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ABSTRACT
This study assessed mercury (Hg) contamination and associated ecological risks in soils from 
the Buhemba artisanal and small-scale gold mining (ASGM) area in Tanzania. Soil samples (n = 
40) were collected from depths of 0-20 cm and 20-40 cm and analyzed using Energy Dispersive 
X-Ray Fluorescence (ED-XRF) utilizing the XOPOS 4R0138 instrument. The findings revealed that 
the average total Hg levels in mining soil were 23.58 mg/kg at a depth of 0-20 cm and 7.30 mg/ 
kg at 20-40 cm—exceeding national and international limits. The contamination/pollution factor 
and geo-accumulation index were 78.60 and 3.97 at 0-20 cm, and 24.33 and 2.28 at 20-40 
cm. Additionally, the prospective ecological risk index and risk quotient were respectively 3143.73 
and 589.45 at 0-20 cm, and 973.15 and 182.47 at 20-40 cm. Hg concentrations in Buhemba 
ASGM soils ranged (1.23–41.25 mg/kg). Pollution indices (CF ≥16; I-geo 3–4; ER ≥320; RI ≥600; 
RQ ≥1) confirmed severe Hg contamination. The significant difference of (p < 0.05) was revealed 
between soil depths and a positive relationship between Hg level and risk indices. These results 
suggest that ASGM activities are the primary source of pollution. On the other hand, analytical 
limitations and the use of international background values may lead to uncertainties. This work 
highlights considerable potential human health and ecological risks, underscoring the need for 
remediation plans and reinforced environmental management. Carrying out Hg remediation plans 
and soil improvement technologies are immediately needed. Community-based interventions and 
strengthened regulatory oversight are also recommended.
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INTRODUCTION
Mercury is a heavy metal that contaminates 
the environment, making it a serious threat 
to ecosystems (Gibb & O’Leary, 2014; Rice et 
al., 2014). It mainly comes from gold mining 
activities when amalgamation processes are 
used, which contaminates the environment 
with mercury, especially in small-scale mining 
enterprises known as artisanal small-scale gold 
mining (ASGM). ASGM is considered the most 
significant anthropogenic source of mercury 
pollution, particularly in developing countries 
because of weak regulatory frameworks. In 
Tanzania (Mariki et., al 2024) and East Africa 
region (Raoilimanantsoa et., al 2026; Ssenku 
et., al 2023), mercury is extensively used in 
gold extraction processes, which leads to 
heavy pollution of the environment with this 
toxic metal. When mercury is released into 
the environment, it ends up in the soil and 
ecosystems, posing environmental health risks 
(Dong & Li, 2024).

In the soil, mercury is strongly bound to 
organic matter and fine particles (Schwartz 
et., al 2019). Mercury binds strongly to 
organic matter and fine particles, which 
causes it to accumulate in the topsoil layer. 
Nonetheless, this does not eliminate the risk 
of it penetrating deeper into the soil profile 
under specific environmental conditions. The 
processes by which mercury is emitted into 
the atmosphere, accumulates, transforms, 
and is discharged to the earth’s surface can 
be better understood by looking at them in 
conjunction with (i) emission sources, (ii) 
accumulation and transformation processes in 
the soil, (iii) contamination assessment using 
pollution indices, and (iv) the environmental 
and health effects. Understanding the amount 
of mercury contamination in the soil is 
critical because it helps determine the causes 
of pollution (Eckley et al., 2020). Various 
analytical methods, such as Atomic Absorption 
Spectroscopy (AAS), Atomic Fluorescence

Spectroscopy (AFS), Energy Dispersive X-rays 
Fluorescence (ED-XRF) and Inductively 
Coupled Plasma Mass Spectroscopy (ICP-MS)-
based techniques are available for monitoring 
mercury levels, depending on technological 
capacity. The ED-XRF in particular, is highly 
sensitive and effective for detecting mercury 
in soil samples (Almeida et al., 2016).

Since soil acts as a natural sorbent for 
contaminants, including mercury, it is essential 
to analyze its biological and ecological impacts. 
Studying geo-accumulation and ecological 
risk assessments can help determine the 
overall contamination level. Multiple indices 
such as the contamination/pollution factor 
(EF) and the geo-accumulation index (I-geo) 
(Maulana et al., 2023) are used to ensure 
consistent findings. Additionally, determining 
the CF index and toxicity response (Tr) values 
is essential for evaluating ecological risks 
from anthropogenic mercury contamination 
(Maulana et al., 2023).

