg in the sur-
face (20 cm) soil sample to less than 50% (0.60+0.03 mg/

kg) at a depth of 30 cm. Similarly, at 40 cm (0.27 + 0.03 mg/
kg) and 50 cm (0.28 £ 0.19 mg/kg), the concentration was
less than half of that observed at 30 cm. Between 60 and
100 cm depth, the concentrations showed no statistically
significant difference (p = 0.19). Overall, the trend indicated
a general decrease from the surface layers, with THg still
detectable at 100 cm depth.

The vertical distribution of THg in the soil from the
Rwamgasa artisanal mining village (a highly active mining
area with other mixed human activities) showed the high-
est average concentrations in the surface layers. At 20 cm,
the concentration was 0.66+0.014 mg/kg, decreasing to
0.24 £+ 0.02 mg/kg at 30 cm. This trend continued with depth,
reaching 0.176+0.003 mg/kg at 40 cm, 0.11+0.003 mg/kg
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at 50 cm, and the lowest concentrations observed at 70 cm
(0.048 +£0.01 mg/kg) and 80 cm (0.082 + 0.006 mg/kg). This
general trend of decreasing THg concentrations with depth
was consistently observed across all mining sites.

River sediments (Fig. 4) sampled along the Mabubi River
exhibited varying trends depending on the sampling points.
Downstream of the Mugusu mine (Mugusu 1 to 4 and Nun-
gwe floodplain), the area was characterized by a muddy
and boggy environment. Mugusu 1, a point located at start
of the mining village, showed relatively elevated average
concentrations in the 20 cm (0.38+0.02 mg/kg) and 30 cm
(0.41 £ 0.02 mg/kg) surface sediments. From 40 to 100 cm
depth, average concentrations ranged from 0.21 £0.01 mg/
kg at 40 cm to 0.16 = 0.003 mg/kg at 100 cm. However,
slightly higher average concentrations were observed at spe-
cific depths, such as 70 cm (0.21 + 0.03 mg/kg) and 90 cm
(0.24 £ 0.05 mg/kg).

Mugusu 2 was a sampling point adjacent to the min-
ing village, close to the village portable water source. It
is influenced by the riverbank slope from mine process-
ing activity sites. Due to challenges in segregating the top
20 cm of sediment, the surface layer from a depth of 30 cm
was used for analysis. The layer showed elevated concen-
trations of ~ 1.29 £ 0.02 mg/kg, which then decreased to
about 1.0 = 0.05 mg/kg at both depths of 40 cm and 50 cm
respectively. The decrease was also observed at 60 cm
(0.44 £ 0.03 mg/kg) and 70 cm (0.32 +0.002 mg/kg). At
80 cm there was a slight increase to 0.50 + 0.05 mg/kg. At
100 cm, the concentration was 0.34 + 0.03 mg/kg. The gen-
eral trend was a decrease of concentration with increase
of depth, although the surface concentration decrease was
gentle.

Mugusu 3, like Mugusu 2 was a sampling point adjacent
to the mining village, downstream. It exhibited a decrease
in concentration similar to many of the soil samples dis-
cussed earlier. The surface sediment layer (20 cm) showed
an average THg concentration as high as 2.2+ 0.02 mg/
kg. However, this concentration decreased by about half to
1.2 £ 0.09 mg/kg at the 30 cm depth. From 40 to 100 cm,
the THg concentrations was relatively constant with con-
centration value of about 1.0 mg/kg, except at 80 cm, where
1.5 mg/kg was recorded. In contrast, at Mugusu 4, the con-
centration trend was more consistent, with relatively equal
values observed from a depth of 20 cm to 50 cm, but a spike
was observed at 40 cm.

Nungwe floodplain showed a nearly constant (~ 0.1 mg/
kg) distribution of THg concentrations in sediments from
20 to 80 cm in depth. The highest recorded average value
for the profile was approximately 0.17 £+ 0.006 at 20 cm
depth, while the slightly lower average value of 0.10 + 0.003
was recorded at 50 cm depth. At 80 cm, the deepest sedi-
ment sample the concentration was 0.16+0.006, which was

almost identical to the concentration value recorded in the
surface sediment (20 cm).

