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Abstract  Artisanal mining is spreading inexorably throughout Côte d’Ivoire, particularly in the western part of the 
country, with certain socio-environmental risks affecting both the gold miners and the populations living near 
mining sites. Gold is often associated with other metals and metalloids such as arsenic and lead, which are toxic to 
animals and humans. These toxic elements, released during mining activities, are dispersed into water and soil, while 
a significant proportion remains trapped in the huge amounts of waste produced and dumped into the environment. 
In western Côte d’Ivoire, which has become a zone of intense artisanal gold mining activity, the consequences of the 
activity are little studied. Indeed, the solid mining residues from this activity have not yet been the subject of a 
dedicated study. The present study is conducted based on observations, macroscopic and microscopic descriptions, 
and geochemical analyses. Microscopic studies using transmitted and reflected light revealed that the rocks from the 
mining sites are volcanosedimentary formations (schists and micaschists). The observed outcrops are metamorphic 
rocks, mostly metagranites, mica granulites, as well as granites and microgranites. These rocks are mainly composed 
of quartz, micas, feldspars, amphibole, and accessory minerals such as chlorite, epidote, and sericite. There is also a 
notable abundance of sulfides, including pyrite, chalcopyrite, pyrrhotite, arsenopyrite, and magnetite in the rocky 
waste, whose oxidation can lead to acid mine drainage. Geochemical analysis also highlights the effects of sulfide 
oxidation in the form of enrichment of residues in Cadmium, Cobalt, Chromium, Copper, Manganese, Nickel, and 
Palladium compared to the average concentrations of the Upper Continental Crust (UCC) or Clarke values. The trace 
metal elements identified in this study are specific to the geological and geochemical context of the studied area. 
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1. Introduction 

Metal trace elements (MTEs) are commonly present in 
the Earth's crust; the weathering and erosion of rocks 
naturally supply surface waters with MTEs [1]. The 
Mountain District in western Côte d'Ivoire, the area 
selected for this study, once primarily agricultural, is now 
experiencing a rapid and concerning surge in artisanal 
gold mining, not necessarily under legal regulation. Since 
1940, gold panners have exploited gold in a traditional 
artisanal manner, in alluvial, lateritic, and vein forms;  
[2,3] throughout the localities of Ity and Floleu. Since the 
opening of the Ity gold mine in this region, these activities 
have intensified and diversified, with installations in the 
riverbeds and along the banks of the Cavally and Ity rivers, 
in Bloléquin, Babahi, and Guiglo [4]. Artisanal gold 
mining releases enormous amounts of solid waste into the 

environment. Several studies have assessed the social and 
environmental impacts of these unregulated mining 
operations in the region [5,6,7,8,9]; most of these studies 
were limited to the characterization of water and soil. To 
date, the rocky waste generated by mining activities has 
not yet been the subject of dedicated study in this region. 
Gold panning, a highly lucrative activity, holds significant 
socioeconomic importance in many countries in Asia and 
South America [10]. Despite this very important 
socioeconomic role, artisanal and small-scale gold mining 
(ASGM) can negatively impact the environment and the 
health of miners and the communities living near mining 
sites [11,12]. The environmental impacts are primarily 
physical, including groundwater pollution [8,13], and 
result in the metallic contamination of the environment. 
Ore processing and gold recovery use chemicals that are 
harmful to living organisms and dangerous to human 
health, such as acids, cyanide, and/or mercury; this is the 
greatest concern [14,15]. This phase can lead to the 
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dispersion and high concentrations of heavy metals in 
soils, sediments, and waters [16,17]; metals and 
metalloids (As, Co, Cu, and Pb) are found in waste rock 
and solid mining residues. The operations of crushing, 
grinding, and leaching of mineralized rocks, or the 
leaching and erosion of residues, contribute significantly 
to the dispersion of metals and metalloids [11,18,19]. 
According to [20], arsenic can be present at high 
concentrations in several metallic ores (Cu, Pb, Co, and 
Au) and can reach 110 g/kg in certain gold ores as well as 
in mining residues. [21] showed that sulfides (sphalerite, 
arsenopyrite, pyrite, chalcopyrite, and galena) present in 
the mining residues of the Milluni Valley constitute the 
primary source of metals (Fe, Zn, As, Cu, Cd, Pb) for 
surface waters and sediments. Solid residues from mining 
operations are subjected to oxidation [22,23]. The 
oxidation of sulfides, particularly pyrite, leads to waters 
with very low pH and high in iron and sulfates, known as 
Acid Mine Drainage (AMD) (Kleinmann et al., 1981), 
which promotes the solubilization of heavy metals and 
their dispersion in the environment. In the Birimian gold-
bearing formations of West Africa, comprising 
volcanosedimentary shales and volcanic rocks, 
mineralization is frequently associated with sulfide 
minerals rich in arsenic. The oxidation of these minerals 
can result in contamination of surface and groundwater by 
arsenic [24]. Environmental contamination by arsenic (As), 
cadmium (Cd), lead (Pb), and zinc (Zn) due to oxidation 
has been the subject of studies in the Upper East region of 
northern Ghana (Smedley, 1996) and in the Komabangou 
gold-bearing area in Niger (Ibrahim et al., 2019). [25] 
highlighted an enrichment of alluvial ore in metals (Co, 
Cu, Cr, Fe, Mn, Ni, and V) and metalloids (As and Sb) in 
the Central region of Côte d’Ivoire and concluded that this 
had a geogenic origin.  

