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Abstract

The risk of ecotoxicity from mine tailings depends on the bioavailable fraction
of heavy metals in the soil, which is closely related to the biological and phys-
ico-chemical environment of the soils. The behavior, bioavailability and tox-
icity of heavy metals in soil depend essentially on their chemical composition.
This paper seeks to quantify trace metal elements (TMEs) in mine tailings and
to estimate the bioavailability and speciation of TMEs in mine tailings from
the Sabodala mine using Tessier sequential extraction. The high metal levels
found in the mine tailings revealed clear metallic contamination, with signifi-
cant enrichment in certain elements such as arsenic (408.1 ppm), antimony
(79.46 ppm), nickel (156.42 ppm) and Cd (4.16 ppm). These levels are well
above the local geochemical background. This large difference is the result of
human mining activity, mainly due to the geological nature of the rocks
mined. Speciation studies revealed that 95% of the antimony is retained in the
residual fraction, reflecting the limited toxicity of this metalloid. The average
concentrations of arsenic, nickel and cadmium in the residual fractions are
significant (61%, 51% and 52% respectively). This is followed by the sulphide
phase, the carbonate phase, the iron and manganese oxide phase and finally
the exchangeable phase. These last four phases, representing the labile frac-
tion, contain relatively high levels of metallic elements, likely to contaminate
the water and plants in the region. This labile fraction results in a high poten-
tial for mobility if conditions become more acidic. The potential mobility fac-
tors for arsenic and antimony are 5% and 2% respectively. These two metal-
loids (As, Sb) associated with crystalline and non-crystalline oxide, hydroxide
or sulphide minerals, are considered immobile and have a low risk of polluting
groundwater. Cadmium and nickel can be considered the most mobile ele-
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ments in mine tailings, as around 12% and 10% respectively are found in the
exchangeable and carbonate fractions.
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1. Introduction

Trace metals occur naturally in varying concentrations in soils, rocks and water.
Despite this, human activities, particularly mining, contribute to an increase in
their concentrations in soils, forming stocks of pollutants that are potentially toxic
for the environment. These pollutants cause major disturbances to the soil fauna
[1]-[3], but can also affect surface and groundwater in the vicinity. However, the
total concentrations of metal contaminants in the soil are not a sufficient condi-
tion for toxic effects on biotic or abiotic organisms. The toxicity of a metal or
metalloid is not just linked to its total concentration, it depends also on its ‘speci-
ation’, in other words its valency, and its environment. Chemical speciation is a
fundamental parameter that controls the migration, bioavailability and toxicity of
chemical elements in environmental matrices. Investigating the mobility, fate and
transfer of ETMs is extremely important. The mobility of TMEs, as well as their
bioavailability, is highly dependent on their chemical speciation in soils.

This paper aims to determine the total levels of trace metals (TMEs) such as arse-
nic, antimony, cadmium and nickel, as well as their chemical speciation in mine
tailings, 7e. their geochemical distribution in the various fractions making up these
tailings, and their bioavailability in the tailings from the Sabodala mine. A sequential
extraction scheme [4] is used to fractionate TMEs with different mobilities.

2. Materials and Method
2.1. Study Area

The Sabodala mine site is located in the Kedougou region, in the south-eastern of
Senegal, approximately 700 km from the capital Dakar (Figure 1). In this gold com-
plex, ore is extracted from open-pit mines and processed through a conventional
crushing-crushing-cyanide leaching cycle at the Sabodala Processing plant. In addi-
tion, in April 2024, the mine began commissioning a Bio-oxidation plant (STP /
BIOX) to treat refractory ore from one of these large deposits.

The tailings storage facility studied is the first tailings storage facility on the
Sabodala site, covering an area of around 388 ha. Following the last dam raise (in
2020), the maximum storage capacity increased to 48.8 Mm?’, of which 35 Mm’
was already occupied by tailings in February 2024.

This tailings management facility (Figure 2) is located next to the water basins
(Large water dam, small water dam, Upper raw water dam) that the mine uses for

workers’ consumption and for ore processing. In this context, it is urgent to mon-
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itor the concentration and bioavailability of metals elements in the Sabodala TSF

to protect the surrounding water resources.