Discussion

The observed spatial and vertical distributions of total mer-
cury (THg) in soil and sediment samples across the mines
provide crucial insights into the complexities of mitigating
the long-term impacts of mercury residues in the environ-
ment. The distribution highlights the challenges of reducing
the environmental burden of mercury residues where mer-
cury’s spatial dispersion, extends far from the point of intro-
duction. The typical example is the influence of Mugusu
mine influencing Mabubi River for approximately 10 km
downstream through a vast floodplain.

From this investigation it is revealed that although soils
and riverine sediments in all areas associated with artisanal
gold mining activities exhibit mercury residue contamina-
tion, there are exceptions. For example, it is observed that at
the Rwamgasa mine (Fig. 3), THg levels in deeper soil lay-
ers (70 cm: 0.048 £ 0.01 mg/kg; 80 cm: 0.082 + 0.006 mg/
kg) were within the global average background concentra-
tion of <0.1 mg/kg, (Ericksen et al. 2006). This shows that
deeper soils at Rwamgasa are less contaminated compared
to other artisanal mining sites.

The relatively higher Total Mercury (THg) concentra-
tions in surface (20 cm) soil samples supports the long-time
persistence emanating from previous intense mercury use
which has also been observed by different authors (Loewen
et al. 2005; Bugmann et.al, 2022 and Dhiman 2023). At all
mines sites, surface layers (20 cm) had relatively higher
Total Mercury (THg) concentrations. For instance, at
Mgongo mine (Fig. 2), showing the concentration of 2.1 mg/
kg, Nyarugusu mine (1.5 mg/kg), Sekenke (0.8 mg/kg), and
Rwamgasa (0.7 mg/kg). They all indicate the direct depo-
sition from gold processing activities where open air heat-
ing of Hg-gold amalgam vapourize mercury. The released
mercury vapor disperses into the atmosphere and, because
of its high density (= 13.5 g cm™), it is likely to condense
and settle easily. A significant portion of mercury remains
in the residues and tailings, which are often discharged into
the environment as has been reported by other investigators
(e.g. Schwartz, et al. 2023; Esdaile and Chalker 2018, etc.).
This trend also reflects the varying levels of mining activity
at the sites, as detailed in Table 1. Mgongo mine, in par-
ticular, was observed to have exceptionally active mining
and processing operations, accompanied by a large human
settlement.

Among the five mines investigated, the Nyarugusu arti-
sanal mine is the oldest, with mercury use dating back to
the 1970s. As presented in Table 1, the mine is no longer a



"gold-rush" site; however, mercury residues persist at signif-
icant levels. The THg concentration, approximately 1.5 mg/
kg in surface soil (sampled at 20 cm), may be influenced by
ongoing reprocessing activities of previously mined drain-
ages and slurries. Notably, THg residues remain detectable
at deeper layers, extending up to 100 cm. This persistence
likely reflects the long-term environmental impacts of his-
torical mining and processing activities at the site. Such
long-lasting impacts are a common pattern associated with
mining activities, as demonstrated by the legacy of the Cali-
fornia gold rush (1840s—1880s), investigated between 1999
and 2001 (Alpers et al. 2004). These findings emphasise this
study’s prediction of the enduring presence of mercury resi-
dues in the environment at all mines, further compounded
by the continued release of mercury.

The distribution of mercury in rivers has been correlated
with total suspended solids concentrations in another study
e.g. Balogh et al. (1998). However, there has been no com-
prehensive analysis of mercury vertical distribution in river
sediments. In this study, river sediments in Mabubi River
(at Mugusu 1-4 and Nungwe floodplain) show a lack of
specific pattern of THg concentration (Fig. 4) implied the
influence of river dynamics on the mixing of sediment and
mercury residues transport. This has also been reported by
Cui et al,, (2024) in sediments of Wuliangsuhai Lake in
Mongolia. A good example is shown by surface sediments
(sampled at 20 cm depth) concentration pattern of 0.3 mg/
kg, 5.8 mg/kg, 2.2 mg/kg, and 0.4 mg/kg for successive
downstream sampling points, respectively. This was an
indicator of the dominance of river dynamics, which are
non-specific in determining the THg distribution along the
river. The consistently higher concentrations at Mugusu 2
and Mugusu 3, both at the surface and in deeper sediments,
can also be explained to be due tothe impact of taillings
from gold processing activities (uphill). From field observa-
tion, Mugusu mining village terrain facilitates the flow of
sediment into the river. The proximity of the two sampling
stations (Mugusu 2 and Mugusu 3) to intense processing
activities likely influenced the higher mercury spikes.