This study aims to characterize the rocky waste from 
artisanal and small-scale mining operations in the 
Montagnes District. Specifically, it sought to determine 
the concentrations of metals and metalloids in the rocky 
waste and to identify their mineralogical and chemical 
characteristics. 

2. Study area 

The Mountain District is located between longitudes 7° 
and 8° 30’ West, and latitudes 7° and 8° North. It covers 
an area of 31,050 km² and is situated in the west of Côte 
d’Ivoire, in a generally mountainous climate. The city of 
Man, the regional capital, is about 600 km from Abidjan, 
the country's economic capital. This district is made up of 
ten departments: Man, Zouan-Hounien, Bangolo, 
Blolequin, Biankouma, Danané, Duekoué, Guiglo, 
Kouibly, and Toulepleu. The study area is characterized 
by an alternation of two major seasons: a dry season 
lasting four months, from November to February, and a 
rainy season extending from March to October. Annual 
rainfall ranges between 1300 mm and 3000 mm, with 
temperatures between 23 °C and 26 °C. Overall, it features 
a topography marked by a succession of low plateaus 
[26,27]. The hydrographic system is of the mountain type 
[28]. A large number of rivers and streams crisscross the 
area, making the network very dense, dominated by the 

Cavally, Sassandra, Ko, N’zo, Nuon, Bafing, and Drou 
rivers. Agriculture is the main activity of the indigenous 
population [29]. Indeed, the economy of the populations 
in this region relied exclusively on agriculture and 
fishing before the discovery of gold in 1940 [30]. From a 
geological perspective, this area is based on the Archean 
basement mainly composed of Liberian formations 
(2900–2500 Ma), characterized by metamorphism 
ranging from mesozonal to catazonal, with amphibolite 
and granulite facies, respectively [31,32]. This domain is 
notable due to the presence of a Birimian province 
(Paleoproterozoic) which is associated with numerous 
gold mineralizations in Africa. 

 
Figure 1. Sample location of environmental samples 

Since 1940, gold has been discovered and traditionally 
mined mostly by foreign-origin panners [2]. This activity 
intensified in the area due to the opening of the Ity gold 
mine in 1990 and the rise in the price of gold, which 
reached $1,600 per ounce (31.1 g) in 2019, compared to 
less than $500 a few years earlier [33]. Initially, the 
Zouan-Hounien department, and mainly the Cavally River, 
were the target of many artisanal miners. Over time, this 
activity spread to almost all the waterways (Tai, N’zo, 
Toulepleu, and Babahi) in the district [4] and lowlands, 
where it is practiced using dredging, gravity (panning), 
shaft, and gallery techniques (Figure 2c). Artisanal miners 
use floating dredges or motor pumps to extract sand from 
the bottom of the Cavally River. It is the gravity technique, 
which involves washing gold-bearing sands from alluvium, 
the ores already being in small particles. Since gold is 
heavy, it can be easily separated from other lighter 
minerals. The force of the watercourse promotes the 
concentration of the most gold-bearing masses [34]. [2] 
revealed that in the Toulepleu-Ity formations, gold is 
located in the flats within outcrop areas, in quartz veins 
embedded in the Liberian basement or in the Nuon 
granites, and is also impregnated in decomposed rocks. 
Unlike dredging techniques, some gold prospectors dig 
wells and tunnels to extract ore from mineralized quartz 
veins, most of which are oriented North-South. Large and 
deep holes are dug, reaching depths of up to tens of meters 
(Figure 2a) to reach the mineralized quartz veins. 
Cyanidation takes place in cemented tanks of a few cubic 
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meters, intended to receive the ore [13]. It should be noted 
that this final step can lead to water or soil contamination, 
as the residues from these treatments are directly 
discharged into the environment, as shown in Figure 2b.  