Sabodala Gold Mine Infrastructures e

Figure 2. Aerial view of the Sabodala tailings storage facility.

2.2. Methodology
2.2.1. Tailings Sampling

Tailings samples were collected from the Sabodala tailings facility in February
2024. The samples collected were air-dried and then homogenised by manual mix-
ing. The samples were finely ground (<63 um) and then digested with a mixture
of three acids (perchloric, nitric and hydrofluoric acids). Trace metals were ana-
lysed by ICP-AES.

2.2.2. Sequential Extraction of TMEs from Mine Tailings

In order to study the affinities of heavy metals with the different soil phases, se-
quential extractions have been carried out according to the procedure of [4]. The
method is based on the use of a set of chemical reagents to release the metals (Ta-

ble 1). The extraction process was carried out in Erlenmeyer flasks using 1.0 g of
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the initial dried sample and a precise volume of acid mixture. After stirring, the

solution is filtered. The waste is washed with distilled water. The extracts are

stored in expensive tubes. In general, the pH of the supernatant from each succes-

sive extraction was reduced by 0.5 ml of HNO; (63%). Trace metals in extracts are
analysed using ICP-AES.

Table 1. Metal extraction procedure of [4].

Stirri
Fraction Extraction solvent 1‘rr1ng Temp (°) Phase
time
Exch ble frac-
Fl 8 ml 1M ofMgCl, (pH = 7) 1h 25 xchangeable frac
tion
Carbonate-bound
F2 8ml 1M CH;COONa pH = 5 avec CHsCOOH 5h 25 arbonate-botn
fraction
. . Iron and manganese
F3 20 ml 0.04 M hydroxylamine NH.OH.HCl in 25% (v/v) CH;COOH, pH2 5h 926 . ?
oxides fraction
Fa 3 ml 0.02 M HNOs3; 5 ml H.02 30%, pH 2 with HNOs at 85°C for 3 h, then 5 3h 85 Sulphide and or-
ml CH;O0NHS_ in 20% (v/v) HNOs, diluted in 20 ml, stirring for 30 mins. ganic fraction
F5 10 ml HF + 2 ml HCIOs + 2 ml HCl 12 N 100 Residual fraction

The extractions were carried out in five successive stages (50 ml batch, on 1g of

the granulometric fraction smaller than 0.63 mm of a dried and finely ground soil

sample). Extracted fractions are as follows:

v

Fraction (F1) (‘exchangeable’): possible solubility of metals during sorption-
desorption processes. Extracted with 8 ml 1M MgCl,, pH7; after shaking for
1 hour.

Fraction (F2) (‘carbonate-bound’): results from solubilisation when the pH is
changed by 8 ml of 1M CH;COONa, pH 5 with CH;COOH; stirring for 5
hours;

Fraction (F3) (‘easily reducible’): liberation of metals bound to Mn oxides and
Fe hydroxides: this corresponds to dissolving these oxides and hydroxides in
the presence of a moderate reducing agent, in this case hydroxylamine NH,OH.
HC1 0.04 M in 25% (v/v) CH;COOH at 96°C for 6 h;

Fraction (F4) (‘bound to organic matter and sulphides’): resulting from pos-
sible solubility during changes in redox conditions (oxidation) (3 ml of 0.02
M HNOs; 5 ml H,O; 30%, pH 2 with HNO; at 85°C for 3 h, then 5 ml
CH;OONH, in 20% (v/v) HNO:s, diluted in 20 ml, stirring for 30 min);
Fraction (F5) (‘tailing’ or ‘clay fraction’; metals closely linked to the structure
of the crystals, some of which may be well-crystallised sulphide crystals).
These different methods of extracting metals provide a better understanding

of their potential mobility and bioavailability.