The results indicating THg~0.2 mg/kg at Nungwe flood-
plain (~ 10 km from the mine and processing site), high-
lights the strong transport of mercury residues over long
distances, facilitated by sediment flow and mixing pro-
cesses. Results from the Nungwe floodplain reveal evidence
of vertical mixing, likely driven by ongoing physical activi-
ties, particularly extensive rice farming in the area. The bay,
which is utilised as a rice paddy and animal grazing area,
is continuously replenished with water and sediments from
the Mabubi River, maintaining a near-constant mercury
concentration (~ 0.2 mg/kg) that points to ongoing sediment
mixing.

Mercury is released into the aquatic environment, where
biological activities may influence its vertical distribu-
tion. In dynamic river and floodplain systems like Nungwe
floodplain, numerous biological, chemical, and physical
processes, though not directly evaluated in this study, may
facilitate interconversions between mercury species. For
instance, Brown et al. (2015) observed in an estuarine envi-
ronment that surface layers (samples from 10 cm deep)
showed active mixing, while deeper layers had lower con-
centrations of inorganic and organic (MeHg) mercury due
to interactions with Fe(IIl) hydroxide. Although mercury
speciation was not assessed in this study, the consistent
THg concentrations observed in Nungwe floodplain sug-
gest the presence of similar mixing processes within this
environment.

A general observation of THg concentration in the
Mabubi River channel, can explain long-term transforma-
tion between Mugusu 1 and Nugwe floodplain. Although
hydrological dynamics (flooding, sedimentation, and water-
level fluctuations) was not assessed, literature information
can be used to explain the likely processes that may affect
the environment through THg mobility and methylation
risks. Lake Victoria’s ecological health, in particular, is at
higher risk due to the transport of mercury from mining
sites, such as the Mugusu mine, which is interconnected
through the Mabubi River. Given Lake Victoria’s criti-
cal role in food security and the economic stability of the
region, monitoring the dynamics of mercury pollution and
its ecological impacts is essential.

Results from Mabubi River channel sampling points
provide key observations on Hg distribution and hydrologi-
cal influence. These results are explained in the summary
in Table 2, where Mugusu 1-4 are characterized as sites
exposed to the erosive forces of mining activities, which can
allow Hg suspension and transport downstream. Although
hydrological dynamics such as flooding and sediment resus-
pension were not directly measured, previous studies (De
Lacerda and Salomons 1998; Grigal 2003) suggest that
these processes may explain the observed downstream per-
sistence and redistribution of THg. This process can also
lead to the washing and mixing of buried Hg, as observed
at Mugusu 2 (30-50 cm) and Mugusu 3 (60—80 cm). In the
Nungwe floodplain, low THg concentrations suggest limited
retention of contaminated sediments, likely because most
THg is transported further downstream into Lake Victoria.
Although the floodplain shows low THg concentrations, it
remains a potential methylation hotspot due to waterlogged
soil conditions.



Table 2 Trend of key observations from Mabubi River sediment
THg distribution, likely influenced by hydrological processes from
upstream (Mugusu 1) to the Nungwe floodplain, which connects to

Lake Victoria

Site Observed THg trends Interpretation
Mugusu 1 Peaks at 30 cm Recent deposition from
(0.41£0.0209) Declines  upstream mining; pos-
with depth sible erosion of surface
Hg during floods
Mugusu 2 High Hg at 30-50 cm Legacy contamination
(1.29+0.02— buried under newer
1.01+0.05 mg/ sediments; redox
kg) cycling likely and
Drops at 60 cm resuspended sediments
Mugusu 3 Extremely high Hg at Major contamination
20 cm (2.20+£0.02 mg/  source (resuspension);
kg) Hg retained due to
Stays elevated at depth ~ organic matter
Mugusu 4 Spike at 40 cm Possible physical
(1.2£0.073 mg/kg) activities (Gardening)
Lower above/below spill or flood deposit
Nungwe Very low Hg Acts as a Hg sink (traps
Floodplain (0.1£0.003— particles during floods),
0.17£0.006 mg/kg), human activities influ-
uniform with depth ence (rice farming, and
animal grazing)
Conclusion