 
Figure 2. Overview of Artisanal Mining Activity 

3. Sampling, Material, Methods 

3.1. Sampling and Pretreatment 
Sampling was carried out during three field missions 

between August-December 2021 and May 2024 on both 
former and active artisanal gold mining sites, with 
coordinates recorded using a Garmin GPS. This was made 
possible through the collaboration of local village chiefs, 
as well as the artisanal miners themselves, who facilitated 
and guided us in identifying the gold mining sites. The 
rocks sampled for characterization were collected from 
mining residues, as well as from certain rock blocks 
dumped by artisanal miners near the shafts and former 
artisanal pits. These rocks were sampled using multiple 
layers of paper and placed in bags to prevent possible 
contamination. Almost all the samples are float; a few 
rocks come from in-situ mineralized quartz veins and 
some outcrops. In total, 40 rock samples were collected 
from sites and former artisanal and small-scale mining 
locations. It should also be noted that the sampling was 
mainly conducted in the mining environment of Floleu-Ity 
and along the shores of the Cavally River. To determine 
the concentrations of metals and metalloids, a portion of 
each rock sample was taken and ground using a 
mechanical grinder, which was carefully cleaned with 
alcohol and distilled water after each sample. Once ground, 
the powder is dried to prevent errors that may be caused 
by water content exceeding 20%. The sample is then 
sieved through a 2 mm mesh, and the sieved material is 
collected and used for analysis. 

3.2. Microscopic Observation and Description 
of Samples 

The macroscopic description of the rocks and sulfides 
and oxides was carried out in the field. For mineralogical 
and metallographic characterization, 17 polished thin 
sections were prepared both from the rock waste left in 
situ by the miners and from certain outcrops near the 

mining sites. These sections were prepared at Félix 
Houphouët-Boigny University (U-FHB) in Cocody (6 
polished sections) and at the National Polytechnic Institute 
Houphouët Boigny in Yamoussoukro (INP-HB) (11 
polished sections). Microscopic observations and 
descriptions aimed at characterizing the mineralogy of the 
rock waste were conducted at the University of Man using 
petrographic and metallographic microscopes in 
transmitted and reflected light, respectively. The objective 
is to determine, on the one hand, the petrographic nature 
of the rocky waste and outcrops, and on the other hand, 
the nature of the associated sulfide minerals, which are 
generally the primary minerals of metals and metalloids. 

3.3. Geochemical Characterization 
X-ray fluorescence spectrometry is a chemical analysis 

technique that is non-destructive, qualitative, and semi-
quantitative, not requiring any chemical reagents and 
based on a physical property of matter, namely X-ray 
fluorescence. Indeed, the rock powder obtained using a 
grinder is placed in a capsule sealed with a Mylar film. 
The capsule is then positioned in the analyzer, where the 
sample is bombarded with primary radiation emitted from 
an energetic excitation source. Our samples were analyzed 
using the Niton XL3t model. The sample is placed in the 
measurement window of the benchtop analyzer (Portable 
XRF Analyzer + Stand), which has been pre-assembled. 
The "Soils & Mining" mode was used, as it is better suited 
for the analysis of soils or rocks. The device is calibrated 
in the "Soils" mode to detect concentrations below 1% and 
trace elements, while the "Cu/Zn Mining" calibration is 
used to detect concentrations above 1%. The "Soils" 
calibration has an analysis time of 90 seconds, with results 
expressed in parts per million (ppm), whereas the "Cu/Zn 
Ores" calibration has an analysis time of 120 seconds, 
with results expressed as a percentage (%). The analysis 
time varies depending on the number of filters used; the 
"Soils" analysis ignores the filter for light elements (e.g., 
Mg, Si), making it slightly shorter. The results were 
subjected to statistical analysis (mean, standard deviation) 
and then compared with the average values of the upper 
continental crust [35]. Although this device has allowed us 
to characterize our samples, its performance must be noted 
its performances are influenced by several factors, and this 
device only allows for semi-quantitative analyses. (1) 
Sensitivity depends on the matrix and analysis time. The 
reported detection limits are obtained using standard 
matrices (SiO₂, SRM) and can vary greatly depending on 
the actual composition of the samples (contents of Fe, Ca, 
clays, moisture, particle size). Reducing the analysis time 
degrades the LODs; while increasing it only improves 
them according to the square root of time. (2) Limited 
detection for light elements (Mg–S). Without helium 
purge, light elements exhibit reduced sensitivity and 
higher uncertainty. (3) Influence of sample heterogeneity. 
The device analyzes a very small area; mineralogical or 
textural heterogeneity can lead to non-representative 
results if the sample is not finely ground and homogenized. 
(4) Insufficient precision for elements present at very low 
concentrations. Trace levels (e.g., Au, PGEs, certain 
critical metals) may be under-detected or quantified with 
high uncertainty. (5) Dependence on pre-installed 
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calibrations. Results may require verification or adjustment 
using certified reference materials, especially for complex 
geological matrices. (6) Necessity of laboratory validation. 
For environmental, regulatory, or studies requiring precise 
quantification at low concentrations, portable XRF 
measurements must be confirmed with laboratory 
techniques (ICP-MS, ICP-OES, AAS). Furthermore, we are 
planning ICP-MS analyses in the next phase of the work. 
See Table 1 for the detection limits. 