2.2.3. Potential Mobility of TMEs in Mine Tailings
The order of mobility of ETMs according to their abundance in the different frac-

tions follows the following order: exchangeable > bound to carbonate > bound to
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Fe-Mn oxide > bound to organic matter or sulphides > residual fraction [4]. Ex-
changeable elements are a measure of the elements that are most easily released
into the environment under acidic conditions and can be considered the most
dangerous for the environment [5]. Changes in ionic composition, influencing
adsorption-desorption reactions or lowering the pH, could lead to remobilisation
[6] [7], and [8]. Determination of the mobility of the TMEs in the tailings is based
on the relative quantity of metal in the exchangeable fraction (T1) containing the
mobile forms and in the carbonate-bound fraction (T2) containing the easily mo-
bilised phases. The TME mobility index is calculated by the mobility factor (MF)
based on the following equation (1) from [9] [10], and [11]:
T1+T2

= 1
T1+T2+T3+T4+T5 )

As a result, the value of the mobility factor determines the relative mobility and
biological availability of the TME:s in the soil.

3. Results and Discussion

3.1. Determination of TMEs Levels

The average levels of trace elements in mine tailings are 408.1, 79.46, 4.16 and 156.42
ppm respectively for arsenic, antimony, cadmium and nickel. The distribution of
these elements in the TSF is presented in Figure 3. These values are very high com-
pared with the local background (reference points), where the levels are 12.9, 16.64,
0.54 and 92.35 ppm for arsenic, antimony, cadmium and nickel respectively. The
data assembled in Table 2 are classified according to the average concentrations of
the trace elements studied in mine tailings from five mines around the world. ETM
concentrations in our study area exceed UCC standard values [12].

The data presented in Figure 3 are compared on the basis of their average con-
centration with the levels of the trace elements studied in the tailings of five mines
around the world. The Sabodala mining area, which is the study area, has much
lower levels of arsenic, antimony and cadmium than the Tourtit and Ichoumellal
mines in central Morocco [13]. The Sabodala mine tailings show greater accumula-
tion than the tailings from mines in Tunisia [14] and Iran [15]. Compared with the
Iranian gold mine, the high arsenic and antimony content of the tailings shows that
Sabodala's gold is associated with arsenopyrite and stibine (Table 2).

3.1.1. Pollution Index (PI) of Tailings and Surrounding Soils
The pollution indices for the tailings and surrounding soils are shown in Table 3.
The results obtained show that the pollution index values for mine tailings are
greater than unity, with the exception of stations S8 and S9. These values indicate
polymetallic contamination of mine tailings (Figure 4). The potential risk factor
of these metals for the environment (mobility) increases considerably with the
combined effect of arsenic, antimony and cadmium. These pollution indices are
lower than those found in the Moroccan mines of Mibladen (PI: 34.7) and Zeida
(PI: 20.52) [18].

DOI: 10.4236/jep.2025.163011

229 Journal of Environmental Protection


https://doi.org/10.4236/jep.2025.163011

M. Diop et al.

810000 812000

Tailing Storage Facility

1462000

S3

Reference points

000Z9%T

Legend
] Arsenic (As)
I Antimoine (Sb)
= Cadmium (Cd)

B Nickel (Ni)
TSF Components
Tailings
Waterbody
0 300 600 m [ EMBANKMENT
| | B spillway
810000 812000

Figure 3. Distribution of TMEs in Sabodala mine tailings.

Table 2. Comparative table of average concentrations of trace metals in mine tailings from the study area with ETM concentrations
in the earth’s crust (UCC: [12]), the local geochemical background and with five mines in the world. (Und: Undetermined value).

TME Concentration

Country Context Exploitable Mineral Substances  References
As Sb Ni
Senegal Tailings Storage Facility 408.1 79.46  156.42 4.16 Au This Study
Local geochemical background 12.9 16.64 92.35 0.54 Und This study
Italy Tailings Storage Facility 31925 Und Und 8.75 Cu [16]
Iran Tailings Storage Facility 28.6 7.5 155 Und Au [15]
Morocco Tailings Storage Facility 3783.24 34220.92 30.26 24.11 Sb [13]
Tunisia Tailings Storage Facility 85.8 32.1 36.7 0.64 Pb-Zn [14]
Morocco Tailings Storage Facility 101 0.7 142 04 Fe-S (17]
Und Upper Continental Crust (UCC) 30 Uv 50 2 Und [12]
Table 3. Variation in pollution index values.
Stations PI Status
S1 18 PI>1
S2 19.04 Polymetallic contamination
DOI: 10.4236/jep.2025.163011 230 Journal of Environmental Protection
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Continued

S3 20
S4 12.90
S5 12.5
Sé6 2.41
S7 5.05
S8 0.60
S9 0.69

PI>1

Polymetallic contamination

No polymetallic pollution

No polymetallic pollution

South
Embankment

0 250

Pollution Index Repartition within the Sabodala Gold Operations TSF

Pollution Index

Embankment

Eastern

<1

Figure 4. Spatial variation of the pollution indices (PI) in the Sabodala Tailings pond.