To effectively manage mercury contamination, 
soil quality guidelines (SQG) should be 
followed alongside appropriate remediation 
technologies. International and national 
threshold limits for mercury concentrations 
in soil range from 0.05 mg/kg to 1 mg/kg 
and 2 mg/kg (Maulana et al., 2023; Sanga 
et al., 2023), respectively. If mercury levels 
exceed these limits, health and ecological 
hazards must be evaluated, and remediation 
measures should be implemented as part of 
the SQG framework (Randall & Chattopadhyay, 
2013).Recent studies have explored 
various evaluation techniques for mercury-
contaminated soil (Keane et al., 2023; Liu et al., 
2018). However, the long-term effectiveness 
of these techniques in evaluating levels and 
ecological risks in real-world contamination 
sites remains uncertain.
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Therefore, this study aims to evaluate and 
analyze mercury contamination, pollution 
levels, and environmental risks in soils of 
a Tanzanian area affected by ASGM using 
multiple contamination and risk assessment 
indices (EF, I-geo, CF, Tr, RQ, RI). These findings 
will contribute to future mercury management 
and remediation efforts. 

MATERIALS AND METHODS 
(METHODOLOGY)

Study area

This study was carried out in Buhemba ASGM 
(Figure 1), a tropical Savanna, wet area of 
Tanzania. The research area is situated at an 
elevation of 1409 meters above sea level, 
with an average annual rainfall of 600 mm 
and a mean temperature of 23.95°C. The 
study covered part of the milling and washing 
sub-areas within a mining site, selected based 
on the activities carried out there. In these 
sub-areas, the activities of crushing ores are 
done. Also, the crushed materials are locally 
washed to liberate gold. In the stage of 
washing, workers use pure mercury for gold 
recovery.

Figure 1: A map of Tanzania (top right) showing the Mara region, Butiama district 
(middle right), the study area (bottom right), and sampling points (left).

Soil Sampling
Soil samples were taken from washing and 
milling areas which represent the primary 
points of Hg use and release in the ASGM. 
In order to improve representativeness and 
minimize local heterogeneity, three to five 
sub- samples were collected and composited. 
Soil samples (N=40) were collected at 
depths of 0-20 cm (20 samples) and 20-40 
cm (20 samples). The depth intervals were 

selected based on standard environmental 
assessment practices to evaluate both surface 
contamination and potential migration of 
Hg. Sampling mercury-contaminated soil at 
depths of 0–20 cm and 20–40 cm is a standard 
practice in environmental assessments to 
understand the distribution and mobility of 
mercury (Hg) within the soil profile (Eckley et 
al., 2020).
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The sampling size and distribution were 
designed to ensure adequate spatial 
representation of contamination across active 
mining areas.

Soil Analysis
Soil samples were oven-dried at 50 °C for 24 
h to remove moisture and achieve a constant 
mass. The material was then grounded into 
a fine powder with a thoroughly cleaned 
mortar and pestle, and then sieved through 
a 2 mm stainless-steel sieve. 4 g of the sieved 
soil was mixed with 0.9 g of starch binder 
(Focus et al., 2021). The starch binder used 
in sample preparation was investigated 
and confirmed not to interfere with the 
determination of mercury (Miller et al., 2013). 
It was homogenized for 10 min in a pulverizer 
before it was pressed into 32 mm diameter 
pellets using a die pellet press (Focus et al., 
2021). Mercury contents in soil samples 
were quantified using Energy Dispersive 
X-Ray Fluorescence (ED-XRF) spectroscopy, 
using XOPOS 4R0138 (Kleve, Germany). The 
instrument was calibrated beforehand, and a 
certified reference material (CRM) Montana 
Soil 2711a from National Institute of Standards 
and Technology (NIST) was analyzed under the 
same conditions to evaluate the procedure’s 
accuracy.

Limit of detection (LOD) was determined 
by instrument specifications. Precision was 
evaluated by triplicate measurements with 
relative standard deviations below 5%. 
Measurement uncertainty was minimized 
by the calibration process. Quality control 
measures were taken, and statistical 
calculations were performed using Origin 
software.

Evaluation of Hg Contamination and 
Pollution Accumulation and Risk in 
Soil
This study adopted a soil quality threshold of 
0.3 mg/kg for Hg, as established elsewhere 
(Sun et al., 2019). However, this value exceeds 
the safety limits set for soils by various 
organizations, including the WHO at 0.05 
mg/kg and the European Union at 0.08 mg/ 
kg (Tóth et al., 2016). Additionally, the study 
incorporated contamination and pollution 
factor indices, as well as ecological risk 
assessments, which are detailed in Tables 1, 
2, and 3.