Table 1. Detection limits of XRF Niton XL3t model 

Element LOD (mg/kg) 
Al 816,4966 
As 4,082483 
Ca N/A 
Cd 8,164966 
Co 81,64966 
Cr 28,57738 
Cu 12,24745 
Fe N/A 
K N/A 

Mg 1632,993 
Mn 69,40221 
Ni 24,4949 
Pb 8,164966 
Sb 12,24745 
Ti 48,98979 
V 28,57738 
Zn 12,24745 

  N/A= Not Applicable 

4. Results and Discussion 

4.1. Results 

4.1.1. Mineralogical Composition of the Samples 
Most of the samples come from mining activity sites, 

with the exception that gold is associated with three main 
facies, namely: mineralized veins, which are generally 
oriented N160° with a dip of 24° toward the south; 
abundantly sulfide-bearing schistose rock of varying sizes 
(from millimeters to centimeters); and the saprolite and 
laterite facies. Two types of alteration were identified in 
this study: pervasive hydrothermal alteration, including 
epidotization, chloritization, sericitization, and 
silicification; and vein-type hydrothermal alteration, 
characterized by quartz veins and veinlets. The rocks 
observed are associated with the shafts of the small-scale 
mining sites at Floleu-Ity due to the eluvial and vein gold 
exploited in this area, unlike in certain departments 
(Guiglo, Tai, Duekoué) where alluvial gold is mined. 
Nevertheless, in these areas where gold is alluvial, rocks 
were collected for petro-metallographic characterization, 
the results of which are recorded in Table 2. 
Mineralogy of waste rocks from artisanal mining 
activity 

The rocky waste materials from the gold panning sites 
were of metamorphic nature, characterized by an 
abundance of quartz and the presence of sulfide and 
magnetite markings. The rocky waste materials from the 
gold panning sites were of metamorphic nature, 

characterized by an abundance of quartz and the presence 
of sulfide and magnetite markings. 
Micaschist 

This rock shows ongoing gneissification, which makes 
this feature more evident under a polarizing microscope 
than in macroscopic observation. It is characterized by an 
abundance of micas forming these incipient foliations. 
There is also the presence of light-colored minerals such 
as quartz and feldspars, as well as weak magnetism. The 
rock is crossed by a quartz vein (Figure 3a). Under the 
microscope, the rock shows a granolepidoblastic texture 
with quartz making up about 45% of the rock. The light 
bands of the foliation consist of quartz and some feldspars. 
Muscovite (about 35%) is heavily affected by 
metamorphism. With its bright hues, it represents nearly 
90% of the dark layers in the foliation. Biotite (about 15%) 
occurs in two generations: a first generation aligned with 
the foliation and a second generation oriented transversely 
to the foliation. The first group of biotites, which follows 
the foliation, is affected by metamorphism and is thus 
older than it. In contrast, the group with arbitrary 
orientation is younger than the metamorphism. Due to the 
process of chloritization, some micas have been 
transformed into chlorite, while others are in the process 
of chloritization, indicated by a dull blue color. Feldspars 
(plagioclase and orthoclase) and opaque minerals make up 
the remaining 5% of the composition. Metallography has 
revealed the presence of gold (Au), pyrite (FeS2), 
pyrrhotite (Fe1-xS), chalcopyrite (CuFeS2), and magnetite 
(Fe3O4) (figure. 3a). 
Mica schist: Sericitic schist 