From this study, it can be concluded that mercury residues
are likely to persist long-term in ASGM mining areas and
other contaminated environments. Since all forms of mer-
cury are known to have negative environmental conse-
quences, the transport of its residues from disposal sites and
their transformation into different chemical forms contrib-
ute to its widespread spatial distribution. The example of the
California gold rush-related mercury residues cited herein,
along with the observed scenarios of this study, highlights
not only spatial distribution of total mercury (THg) resi-
dues, but also deep into soils and sediments, and the sizes of
the mining villages indicate challenges in remediating mer-
cury—contaminated sites. From Table 1, the surface areas of
some mines are substantial enough to limit the feasibility of
soil mobilization. For example, Nyarugusu, the oldest of the
artisanal mines, covers the largest area (~ 6 km?), with THg
residues of 0.2 mg/kg recorded at depths of up to 100 cm.
Mgongo mine spans approximately 2.5 km?, while Rwam-
gasa is estimated at 3.0 km?. Mobilizing THg-contaminated
soil is crucial for ensuring safe human settlements, given
the residues recorded at various depths. However, imple-
mentation of large-scale soil mobilization remains impracti-
cal. This indicates that mercury residues are likely to have
long-lasting impacts on mining sites and areas influenced
by the mining activities, even with the enforcement of the
Minamata Convention in the United Republic of Tanzania.

Consequently, mercury contamination is expected to con-
tinue affecting human health for the foreseeable future.

This investigation indicated that remediation of con-
taminated sites are highly limited by various factors cited
in this work. Meanwhile there are other recognised limita-
tions. Worldwide, efforts to remediate metal-contaminated
sites have faced significant challenges, with persistent tech-
nological limitations and capacity gaps hindering effective
solutions. Several tested remediation methods, such as those
by Xu et al. (2019) employing a recirculating soil washing
system and electrochemical filtration, as well as studies by
Hidayati et al. (2009), Moreno et al. (2004), and Tiodar et al.
(2021), have explored the use of plants (phytoremediation).
However, limitations such as long operation times, high
chemical costs, large energy consumption, secondary pol-
lution, and soil degradation have been reported, challeng-
ing the viability of these remediation technologies. While
remediation has mostly been successful at the experimental
scale, field applications for large areas and deeper soils, as
observed in this investigation, cannot yet be considered a
viable alternative approach.

The general observation is that he Mugusu mine, whose
mercury residues are carried into Lake Victoria via the
Mabubi River, will continue to serve as a source of con-
tamination for the lake. Further investigations are urgently
needed to reveal the safety of consumers of fish from Nun-
gwe bay and rice cultivated within the Nungwe floodplain.

Acknowledgements We acknowledge the support of the National
Academy of Sciences (NAS-USAID) through the PEER program. We
thank Mr. Mpeji Ndabuli from the Department of Chemistry and Phys-
ics at Sokoine University of Agriculture, Tanzania, for his support with
the analytical activities, the artisanal miners for their assistance and
guidance during the field visits, and the Smithsonian Environmental
Research Center (SERC) in the US for enhancing our analytical skills

Author Contributions Clavery Tungaraza, Eliapenda Elisante Mariki,
and Mark D. Cohen jointly contributed to the study design. Clavery
Tungaraza and Eliapenda Elisante Mariki participated in field sam-
pling, data analysis, and manuscript drafting. In addition, they were
involved in the laboratory sample analyses. All authors contributed to
the review and correction of the manuscript. All authors read and ap-
proved the final version of the manuscript.

Funding This work was funded under the PEER program of the Na-
tional Academy of Sciences (NAS), Grant Award Number AID-OAA-
A-11-00012.

Data Availability The data used in this publication are available for
review and can be shared to enhance knowledge upon request.