Index of Contamination/ Pollution 
Factor
The contamination/pollution factor (CF) 
and the geo-accumulation index (I-geo) 
were determined using equations 1 and 2, 
respectively (Nweke & Ukpai, 2016).

6

Institute of Standards and Technology (NIST), was analyzed under identical conditions to 

assess method accuracy. 

The limit of detection (LOD) for mercury was determined based on instrument specifications, 

and  analytical  precision  was  assessed  through  triplicate  measurements,  yielding  relative 

standard deviations within acceptable limits (<5%). Measurement uncertainty was minimized 

through  calibration  and  quality  control  procedures.  Quality  assurance  protocols  were 

rigorously implemented throughout the analytical process. Statistical analysis was performed 

using Origin software.

Evaluation of Hg contamination and pollution accumulation and risk in soil

This study adopted a soil quality threshold of 0.3 mg/kg for Hg, as established elsewhere 

(Sun et  al.,  2019).  However,  this  value exceeds the safety limits  set  for soils  by various 

organizations, including the WHO at 0.05 mg/kg and the European Union at 0.08 mg/kg 

(Tóth et al., 2016). Additionally, the study incorporated contamination and pollution factor 

indices, as well as ecological risk assessments, which are detailed in Tables 1, 2, and 3.

Index of contamination/ pollution factor

The  contamination/pollution  factor  (CF)  and  the  geo-accumulation  index  (I-geo)  were 

determined using equations 1 and 2, respectively (Nweke & Ukpai, 2016).

                        CF=
ci

c
                                                                                         (1) 

Where: Ci = Hg in the soil sample; C = Hg concentration within acceptable environmental 

limits (0.3 mg/kg). The Contamination Factor for Hg is a direct ratio that indicates the level 

of human-induced Hg enrichment in soil.  Most uncontaminated soils have  CF < 1, while 

values above that indicate increasing contamination depending on the magnitude (Table 1).

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

 eqn 1

Where: Ci = Hg in the soil sample; C 
= Hg concentration within acceptable 
environmental limits (0.3 mg/kg). The 
Contamination Factor for Hg is a direct ratio 
that indicates the level of human-induced Hg 
enrichment in soil. Most uncontaminated soils 
have CF < 1, while values above that indicate 
increasing contamination depending on the 
magnitude (Table 1).
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I - geo= log2[ ci

1.5×Bn ]                                                  (2)

Where: Ci = Hg in the soil sample; Bn = the geochemical background 

value for Hg in the soil (0.05 mg/kg (Pérez-Sirvent et al., 2009)). The Bn for Hg is a global 

background level in soil that varies by region due to differences in geology, soil composition, 

and human activities. 1.5 is a background matrix correction factor.

Index of ecological risk

The ecological risk (ER) potential of Hg in soil was evaluated using contamination factor 

index values and pollutant toxicity (Tr) (Equation 3). Additionally, the risk index (RI) was 

used to quantify the ecological hazard posed by Hg in the soil (Equation 4). To estimate the 

potential  risk  of  Hg  contamination  in  the  ecosystem,  the  risk  quotient  (RQ)  index  was 

calculated by dividing the Hg concentration by the predicted no-effect concentration (PNEC) 

of Hg (0.04 mg/kg) (Equation 5) (Mortazavi, 2018; Ripanda et al., 2021; Zhang et al., 2017).
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RI =∑ ER                                                                         (4 )

RQ=
ci

PNEC
                                                                         (5 )

Where: CF= contamination/ pollution factor in the soil sample, and Tr represents the toxic 

reaction factor (Tr for Hg = 40 (Bjørklund et al., 2017)) and Ci = Concentration of Hg in the 

soil sample.

The pollution level  of  an area depends on various factors.  Also,  the status of  a polluted 

environment  varies  according to  the  extent  of  pollution.  The levels  of  the  contamination 

factor  classifying  the  potential  health  and  ecological  impacts  are  presented  in  Table  1. 

Morever,  the  Geo-accumulation Index levels  are  categorized in  Table  2.  Table  3  further 

shows sequential pollution levels suggested by the Ecological risk factor. 
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Where: Ci = Hg in the soil sample; Bn = the 
geochemical background value for Hg in 
the soil (0.05 mg/kg (Pérez-Sirvent et al., 
2009)). The Bn for Hg is a global background 
level in soil that varies by region due to 
differences in geology, soil composition, and 
human activities. 1.5 is a background matrix 
correction factor.