Two samples from former gold panning sites share 
common characteristics, including a whitish appearance 
and a metamorphic rock nature, notably a schistosity 
(Figure 3b). Indeed, a late deformation is observed, 
marked by well-defined mineral stretching, which is 
accompanied by silicification and carbonation, giving the 
rock its whitish color. They are abundantly rich in sulfides 
distributed along the contacts of dark mineral bands. From 
a microscopic perspective, these rocks exhibit a 
lepidogranoblastic texture. Their mineralogical 
compositions are identical, dominated by quartz 
(approximately 45%) and muscovite (approximately 35%), 
which in certain areas has undergone mineral lineation. 
Biotites (approximately 10%) resembling primary 
minerals occur as phenocrysts and are affected by 
epidotization. Plagioclase feldspars, sulfides, and oxides 
complete the composition of these samples. 
Metallography revealed gold (Au) associated with pyrite 
(FeS2), pyrrhotite (Fe1-xS), chalcopyrite (CuFeS2), 
magnetite (Fe3O4), and arsenopyrite (FeAsS) (Figure 3b). 
Volcaniclastic formation 

The rock sample exhibits the appearance of a massive, 
melanocratic rock composed of mica layers, grayish layers, 
and metallic-sulfide-bearing layers, with some fractures in 
certain areas. This appearance indicates ongoing high-
temperature and high-pressure metamorphism. In addition 
to the fractures, there are quartz veins that are abundantly 
sulfide-bearing. The magnetic pen test is negative on this 
sample. Under the microscope, this rock displays a 
lepidogranoblastic texture (Figure 3c) with abundant 
micas (muscovite and biotite) forming mineral lineations. 
These brightly colored minerals (blue, yellow-orange, 
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violet) account for nearly 60% of the thin section, with 
biotites undergoing chloritization. Quartz is the second 
most abundant component on this thin section, accounting 
for approximately 35%, and exhibits a crushed appearance 
in some areas. A quartz veinlet traversing the sample is 
also noted. In addition to these two minerals, the thin 
section also contains some amphiboles and opaque 
elements, notably sulfides, which make up the remaining 5% 
of the section. As in most rocks, gold is in contact with 
pyrite and chalcopyrite, which are deformed and oriented 
according to the foliation. 
Sericitic schist 

The samples exhibit macroscopic characteristics of two 
types of schistosity: a first very pronounced S1, which is 
the main one, and a second, less pronounced S2. An 
abundance of disseminated sulfides of varying sizes, 
sometimes reaching several centimeters, is observed 
(Figure 3d). Some of these sulfides display strong 
magnetism when in contact with a magnetized pen and 
show signs of oxidation (rust-like appearance). 
Microscopic observations reveal granolepidoblastic 
textures with a categorized mineralogical composition, 
partly with phenocrysts and partly with fractured minerals. 
The mineralogical composition, in order of abundance, is 
as follows: micas account for approximately 60% of the 
thin section, with a clear dominance of biotites of varying 
sizes, while muscovite is minor. The small biotite flakes 
are aligned by the S1 schistosity and are therefore oriented 
in the same direction. Quartz accounts for approximately 
25% of the thin section. Pyrite and pyrrhotite are highly 
abundant in this formation (around 10%) at the contact 
between the biotite minerals and magnetite. 
Biotite microgranite 

This formation is gray, weakly magnetic, with a glassy 
appearance; only certain sulfides, due to their metallic 
luster and large centimeter-scale size, are observable 
(Figure 3e). Some of these sulfides are magnetic, 
suggesting the presence of pyrrhotite. The minerals are 
stubby and poorly organized. Under the microscope, it 
appears massive and weakly foliated. The minerals exhibit 
a magmatic appearance with slight metamorphism. The 
biotite microgranite, based on its mineralogy, consists of 
quartz, which is very abundant, comprising about 49% of 
the thin section, with sizes ranging from medium to fine. 
Biotite is the second most abundant mineral, occurring in 
places as phenocrysts with direct pleochroism, showing 
signs of epidotization in certain areas. Amphiboles 
account for 25%. The amphiboles and biotites are 
undergoing epidotization, and others have almost 
completely transformed into epidote; this is manifested by 
the reddish hue tending towards brown. Epidote and 
chlorite are accessory minerals in the composition of this 
rock. Notable are the well-formed euhedral patches of 
cleaved pyrites and a few highlighted chalcopyrites 
(Figure 3e). Some of these sulfides are magnetic, 
suggesting the presence of pyrrhotite. These sulfides are in 
contact with the biotites that surround them, indicating 
that the biotites are newly formed. Oxides with low 
reflectivity and a grayish color have also been identified. 
Weathered granite 

Macroscopically, this rock sample is massive, altered, 
exhibiting a mesocratic color (Figure 3f) with a slight 
abundance of micas (biotite, muscovite), quartz, and 

feldspar. This lithology is in direct contact with the 
mineralized quartz vein, and right at the contact boundary, 
chlorite, a mineral characteristic of metamorphism is 
observable with its bottle-green color. It is a moderately 
sulfide-bearing formation in a disseminated manner, not 
identifiable to the naked eye, only noticeable by its 
metallic luster. Tested with a magnetized pen, the rock 
shows weak magnetism. The appearance of this rock 
suggests that it originates from a zone of high tectonic 
activity. Microscopic observations under transmitted and 
reflected light reveal a granoblastic metamorphic texture 
(Figure 3f). This granite contains approximately 40% 
quartz. 