3.1.2. Principal Component Analysis (PCA)

The Principal Component Analysis (PCA) was applied to gain a better understand-

ing of the geochemical associations characterizing the study area and the possi-
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ble origins of metal contaminants in mine tailings. After applying the VARI-

MAX rotation, two main factorial axes were selected for statistical analysis (Fig-

ure 5).

v' The first factor accounts for around 88.9 % of the total variance, influenced
mainly by metalloids (As and Sb) and cadmium, and is linked to the minerals
arsenopyrite and stibine. This association between stibine and arsenopyrites
has been noted in the work of [19] and [20]. This geochemical association
contains impurities such as cadmium [21]. The presence of the metals As, Sb
and Cd is linked to anthropogenic activities. This association is noted by
strong correlations between arsenic-antimony (86%), arsenic-cadmium
(82%) and antimony-cadmium (94%).

v" The second factor accounts for around 7,6 % of the total variance, dominated
by nickel, and is probably linked to nickel-bearing rocks. Unlike metals (As,
Sb and Cd), mining activity has little influence on nickel levels in soils. This
assertion is confirmed by the variations in nickel content in mine tailings and

the reference site (Figure 3).

Variables - PCA
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Figure 5. PCA analysis applied to trace metals.

3.2. Speciation

Speciation is defined as the determination of a specific form (monoatomic or mo-
lecular) or the configuration in which an element can be present in a group of
atoms corresponding to different matrices [22].

Chemical methods are commonly used to determine the speciation of metallic
elements in soils. They were used here to complement the physical data obtained
and to clarify the potential mobility of metallic elements in the samples studied.
The use of chemical extractions is much debated due to certain limitations en-
countered as a result of (1) refixation phenomena of extracted metallic elements
on the solid fraction, (2) the non-selectivity of reagents, (3) the relative efficiency
of the extractant depending on the nature of the element and (4) the multitude of
protocols proposed. Despite all these limitations, chemical extractions are often
used as they provide sufficient information to discuss the relative mobility of me-

tallic elements. In addition, some of the stated limitations can be controlled by
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returning to the solid residue analysis [23]. To minimize errors, determination
using this procedure is carried out three times and then averaged.

Chemical fractionation shows that antimony is preferentially bound to the re-
sidual fraction (95%). This close bond was demonstrated by [24]. The proportion
of antimony in the sulphide-bound fraction is of the order of 3% (Figure 6). The
association of this element with carbonates is relatively low (2%).

Arsenic is found mainly in the residual fraction, with levels of 61%. This is fol-
lowed by the sulphide fraction (27%), the iron and manganese oxide fraction (7%),
the carbonate fractions (4%) and finally the exchangeable fraction (1%). These re-
sults confirm the role of iron and manganese oxides in arsenic retention [25].

Cadmium exists in soils at very low levels, yet it is the most feared element be-
cause of its toxicity. Cadmium is mobile, easily bio-available and could either pass
into the food chain via plants or migrate deep down to contaminate groundwater.
Cadmium is preferentially associated with the residual phase (52%), the sulphide
phase with a percentage of around 35% and the carbonate phase with 11%. The
exchangeable fractions and those linked to oxides and sulphides are 1% each. This
preferential accumulation of cadmium with the residual and sulphide phases was
noted in the work of [26].

Nickel is preferentially associated with the residual fraction (Figure 6), with an
average rate of around 51%. This association has been highlighted by several au-
thors [27] [28].