Index of Ecological Risk
The ecological risk (ER) potential of Hg in 
soil was evaluated using contamination 
factor index values and pollutant toxicity (Tr) 
(Equation 3). Additionally, the risk index (RI) 
was used to quantify the ecological hazard 
posed by Hg in the soil (Equation 4). To estimate 
the potential risk of Hg contamination in the 
ecosystem, the risk quotient (RQ) index was 
calculated by dividing the Hg concentration by 
the predicted no-effect concentration (PNEC) 
of Hg (0.04 mg/kg) (Equation 5) (Mortazavi, 
2018; Ripanda et al., 2021; Zhang et al., 2017).
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Where: CF= contamination/ pollution factor 
in the soil sample, and Tr represents the toxic 
reaction factor (Tr for Hg = 40 (Bjørklund et 
al., 2017)) and Ci = Concentration of Hg in 
the soil sample. The pollution level of an area 
depends on various factors. Also, the status 
of a polluted environment varies according 
to the extent of pollution. The levels of the 
contamination factor classifying the potential 
health and ecological impacts are presented 
in Table 1. Morever, the Geo-accumulation 
Index levels are categorized in Table 2. Table 
3 further shows sequential pollution levels 
suggested by the Ecological risk factor.

Table 1: Criteria of CF Index

Symbol Index Value Criteria and Status

CF 1.1 – 2.0 Slightly polluted
2.0 – 4.0 Pretty polluted
4.1 – 8.0 Heavily polluted
8.1 – 16 Very polluted
≥16 Extremely polluted
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Table 2: Criteria of RI and RQ

Index Value Criteria
RQ ≤1 Low

≥1 High
RI ≤150 Low

150 – 600 Moderate
300 – 600 Considerable
≥600 High

Table 3: Criteria for the I-geo and ER Index

I-geo ER
Index value Criteria Index value Criteria
≤0 Uncontaminated ≤40 Low
0 – 1 Uncontaminated to medium 40 -80 Moderate
1 – 2 Medium contaminated 80 - 160 Considerable
2 – 3 Medium to highly contaminated 160 -320 High
3 – 4 Highly contaminated ≥320 Very high
4 – 5 Highly to extremely contaminated
≥5 Extremely contaminated

Statistical Analysis
Descriptive statistics were supplemented 
with inferential statistical analyses to evaluate 
differences and relationships in mercury 
concentrations and associated indices. An 
independent sample t-test was applied to 
determine whether significant differences 
exist between surface (0–20 cm) and 
subsurface (20–40 cm) soil layers. Additionally, 
Pearson correlation analysis was performed 
to assess the relationships between mercury 
concentration and contamination indices (CF, 
I-geo, ER, RI, and RQ). Statistical significance 
was evaluated at p < 0.05.

Study Limitations
This work recognizes some limitations. First, 
local background/control soil samples were 
not collected due to logistical restrictions; 
therefore, global reference values were used 

in computing pollution indices. This may 
introduce some uncertainty in estimating site-
specific contamination levels. Second, even if 
ED-XRF offers reliable multi-element analysis, 
its detection limits and sensitivity may be 
lower compared to advanced techniques 
such as ICP-MS. These limitations have been 
considered in the interpretation of results.

RESULTS AND DISCUSSION
Table 4 shows the average levels of mercury 
for the samples of the study area. It is clearly 
noted that the average levels of mercury 
are above the recommended values by the 
national and international organizations (Liu 
et al., 2021; Taylor et al., 2005). The elevated 
Hg levels might be primarily attributed to 
artisanal and small-scale gold mining (ASGM). 
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In the study area, the mining activities 
especially the milling and washing activities 
are conducted anyhow without following 
environmental, health guidelines and 

precautions (Semenkov & Koroleva, 2019; Tan, 
2009),. The index values for each sampling 
point are presented in Table 4.