Biotite is the second most abundant mineral after quartz; 
it accounts for approximately 35%, with some undergoing 
epidotization, manifested by red-brown or reddish-orange 
coloration in this rock formation. The other minerals 
present are muscovite, chlorite, plagioclase feldspars, and 
sericite. As for the sulfide minerals, they make up about 5% 
of the rock, with pyrite being slightly more abundant than 
chalcopyrite and magnetite. 
Metagranodiorite 

The rock exhibits a weakly developed foliation with 
phenocrysts of feldspars and quartz. Overall, it displays a 
melanocratic appearance, with a predominance of 
minerals that react strongly to a magnetic pen. Under the 
microscope, the rock has a granoblastic texture with a 
mineralogical composition organized into different layers, 
namely light and dark (Figure 3g). The light layers consist 
of: very abundant quartz, approximately 35%, slightly 
rounded and worn, plagioclase, and microcline. The dark 
layers are composed of: a predominance of amphibole 
(hornblende) at around 25% of the thin section, followed 
by biotite present in small sizes occupying the interstices, 
and phenocrysts. The other minerals, namely bluish-violet 
epidote and automorphic sphene (diamond-shaped), are 
distributed across the slide. Metallographic analysis 
revealed an abundance of magnetite, pyrite, and 
chalcopyrite in contact with the ferromagnesian minerals 
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Figure 3. Macroscopic and microscopic observation of samples in transmitted and reflected (Amp: amphibole, As: arsenopyrite, Au: gold, Bt: biotite, 
Chal: chalcopyrite, Fqtz: quartz vein, Mus: muscovite, Op: opaque, Pyr: pyrite, Pyrh: pyrrhotite, Px: pyroxene,  qz or qtz: quartz) 

Mineralogy of sampled geological outcrops 
Granite 

This massive sample displays light phenocrystals 
(quartz and plagioclase feldspars) in a porphyritic form, 
embedded within a melanocratic matrix that exhibits 
strong magnetism when in contact with a magnetized pen. 
Microscopic observations indicate a granular texture with 
a mineralogical composition dominated by quartz, which 
occupies about 50% of the rock with varying grain sizes. 
More or less globular shapes are noted, with colors 
ranging from light gray to dark gray. Brown to green 
biotite represents about 20% of the rock. It appears 

heavily altered, with inclusions in some areas and 
chloritization in others. The feldspars (plagioclase and 
microcline) cover approximately 15% of the thin section, 
with some plagioclases undergoing sericitization. The 
metallographic study revealed the presence of sulfides and 
oxides occupying the remaining 5% of the sample, but no 
gold. Pyrite and chalcopyrite are present and partially 
oxidized, while pyrrhotite and magnetite were also 
observed. 
Mica granulite 

This is a massive rock with a fine-grained texture and 
an abundance of ferromagnesian minerals, notably micas 
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with a pearly appearance. It is oxidized in places and 
exhibits magnetism when in contact with a magnetized 
pen. No sulfides or oxides were identified. Microscopic 
study revealed a granular texture. The mineralogical 
composition is as follows: an abundance of micas (biotite 
and muscovite) amounting to approximately 50% of the 
rock, followed by pyroxenes (around 25%), which are 
colorless and characterized by their cleavage. Amphibole 
(hornblende) represents roughly 20% of the thin section, 
and sulfides and oxides account for 5% of the rock's 
composition. Under a metallographic microscope, three 
types of sulfides were identified: large patches of 
pyrrhotite, chalcopyrite heavily oxidized in places, and 
pyrite (Figure 3h). 