Declarations

Conflict of interest The publication of this manuscript is not associ-
ated with any agency employment benefits or losses, nor does it have
any financial impact on shares or other benefits to any party upon its
publication. No undisclosed conflicts of interest exist.



References

Alpers CN, Hunerlach MP (2000) Hg contamination from historic gold
mining in California, US Department of the Interior, US Geologi-
cal Survey.

Alpers, CN, Hunerlach, MP, May, J.T, Hothem, RL, Taylor, HE, Ant-
weiler, RC, De Wild, JF, Lawler, DA (2004) Geochemical char-
acterization of water, sediment, and biota affected by mercury
contamination and acidic drainage from historical gold mining,
Greenhorn Creek, Nevada County, California, 1999-2001. Sci.
Investig. Rep 2004-5251. https://doi.org/10.3133/sir20045251

Al-Sulaiti MM, Soubra L, Al-Ghouti MA (2022) The causes and
effects of mercury and methylmercury contamination in the
marine environment: a review. Curr Pollut Rep 8:249-272

Balogh SJ, Meyer ML, Johnson DK (1998) Transport of mercury in
three contrasting river basins. Environ Sci Technol 32(4):456—
462. https://doi.org/10.1021/es970506q

Brown K (2017) Mercury and Silver Mining in the Colonial Atlantic.
Oxford Research Encyclopedia of Latin American History. https:/
/oxfordre.com/latinamericanhistory.Accessed 4 June 2024

Brown LE, Chen CY, Voytek MA, Amirbahman A (2015) The effect
of sediment mixing on mercury dynamics in two intertidal mud-
flats at Great Bay Estuary, New Hampshire, USA. Mar Chem
177:731-741. https://doi.org/10.1016/j.marchem.2015.10.011

Bugmann A, Brugger F, Zongo T, Van der Merwe A (2022) “Doing
ASGM without mercury is like trying to make omelets without
eggs”. Understanding the persistence of mercury use among arti-
sanal gold miners in Burkina Faso. Environ Sci Policy 133:87—
97. https://doi.org/10.1016/j.envsci.2022.03.009

Calao-Ramos C, Bravo AG, Paternina-Uribe R, Marrugo-Negrete J,
Diez S (2021) Occupational human exposure to mercury in arti-
sanal small-scale gold mining communities of Colombia. Envi-
ron Int 146:106216. https://doi.org/10.1016/j.envint.2020.10621
6

Campbell L, Dixon DG, Hecky RE (2003) A review of mercury in
Lake Victoria, East Africa: implications for human and ecosystem
health. J Toxicol Environ Health B Crit Rev 6(4):325-356. https:
//doi.org/10.1080/10937400306474

Campbell LM (2001) Mercury in Lake Victoria, East Africa: Another
emerging issue for a beleaguered great lake? PhD thesis, Depart-
ment of Biology. University of Waterloo, Waterloo, ON, Canada;

Chibunda RT, Janssen CR (2009) Mercury residues in free-grazing

cattle and domestic fowl form the artisanal gold mining area of
Geita district, Tanzania. Food Addit Contam 26(11):1482—-1487.
https://doi.org/10.1080/02652030903114928

Chibunda RT, Pereka AE, Tungaraza C (2008) Effects of sediment
contamination by artisanal gold mining on Chironomus riparius
in Mabubi River, Tanzania. Phys Chem Earth, Parts a/b/c 33(8—
13):738-743. https://doi.org/10.1016/j.pce.2008.06.051

Cui Z, Zhao S, Shi X, Lu J, Liu Y, Liu Y, Zhao Y (2024) Vertical distri-
bution characteristics and ecological risk assessment of mercury
and arsenic in ice, water, and sediment at a cold-arid lake. Toxics
12(8):540. https://doi.org/10.3390/toxics12080540

De Lacerda LD, Salomons W (1998) Mercury from gold and silver
mining: A chemical time bomb? Springer

Demkova L, Jezny T, Bobulska L (2017) Assessment of soil heavy
metal pollution in a former mining area—before and after the end
of mining activities. Soil Water Res 12:229-236