Table 4: Results of the total mercury and selected indices to soil samples of the Buhemba ASGM

Samples taken at the depth of 0-20 cm Samples taken at the depth of 20-40 cm

Co
de

To
ta

l H
g 

(m
g/

kg
)

CF I-g
eo

ER
 a

nd
 R

I

RQ Co
de

To
ta

l H
g 

(m
g/

kg
)

CF I-g
eo

ER
 a

nd
 R

I

RQ

H1 7.42 24.73 2.31 989.33 185.50 HM1 1.23 4.10 -0.29 164.00 30.75

H2 6.11 20.37 2.03 814.67 152.75 HM2 2.31 7.70 0.62 308.00 57.75

H3 9.56 31.87 2.67 1274.67 239.00 HM3 1.34 4.47 -0.17 178.67 33.50

H4 4.85 16.17 1.69 646.67 121.25 HM4 9.32 31.07 2.63 1242.67 233.00

H5 16.91 56.37 3.49 2254.67 422.75 HM5 12.51 41.70 3.06 1668.00 312.75

H6 22.96 76.53 3.94 3061.33 574.00 HM6 4.61 15.37 1.62 614.67 115.25

H7 30.21 100.70 4.33 4028.00 755.25 HM7 1.90 6.33 0.34 253.33 47.50

H8 26.30 87.67 4.13 3506.67 657.50 HM8 6.98 23.27 2.22 930.67 174.50

H9 40.80 136.00 4.77 5440.00 1020.00 HM9 2.12 7.07 0.50 282.67 53.00

H10 39.02 130.07 4.70 5202.67 975.50 HM10 4.71 15.70 1.65 628.00 117.75

H11 36.71 122.37 4.61 4894.67 917.75 HM11 12.22 40.74 3.03 1629.73 305.58

H12 28.10 93.67 4.23 3746.67 702.50 HM12 10.21 34.03 2.77 1361.33 255.25

H13 13.40 44.67 3.16 1786.67 335.00 HM13 9.43 31.43 2.65 1257.33 235.75

H14 37.12 123.73 4.63 4949.33 928.00 HM14 11.32 37.73 2.92 1509.33 283.00

H15 41.25 137.50 4.78 5500.00 1031.25 HM15 9.98 33.27 2.73 1330.67 249.50

H16 26.23 87.43 4.13 3497.33 655.75 HM16 13.53 45.10 3.17 1804.00 338.25

H17 19.82 66.07 3.72 2642.67 495.50 HM17 15.70 52.33 3.39 2093.33 392.50

H18 39.62 132.07 4.72 5282.67 990.50 HM18 9.54 31.80 2.67 1272.00 238.50

H19 19.50 65.00 3.70 2600.00 487.50 HM19 2.34 7.80 0.64 312.00 58.50

H20 5.67 18.90 1.92 756.00 141.75 HM20 4.67 15.57 1.64 622.67 116.75

The assessment of mercury (Hg) contamination in surface (0–20 cm) and subsurface (20–40 cm) soil 
layers reveals a significant vertical and spatial variability in both the concentration and ecological risk 
indices across sampling locations.

The total Hg concentrations in surface samples 
(H1–H20) ranged from 4.85 to 41.25 mg/kg. 
Samples H9, H10, H15, and H18 contained 
high Hg levels (>35 mg/ kg). These values 
are significantly higher than the normal 
background levels for uncontaminated soils 
(<0.1 mg/kg) (Gyamfi et al., 2021; Mantey 
et al., 2020), suggesting anthropogenic 

contributions, possibly from mining activities. 
However, the concentrations for subsurface 
samples (HM1–HM20) were lower (1.23–
15.70 mg/kg), indicating limited downward 
movement of mercury with depth. This 
observation can be attributed to mercury’s 
strong adsorption capacity on organic matter 
and fine particles within the topsoil layer.



JUST KNUST 2026

Mercury Pollution and Health Risk in Buhemba

43

Contamination factors (CF) support these 
findings, with surface index values (16.17–
137.50) indicating many sites fall within 
“Slightly to Extremely polluted categories” 
(Table 1). 

While CF values for subsurface (20-40 cm) 
were generally lower (4.10–52.33), specific 
locations (e.g., HM17 and HM16) still exhibited 
signs of moderate to high contamination. 
The I-geo index values in surface soils ranged 
from 1.69 to 4.78, signifying contamination 
levels from moderately polluted (I-geo >1) 
to extremely polluted (I-geo >4) (Table 3). 
These values emphasize the significance of Hg 
enrichment and its ecological implications over 
the long term (Ogunyemi, 2023). The values 
of I-geo for the subsurface ranged from -0.29 
to 3.39, with negative or near-zero readings in 
selected points (e.g., HM1, HM3), suggesting 
minimal anthropogenic activity or background 
levels. Ecological Risk (ER) and the derived Risk 
Index (RI) exhibited concerning trends. RI for 
the surface (0-20 cm) values ranged from 
646.67 to 5500, with over half exceeding the 
threshold of 600, implying very high ecological 
risk. These risks are highly correlated with 
higher mercury concentrations in the topsoil 
(Esdaile & Chalker, 2018). In comparison, 
subsurface samples (20-40 cm) displayed 
lower RI values (164 to 2093.33), yet some 
sites (e.g., HM17 and HM16) approached the 
high-risk thresholds. Similarly, Risk Quotient 
(RQ) values followed this pattern, with surface 
soils reaching a maximum of 1031.25 (H15), 
while subsurface maximums reached 392.50 
(HM17). These values indicate the potential 
for biological and ecological harm, particularly 
with prolonged exposure to surface soils 
(Gyamfi et al., 2021).