Table 2. Summary of the mineralogical and petrographic 
composition 

Name of 
rock Transmitted light Reflected light 

Micaschist 
Muscovite, biotite, quartz, 

plagioclase, orthoclase, 
chlorite, epidote 

Gold, pyrite, pyrrhotite, 
chalcopyrite, magnetite, 

arsenopyrite 

Weathered 
granite 

Biotite, quartz, muscovite, 
chlorite, plagioclase, 

sericite 

Pyrite, chalcopyrite, 
magnetite 

Biotite 
micrograni

te 

Quartz, biotite, amphibole, 
epidote, chlorite 

Pyrite, chalcopyrite, 
pyrrhotite 

Granite 
Quartz, biotite, plagioclase, 

microcline, chlorite, 
sericite 

Pyrite, chalcopyrite 
pyrrhotite, magnetite 

Metagrano
diorite 

Quartz, amphibole, biotite, 
epidote, titanite 

Magnetite, pyrite, 
chalcopyrite 

Mica 
granulite 

Biotite, muscovite, 
pyroxene, amphibole 

Pyrrhotite, chalcopyrite, 
pyrite 

4.1.2. Concentration of Major Elements 

 
Figure 4. Major elements concentrations 

The geochemical analysis highlighted the chemical 
composition (major and trace elements) of the rock waste 
and outcrops from the various studied sites. With the 
exception of sodium (Na), whose concentration is below 
the detection limit, and calcium (Ca: 30.868 ± 28.107), 
which shows enrichment relative to the average 
concentration of the Earth's crust, aluminum (Al: 26.840 ± 
8.845), potassium (K: 16.114 ± 15.326), and magnesium 
(Mg: 2.589 ± 4.942) exhibit values lower than the average 
concentrations of the Upper Continental Crust (UCC) 
(Figure 4). 

4.1.3. Concentration of Trace Metallic Elements 
(Metals and Metalloids) 

Geochemical analysis reveals the presence of trace 
metallic elements in the samples studied. In general, the 
chemical composition, particularly in metals and 
metalloids, varies with extreme values depending on the 
sampling location. Descriptive statistics on these data 
indicate that rocks collected from outcrops, that is, outside 
mining activity sites, exhibit average concentrations of As 
(4.19 ± 8.45), Mn (0.549 ± 0.551), Pb (12.11 ± 11.79), Ti 
(3.16 ± 1.49), and Zn (40.87 ± 25.79) lower than the 
average concentrations of the UCC (Table 3). However, 
other elements such as Cd (5.44 ± 8.80), Co (176.67 ± 
173.48), Cr (205.05 ± 413.29), Cu (73.00 ± 96.25), Fe 
(46.61 ± 28.34), Ni (104.13 ± 129.36), Sb (41.73 ± 17.31), 
and V (200 ± 144.78) are considerably, in some cases 2 to 
100 times, higher than the average values of the UCC. 
Regarding rock samples from sites and former mining 
activity areas, Fe (38.35 ± 34.29) and Mn (0.896 ± 1.04) 
have concentrations close to those of the UCC, unlike the 
concentrations of Pb (11.64 ± 18.13), Ti (2.89 ± 0.85), and 
Zn (34.62 ± 19.24), which show depletion. As (12.85 ± 
8.64), Cd (9.90 ± 11.67), Co (192.50 ± 167.14), Cr 
(486.90 ± 812.87), Cu (46.27 ± 26.68), Ni (197.57 ± 
280.13), Sb (49.04 ± 18.20), and V (178.75 ± 118.05) 
exhibit strong enrichment, ranging from 2.7 to 120 times 
higher than the average UCC values. Similarly, extreme 
values in HMs are observed in mineralized rocks from 
artisanal environments. For example, all these samples 
display metalloid concentrations (As and Sb) strictly 
higher than those of the continental crust. The correlation 
test indicates that Cd, Co, Fe, Sb, and Zn have a 
significance level of p=0.05 with Au. As, Cu, Pb, and Zn 
do not show any significant correlation with other 
elements. However, Cd, Co, Fe, Mn, Ni, and V are 
strongly correlated with each other.  

Table 3. Average concentration of Trace Metallic Elements in 
samples (Metals and Metalloids) 

Sample Average UCC [35] 
 rocky mine waste rock outcrops  

As 12,85 ± 8,64 4,19 ± 8,45 4,8 
Cd 9,91 ± 11,67 5,77 ± 8,80 0,09 
Co 192,5 ± 167,14 176,66 ± 173,48 17,3 
Cr 486,9 ± 812,86 205,05 ± 413,30 92 
Cu 46,27 ± 26,68 73,01 ± 96,25 28 
Fe 38,35± 34,29 46,62 ± 28,34 39,2 
Mn 0,89 ± 1,04 0,55 ± 0,55 0,774 
Ni 197,57 ± 280,13 104,13 ± 129,36 47 
Pb 11,64 ± 18,13 12,11 ± 11,78 17 
Sb 49,40 ± 18,20 41,74 ± 17,31 0,4 
Ti 2,89 ± 0,85 3,16 ± 1,49 3,84 
V 178,75 ± 118,01 200,0 ± 144,79 97 
Zn 34,62 ± 19,25 40,87 ± 25,79 67 