3.3. Bioavailability

Bioavailability refers to the capacity of a quantity of an element present in the soil
to be absorbed by a living organism [29]. Bioavailability is a tool for assessing
toxicity and the risk of pollution. The risk of ecotoxicity by heavy metals does not
result solely from the total concentrations found in polluted waste, but also from
their mobile fraction [30] [31]. In soils, concentrations of soluble and exchangea-
ble metals are indicators of a potential risk of contaminant transfer to the various
environmental compartments [32] [33]. In this study, nickel is the most bioavail-
able metal, with a 49% share. It was followed by cadmium (48%), arsenic (39%)
and antimony (5%) (See Figure 4). Metals in form (water-soluble, exchangeable
carbonate-bound) are highly mobile and can easily be absorbed and accumulated
by living organisms or leached down the soil profile to groundwater [34], while
those embedded in the crystal lattice are relatively immobile and can have little or
no harmful impact on living organisms and the environment [35]. Based on the
classification described by [36], if the metal content released into the F1 and F2
fractions of the soil is less than 1% of the total metal, the soil presents no risk to
the environment. Values between 1 and 10% reflect a low risk, 11 to 30% a me-
dium risk and 31 to 50% a high risk. Above 50%, the soil presents a very high risk
and is considered hazardous, so that TMEs accumulate along the food chain, more
in humans than in species lower down the chain [37]. The F1 and F2 fractions of

cadmium and nickel in root soil are 12% and 10% respectively, showing a low risk
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of contamination of groundwater by leaching or of plants by root uptake. Arsenic

and antimony show a low risk to the environment.

Arsenic Antimoine

EF1 uF2 uF3 uF4 uF5 EF]l sF2 uF3 uF4 ®8F5

Cadmium Nickel

EF1 5F2 mF3 =“F4 uF5 EF]l ®F2 ®F3 ®F4 8FS

Figure 6. Distribution of arsenic, antimony, cadmium and nickel levels in the various frac-
tions of mining tailings. F1: Exchangeable fraction, F2: Carbonate bound fraction, F3: Fe-
Mn oxides bound fraction, F4: Organic bound fraction, F5: Residual fraction.

3.4. Mobility Factor

Equation (1) is used to calculate the mobility factor for metals and metalloids.

Figure 4 shows the variations in mobility factors.

14 -
12 A
10 -

12

S N B~ O @
1

HAs = Sb =Cd “Ni

Figure 7. Potential mobility of potentially toxic elements (As, Sb, Cd and Ni).

Cadmium and nickel can be considered the most mobile elements in mine tail-
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ings, as around 12% and 10% respectively are found in the exchangeable and car-
bonate-bound fractions. This suggests that a substantial proportion of cadmium and
nickel is contained in minerals such as calcite and ferrodolomite. The results are in
line with those obtained by [38] and [39]. The potential mobility factor for arsenic
is 5%. Arsenic is considered to be a rather immobile element because most of this
metalloid is bound to the residual mineral fraction. The chemistry of precipitation-
dissolution and adsorption-desorption of arsenic is complex and depends on the
load of the water, especially when there is a high presence of iron in the water. The
potential mobility factor for antimony is 2%. As with arsenic, the distribution of Sb
in the tailings indicates that this element was rather immobile and was largely pre-
sent in the residual fraction. In a recent study on the sequential extraction of anti-
mony from contaminated soils, [24] [40] and [41] found that a large amount (up to
90%) of the antimony was associated with the residual fraction. In general, there are
a number of similar general trends in the fractionation of arsenic and antimony in
soil. Metalloids (As, Sb) are associated with crystalline and non-crystalline oxide and
hydroxide minerals and are often considered immobile [42].

4. Conclusion

In recent years, the management policy for polluted mining sites has focused
mainly on assessing the chemical speciation, mobility and bioavailability of TMEs
in order to predict their impact and toxicity on the environment. The mine tailings
studied show a tendency to be highly enriched in potentially toxic elements. Total
TME concentrations showed that the order of abundance of the TMEs studied in
the samples was As > Ni > Sb > Cd. The results show that trace metals are mainly
associated with the residual fraction. Most of these metallic elements are found in
a form that is not easy to migrate and transform. The risk of contamination of
groundwater and neighbouring plants by these trace metals is low. The mobility of
metallic elements is essentially linked to the presence of carbonates in the soil,
which favours an increase in pH, and a precipitation of metallic elements with a
reduction in the bioavailability of metals is foreseeable. A decrease in pH and a
variation in the redox potential in the environment caused by exogenous factors

can release metals associated with mine tailings and impact the environment.
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