The elevated levels of mercury and the 
associated indices in surface soils suggest 
localized pollution, potentially from 
human activities (Obrist et al., 2018). The 
comparatively lower subsurface levels may 
imply limited leaching, which could be 
influenced by soil composition, pH, organic 
content, and moisture retention. However, the 
presence of elevated Hg in some deeper layers 
indicates mercury’s capacity to move vertically 
through disturbed or sandy soils.

Overall, the study highlights the necessity for 
environmental management, remediation 
strategies, and policy intervention in the study 
area. Regular monitoring, coupled with source 
identification, is vital to mitigate the long-term 
ecological and human health risks posed by 
mercury contamination.

Table 5 presents a comprehensive summary 
of the descriptive statistics generated in this 
study, offering an insight into the distribution, 
variability, and central tendencies of the key 
environmental contamination indicators. 
Specifically, the table reports the calculated 
values for the Contamination Factor (CF), Geo-
accumulation Index (I-geo), Ecological Risk 
(ER), Risk Index (RI), and Risk Quotient (RQ). 
These indices provide quantitative insights into 
the extent of metal contamination, the degree 
of anthropogenic influence, and the potential 
ecological and human health risks associated 
with the given environmental matrices.

The statistical patterns reflected in these 
indicators serve as a basis for interpreting 
contamination severity, comparing risk levels 
across sampling sites, and identifying pertinent 
areas for mitigation or further investigation.
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Table 5: Descriptive Statistics of the Index of CF, I-geo, and ER, RI, and RQ on the Buhemba ASGM Soil 
Contaminated with Hg.

Analysis/Index N Minimum Maximum Mean Observation/Comment (s)

For samples taken at the depth: 0 to 20 cm

Total Average Hg 4.85 41.25 23.58 Needs immediate actions

CF 20 16.17 137.50 78.60 Extremely polluted

I-geo 1.70 4.78 3.97 Very high contaminated

ER and RI 646.67 5500 3143.73 Very high contaminated

RQ 121.25 1031.25 589.45 Very high contaminated

For samples taken at the depth: 20 to 40 cm

Total Average Hg 1.23 15.70 7.30 Remediation needed

CF 20 4.10 52.33 24.33 Above the average

I-geo -0.29 3.39 2.28 Mean above the average

ER and RI 164.00 2093.33 973.15 Highly contaminated

RQ 30.75 392.50 182.47 Highly contaminated
The results presented in Table 5 reveal a concerning level of mercury (Hg) contamination in soil 
samples at both 0–20 cm and 20–40 cm depths, with stronger pollution indicators observed in the 
topsoil layer (0-20 cm).

The mean total mercury (Hg) concentration at 
0-20 cm was 23.58 mg/kg with a range of (4.85 
- 41.25 mg/kg). These values are significantly 
higher than the threshold level, indicating 
anthropogenic inputs. Different contamination 
indices including Enrichment Factor (EF), Geo-
accumulation Index (I-geo), Ecological Risk 
(ER), Risk Index (RI), and Risk Quotient (RQ) 
agree the severe contamination of the soil 
with mercury. The mean Enrichment Factor 
(EF) was 78.60, signifying extreme enrichment, 
suggesting that anthropogenic activities 
contributed significantly to the pollution load 
in the study area (Mukherjee et al., 2004). The 
mean I-geo value was 3.97, indicating that the 
soils were heavily to extremely polluted.

In addition, the ecological risk parameters, ER, 
RI (mean = 3143.73), and RQ (mean = 589.45) 
imply very high ecological risk. The mean 
RI, in particular, is particularly high, which 
suggests a significant threat to the ecosystem 
due to mercury pollution (Malehase et al., 
2017). Although, the contamination load 
was significantly lower in the subsurface, it 
is still considerably high to deserve urgent 

environmental interventions. For instance, 
the mean Hg concentration at 20-40 cm was 
7.30 mg/kg with a range of 1.23 to 15.70 mg/
kg. Thus, contamination factors (CF) and I-geo 
indicate moderately to highly contaminated 
soils with average values of 24.33 and 2.28, 
respectively. These values suggest that the 
subsurface soils experienced considerable 
contamination that could have transpired 
vertically from the surface. Moreover, the 
mean ER and RI values (973.15) and RQ 
(182.47) indicate highly contaminated 
subsurface soils with elevated risk quotients.