Dhiman V (2023) Remediation strategies of environmental mer-
cury: An overview of its environmental persistence, associated
threats, and health impacts. In: Kumar N (ed) Mercury toxicity
Environmental Science and Engineering. Springer, Singapore, pp
235-247

Ericksen JA, Gustin MS, Xin M, Weisberg PJ, Fernandez GCJ (2006)
Air—soil exchange of mercury from background soils in the

United States. Sci Total Environ 366(2-3):851-863. https://doi.
org/10.1016/j.scitotenv.2005.08.019

Esdaile LJ, Chalker JM (2018) The mercury problem in artisanal and
small-scale gold mining. Chem Eur J 24(27):6905—6916. https://
doi.org/10.1002/chem.201704840

Gai K, Avellan A, Hoelen TP, Lopez-Linares F, Hatakeyama ES,
Lowry GV (2019) Impact of Hg speciation on its removal from
water by activated carbon and organoclay. Water Res 157:600—
609. https://doi.org/10.1016/j.watres.2019.04.006

Grigal DF (2003) Mercury sequestration in forests and peatlands: a
review. J Environ Qual 32(2):393-405. https://doi.org/10.2134/
j€q2003.3930

Ha E, Basu S, Bose-O’Reilly N, Dorea JG, McSorley E, Sakamoto M,
Chan HM (2017) Current progress on understanding the impact
of mercury on human health. Environ Res 152:419-433. https://d
oi.org/10.1016/j.envres.2016.06.042

Henckel J, Poulsen KH, Sharp T, Spora P (2016) Lake Victoria Gold-
fields. Episodes 39(2):135—154. https://doi.org/10.18814/epiiugs
/2016/v39i2/95772

Hidayati N, Juhaeti T, Syarif F (2009) Mercury and cyanide contami-
nations in gold mine environment and possible solution of clean-
ing up by using phytoextraction. Hayati J Biosci 16(3):88-94. htt
ps://doi.org/10.4308/hjb.16.3.88

Ikingura JR, Akagi H (1996) Monitoring of fish and human exposure
to mercury due to gold mining in the Lake Victoria goldfields,
Tanzania. Sci Total Environ 191:59-68. https://doi.org/10.1016/
0048-9697(96)05178-9

Ikingura JR, Akagi H, Mujumba J, Messo C (2006) Environmental
assessment of mercury dispersion, transformation and bioavail-
ability in the Lake Victoria Goldfields, Tanzania. J Environ Man-
age 81:167—173. https://doi.org/10.1016/j.jenvman.2005.09.026

Khalid S, Shahid M, Niazi NK, Murtaza B, Bibi I, Dumat C (2017) A
comparison of technologies for remediation of heavy metal con-
taminated soils. J] Geochem Explor 182:247-268. https://doi.org/
10.1016/j.gexplo.2016.11.021

Koleleni YI, Mbike SA (2018) Analysis of heavy metals in soil and
maize grown around Namungo gold mine in Ruangwa District,
Lindi region in Tanzania using X-ray fluo—rescence. Chem Sci
Int J 24:1-18. https://doi.org/10.9734/csji/2018/44976

Lin C, Macrohon JKE, Brimblecombe P, Adyanis LN, Yeh C, Lai C,
Wang L (2023) Atmospheric mercury speciation and concentra-
tion at the urban and industrial sites in Taiwan over a three—year
period. Atmos Environ 313:120070. https://doi.org/10.1016/j.atm
osenv.2023.120070

Loewen MD, Sharma S, Tomy G, Wang F, Bullock P, Wania F (2005)
Persistent organic pollutants and mercury in the Himalaya. Aquat
Ecosyst Health Manag 8(3):223-233. https://doi.org/10.1080/14
634980500220924

Machiwa J (2009) Total Hg concentration in common fish species of
Lake Victoria Tanzania. Tanz. J. Sci. 30(2):11-20. https://doi.org
/10.4314/tjs.v30i2.18357

Mariki EE, Tungaraza C, Chibunda RT, Cohen MD (2024) Elevated
total mercury (THg) levels in water sources under the influence
of artisanal and small-scale gold mining (ASGM) in Tanzania.
Environ Monit Assess 196:1036. https://doi.org/10.1007/s1066
1-024-13210-z

Moreno FN, Anderson CW, Stewart RB, Robinson BH (2004) Phy-
toremediation of mercury—contaminated mine tailings by induced
plant-mercury accumulation. Environ Pract 6(2):165—175. https:
//doi.org/10.1017/S1466046604000274

Nipen M, Jorgensen SJ, Bohlin-Nizzetto P, Borga K, Breivik K, Mmo-
chi AJ, Mwakalapa EB, Quant MI, Schlabach M, Vogt RD, Wania
F (2022) Mercury in air and soil on an urban-rural transect in East
Africa. Environ Sci Process Impacts 24(6):921-931. https://doi.o
rg/10.1039/D2EM00040G

10


https://doi.org/10.3133/sir20045251
https://doi.org/10.1021/es970506q
https://oxfordre.com/latinamericanhistory.Accessed
https://oxfordre.com/latinamericanhistory.Accessed
https://doi.org/10.1016/j.marchem.2015.10.011
https://doi.org/10.1016/j.envsci.2022.03.009
https://doi.org/10.1016/j.envint.2020.106216
https://doi.org/10.1016/j.envint.2020.106216
https://doi.org/10.1080/10937400306474
https://doi.org/10.1080/10937400306474
https://doi.org/10.1080/02652030903114928
https://doi.org/10.1080/02652030903114928
https://doi.org/10.1016/j.pce.2008.06.051
https://doi.org/10.3390/toxics12080540
https://doi.org/10.1016/j.scitotenv.2005.08.019
https://doi.org/10.1016/j.scitotenv.2005.08.019
https://doi.org/10.1002/chem.201704840
https://doi.org/10.1002/chem.201704840
https://doi.org/10.1016/j.watres.2019.04.006
https://doi.org/10.2134/jeq2003.3930
https://doi.org/10.2134/jeq2003.3930
https://doi.org/10.1016/j.envres.2016.06.042
https://doi.org/10.1016/j.envres.2016.06.042
https://doi.org/10.18814/epiiugs/2016/v39i2/95772
https://doi.org/10.18814/epiiugs/2016/v39i2/95772
https://doi.org/10.4308/hjb.16.3.88
https://doi.org/10.4308/hjb.16.3.88
https://doi.org/10.1016/0048-9697(96)05178-9
https://doi.org/10.1016/0048-9697(96)05178-9
https://doi.org/10.1016/j.jenvman.2005.09.026
https://doi.org/10.1016/j.gexplo.2016.11.021
https://doi.org/10.1016/j.gexplo.2016.11.021
https://doi.org/10.9734/csji/2018/44976
https://doi.org/10.1016/j.atmosenv.2023.120070
https://doi.org/10.1016/j.atmosenv.2023.120070
https://doi.org/10.1080/14634980500220924
https://doi.org/10.1080/14634980500220924
https://doi.org/10.4314/tjs.v30i2.18357
https://doi.org/10.4314/tjs.v30i2.18357
https://doi.org/10.1007/s10661-024-13210-z
https://doi.org/10.1007/s10661-024-13210-z
https://doi.org/10.1017/S1466046604000274
https://doi.org/10.1017/S1466046604000274
https://doi.org/10.1039/D2EM00040G
https://doi.org/10.1039/D2EM00040G

Park JD, Zheng W (2012) Human exposure and health effects of
inorganic and elemental mercury. J Prev Med Public Health
45(6):344-352. https://doi.org/10.3961/jpmph.2012.45.6.344

PuW, SunJ, Zhang F, Wen X, Liu W, Huang C (2019) Effects of cop-
per mining on heavy metal contamination in a rice agrosystem
in the Xiaojiang River Basin, south-west China. Acta Geochim
38:753-773. https://doi.org/10.1007/s11631-019-00321-5

Sanga TR, Maseka KK, Ponraj M, Tungaraza C, Mng’ong’o ME,
Mwakalapa EB (2023) Accumulation and distribution of mercury
in agricultural soils, food crops and associated health risks: a case
study of Shenda gold mine—Geita Tanzania. Environ Challenges
11:100697. https://doi.org/10.1016/j.envc.2023.100697