The high risk quotient values at depths may 
pose a significant threat to ground water and 
water bodies hence causing adverse effects to 
the ecosystem (Ritter, 2002). The significant 
difference between the contamination indices 
between the surface and the subsurface soils 
suggests that anthropogenic activities at the 
surface have caused significant environmental 
pollution that could threaten groundwater 
systems.
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The observed reduction in mercury 
concentration with depth suggests that there 
is minimal vertical migration under the existing 
environmental conditions. Nevertheless, 
different physiochemical processes and 
properties of the subsurface soils including 
texture, structure, redox potential, and humus 
content can significantly influence the mobility 
and hence the bioavailability of the metal.

The high mercury concentration at the surface 
is ecologically very significant because it is the 
layer where most biological activities take 
place. Thus, the high risk quotient values 
for both soil depths pose a significant threat 
to the immediate ecosystem, particularly 
invertebrates and plant roots.

An independent samples t-test was performed 
for real values to compare mercury (Hg) 
concentrations between surface (0-20 cm) 
and subsurface (20-40 cm) soils. The results 
indicated that there was a significant difference 
between the mercury concentrations in the 
two depths (t = 5.32, p < 0.001). This implies 
that mercury concentrations in surface soils 
were significantly higher than those in the 
subsurface soils. In other words, the artisanal 

mining activities have caused extremely high 
pollution in the surface soils compared to 
subsurface soils. The independent samples 
t-test results show that the artisanal small-
scale gold mining activities contribute 
significantly to the surface soil contamination 
by mercury.

Figure 2 shows the distribution of mercury 
concentrations for the surface (0-20) and 
subsurface (20-40) soil samples using 
boxplots. According to the figure, surface soils 
generally had higher mercury concentrations 
than the subsurface soils as indicated by the 
medians. The figure also shows that mercury 
concentrations were more variable in the 
surface soils than in the subsurface soils as 
demonstrated by the interquartile ranges and 
the presence of outliers. The high variability in 
mercury concentrations can be attributed to 
the direct anthropogenic inputs to the surface 
soils. Compared to the surface, subsurface 
soils had lower mercury concentrations 
and variability in the distribution. It can be 
concluded from the figure that mercury 
contamination was generally higher in the 
surface horizon than in the deeper horizon.

Figure 2: Boxplot showing the distribution of mercury concentrations in 
surface (0–20 cm) and subsurface (20–40 cm) soils. The plot indicates 

significantly higher concentrations and variability in surface soils.
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The mean mercury concentrations in the 0-20 
cm and 20-40 cm soil horizons are compared 
in Figure 3. It can be seen that the content in 
the 0-20 cm layer was higher compared to the 
subsurface layer. This suggests that most of 
the mercury was accumulated in the topsoil, 
which might be related to the direct impact of 
mining activity on the horizons present above 
the ground.

The fact that the second layer contains 
significantly less mercury demonstrates the 
insignificance of mechanical disturbance and 
penetration of the metal beneath the surface. 
Thus, Figure 3 clearly shows the degree of 
accumulation and contamination of soils with 
mercury.

Figure 3: Mean mercury concentrations in surface (0–20 cm) and subsurface (20–40 
cm) soils, illustrating higher contamination levels in the topsoil layer.

Pearson correlation analysis revealed perfect 
positive correlations (r = 1.00) between 
mercury (Hg) concentrations and all derived 
indices (CF, ER, RI, and RQ) (Table 6). This result 
is expected since these indices are constructed 
mathematically based on Hg concentrations. 
Thus, the strong correlations confirm that, 

increases in Hg concentration lead to 
proportional increases in contamination 
and ecological risk indices and directly affect 
ecological risk levels. The strong relationships 
validate the use of these indices as reliable 
indicators of mercury contamination and 
environmental risk in the study area 

Table 6: Pearson Correlation Matrix (Surface Soil Data) between Hg Concentration and Contamination 
Indices

Variable Hg CF ER RI RQ

Hg 1.00 1.00 1.00 1.00 1.00
CF 1.00 1.00 1.00 1.00 1.00

ER 1.00 1.00 1.00 1.00 1.00
RI 1.00 1.00 1.00 1.00 1.00

RQ 1.00 1.00 1.00 1.00 1.00
Due to the inherent mathematical dependency between Hg concentration and the calculated indices, 
correlation analysis mainly serves as a validation tool rather than an independent statistical inference.
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The spatial distribution pattern of mercury 
(Hg) concentrations in the surveyed soil profile 
depths of 0–20 and 20–40 was depicted 
in Figure 4. Overall, the concentrations of 
Hg were found to be higher in the topsoil 
(0–20 cm) than in the subsoil (20–40 cm) at 
almost all sampling points. Several hotspots 
of mercury contamination were identified in 
the topsoil at H9, H10, H14, H15, and H18, 
with more than 35 mg/kg (Figure 4). The 

observed spatial distribution of Hg can be 
primarily explained by anthropogenic point 
sources such as gold mining activities at the 
sites, which release this heavy metal into the 
environment through amalgamation and ore 
washing processes. On the other hand, the 
decrease in Hg concentrations with depth 
implies that this element tends to adhere to 
the soil particles and does not move deeper 
into the ground. 

Figure 4: Spatial trend of mercury concentration across sampling points 
for surface (0–20 cm) and subsurface (20–40 cm) soils.

Figure 5 presents a heat map created using the 
mercury concentrations at sample points for 
the two depths. As seen from the figure, the 
highest mercury concentrations were detected 
in the topsoil (0-20 cm). Nevertheless, there 
was also an occurrence of high Hg levels in 
the deeper layer (20-40 cm). Thus, it can be 
concluded that there are local areas of Hg 
contamination both on the surface and at a 
certain depth below the surface. The heat 

map visually presents the pattern of mercury 
pollution in the study area and allows us 
to identify local contamination “hotspots.” 
Consequently, targeted action must be 
taken to remediate contaminated sites, and 
particular attention should be paid to areas 
with high concentrations of mercury. This 
research highlights the significance of such 
activities in heavily polluted abandoned ASGM 
areas.
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Figure 5: Heatmap showing the spatial distribution of mercury 
concentrations across sampling points and soil depths.

Potential exposure routes for humans in 
the study area were identified as ingestion 
of contaminated soil particles, inhalation 
of mercury-laden dust, and dermal contact 
during mining and agricultural activities. 
In addition, mercury may enter the food 
chain through plant uptake which poses a 
long-term health risk to the local communities. 
Although a quantitative health risk assessment 
was not the scope of the study, such a 
high concentration of mercury indicates a 
significant potential for human exposure.

Given the extremely high level  of 
contamination, remediation measures to 
lower the concentration of mercury in the 
ground should be implemented. Some 
possible remediation measures to consider 
are phytoremediation, soil washing, and 
stabilization using chemical amendments 
or sulfur-based compounds. Further, it is 
recommended to conduct a comprehensive 
risk assessment while considering the 
bioavailability, speciation of Hg, and 
exposure pathways in order to optimize the 
management strategies.

Further, long-term monitoring should be 
carried out to ensure that the contamination 
is not spreading and the implemented 
management measures are taking effect. It is 

also recommended to conduct a study on the 
contamination sources in order to identify the 
main contributors to the pollution and take 
appropriate actions.

CONCLUSION
The study found that significantly high levels 
of mercury (Hg) were present in the surveyed 
area reaching up to 1.23-41.25 mg/kg which 
far exceeds the globally recommended limit 
(Fernandes et al., 2021).

The study established serious levels of soil 
contamination on all types of soil with respect 
to contamination and ecological risk indices 
(CF, I-geo, ER, RI, and RQ) which indicate high 
ecological risks and potential for pollution. The 
study concluded that ASGM activities are the 
primary contributor to mercury pollution. The 
high concentrations of Hg pose a significant 
risk to the local ecosystem and human health 
through various exposure routes (Ha et al., 
2017; Kao et al., 2004). However, this study 
utilized global background values instead of 
local background values due to the lack of 
control samples. Additionally, some systematic 
errors may arise because of the limitation of 
the ED-XRF method.
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Practically the study provides key insights 
into mercury pollution in artisanal and small-
scale mining areas. Therefore, the need for the 
implementation of management strategies 
such as soil stabilization and phytoremediation 
and strengthening of regulations and 
community-based risk management to reduce 
the impact of heavy metals especially mercury 
on human health and the environment was 
emphasized. Long-term monitoring programs 
and further studies to assess the impact 
of mercury on human health should be 
considered in future studies.
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