Schwartz M, Smits K, Phelan T (2023) Quantifying mercury use in
artisanal and small-scale gold mining for the Minamata Conven-
tion on Mercury’s national action plans: approaches and policy
implications. Environ Sci Policy 141:1-10. https://doi.org/10.10
16/j.envsci.2022.12.002

Song S, Li Y, Li L, Liu M, Li J, Wang L, Su C (2018) Arsenic and
heavy metal accumulation and risk assessment in soils around
mining areas: the Urad Houqi area in arid Northwest China as an
example. Int J Environ Res Public Health 15:2410-2426. https://
doi.org/10.3390/ijerph15112410

Tiodar ED, Vacar CL, Podar D (2021) Phytoremediation and micro-
organisms—assisted phytoremediation of mercury—contaminated
soils: challenges and perspectives. Int J Environ Res Public
Health 18(5):2435. https://doi.org/10.3390/ijerph18052435

Tungaraza C, Chibunda RT, Pereka AE (2011) Dietary exposure to Hg
of the adult population in Mugusu artisanal gold mining village,
Tanzania: a total diet approach. Open Environ Eng J 4:141-146.
https://doi.org/10.2174/1874829501104010141

UN (2013) Minamata Convention on Hg. Secretary—General of the
United Nations.

UN Environment (2019) Global Mercury Assessment, 2018. UN
Environment Programme. Chemicals and Health Branch Geneva,
Switzerland ISBN: ISBN: 978-92-807-3744-8

UN Environment Programme: UNEP (2019) Minamata Convention on
Hg Text and annexes. Online www.Hg convention.org. Accessed
on 16 December 2023.

URT (1997) The National Environmental Policy In: Environment, D.
0. (ed.. Vice President’s Office.

URT (2012) Inventory of Hg releases in Tanzania. V. In: Environment,
D. O. (ed.. Vice President’s Office.

URT (2017) Minamata Initial Assessment in Tanzania. In: Environ-
ment, D. O. (ed.. Vice President’s Office.

URT (2020) National Action Plan for Artisanal and Small-Scale Gold
Mining 2020 — 2025. Vice President’s Office

USEPA (2001) Appendix to Method 1631 Total Mercury in Tis-
sue, Sludge, Sediment, and Soil by Acid Digestion and BrCl
Oxidation.

Van Straaten P (2000) Human exposure to mercury due to small scale
gold mining in northern Tanzania. Sci Total Environ 259(1—
3):45-53. https://doi.org/10.1016/S0048-9697(00)00548-9

Wang L, Hou D, Cao Y, Ok YS, Tack FMG, Rinklebe J, O’Cconnor
D (2020) Remediation of Hg contaminated soil, water, and air: a
review of emerging materials and innovative technologies. Envi-
ron Int 134:105281. https://doi.org/10.1016/j.envint.2019.10528
1

Xu J, Liu C, Hsu PC, Zhao J, Wu T, Tang J, Liu K, Cui Y (2019)
Remediation of heavy metal contaminated soil by asymmetrical
alternating current electrochemistry. Nat Commun 10(1):2440. ht
tps://doi.org/10.1038/s41467-019-10472-x

11


https://doi.org/10.3961/jpmph.2012.45.6.344
https://doi.org/10.1007/s11631-019-00321-5
https://doi.org/10.1016/j.envc.2023.100697
https://doi.org/10.1016/j.envsci.2022.12.002
https://doi.org/10.1016/j.envsci.2022.12.002
https://doi.org/10.3390/ijerph15112410
https://doi.org/10.3390/ijerph15112410
https://doi.org/10.3390/ijerph18052435
https://doi.org/10.2174/1874829501104010141
https://doi.org/10.1016/S0048-9697(00)00548-9
https://doi.org/10.1016/j.envint.2019.105281
https://doi.org/10.1016/j.envint.2019.105281
https://doi.org/10.1038/s41467-019-10472-x
https://doi.org/10.1038/s41467-019-10472-x

	Introduction
	Methodology
	Study Area
	Sampling

	Sample Preparation and Analysis
	Sample Preparation
	Sample Analysis

	Results
	Discussion
	Conclusion
	Declarations

	References