5. Discussion 

5.1. Origin of Major and Trace Metal 
Elements in the Mountain District 

From a petrographic perspective, the studied area  
 

 



38 American Journal of Mining and Metallurgy  

features Archean-aged metamorphic formations such as 
mica schists, metagranodiorites, and altered granites, as 
well as biotite granulites, as revealed by the work of [31] 
Camil. Green rocks (volcanosedimentary) have also been 
identified, indicating the presence of a Birimian province 
(Paleoproterozoic formations). These results are consistent 
with those obtained by [36]. According to [37], this area is 
affected by metamorphism ranging from mesozonal to 
catazonal, coupled with both ductile and brittle 
deformation. Furthermore, a highly mineralized quartz 
vein, which is the main target of artisanal miners, has been 
evidenced. Macroscopic examination revealed the 
presence of sulfides (pyrite and chalcopyrite) as well as 
oxides; this observation was corroborated by reflected 
light study. The lithologies containing the highest 
concentrations of ETM are the volcanosedimentary rocks 
and certain micaschists and gneisses located in the 
Birimian province of Toulepleu-Ity. [3], in his studies on 
the prospects of several mountains, notably that of Ity 
(Toulepleu-Ity unit), reported As contents below 50 mg/kg, 
which corroborates our results. 

The significant levels of Ca in the samples could be due 
to the chemical composition of certain minerals such as 
amphibole (hornblende), plagioclase, and epidote, which 
are abundant in the mineralogy of the rocks and rocky 
wastes sampled. Thus, these minerals can contain 
substantial amounts of calcium through their various 
calcium sites. Furthermore, studies on prospects in the 
Zya, Ity, and Tontouo mountains, highlighted the 
carbonate nature of rocks in this region [3]. The low levels 
of alkali elements (Al, K, Mg) observed in the samples 
can be explained by the fact that most of the rocks 
encountered in the study area are either granitoids or have 
granite as their protolith. These rocks are not alkaline but 
rather acidic, considering their petrography and 
mineralogy dominated by quartz [38,39]. 

Macroscopic and microscopic observations of the 
samples revealed textures of metamorphic rocks 
(granoblastic, granonematoblastic, granolepidoblastic) and 
mineral compositions dominated by quartz, micas (biotite, 
muscovite), feldspars (plagioclase, microcline, and 
orthoclase), as well as some alteration minerals such as 
chlorite, epidote, and sericite. This microscopic 
examination of samples from mining sites, of schistose 
nature (micaschists and schist), indicates that gold in this 
area is found in quartz veins and volcanosedimentary 
formations. Metallographic characterization of these 
abundantly sulfide-rich solid residues revealed that gold is 
associated with pyrite, pyrrhotite, chalcopyrite, magnetite, 
and arsenopyrite. This is consistent with the work of 
[2,3,40] and [41], who respectively characterized the 
Toulepleu-Ity geological unit and the deposits of the Zya, 
Ity, and Tontouo mountains in the same area. Furthermore, 
[24] revealed that in West Africa, gold mineralization in 
volcanosedimentary shales and volcanic rocks of the 
Birimian formations is often associated with As-rich 
sulfide minerals. Additionally, pyrite and chalcopyrite are 
the dominant sulfide minerals in gold-bearing areas [42; 
43]. The sulfide minerals contained in the barren rock 
blocks abandoned at mining sites are likely the primary 
minerals of metals and metalloids. Indeed, pyrite (FeS) 
and pyrrhotite (Fex-1S) are Fe minerals. Thus, the high Fe 
concentrations obtained by fluorescence spectrometry are 

consistent with the abundance of pyrite and pyrrhotite in 
our samples. Furthermore, the average concentrations of 
As (12.85 mg/kg) and Cu (46.27 mg/kg), which are much 
higher than those of the UCC, are respectively linked to 
the significant presence of arsenopyrite and chalcopyrite, 
the primary minerals of these trace elements in the 
characterized samples. In these minerals, they respectively 
represent the reservoirs of arsenic and copper. Moreover, 
[13] revealed that chalcopyrite is the most abundant 
mineral in the schists and diorites of Liptako in Niger. The 
abundance of certain samples in magnetite associated with 
sulfides aligns with the richness in Co, Cr, Mn, Ni, and V, 
which are the constituent elements of this oxide. The 
concentrations of metals and metalloids (As, Co, Cr, Cu, 
Mn, Ni, and V) in the samples (rock waste and outcrops) 
appear to be related to their abundance in sulfides 
(arsenopyrite, chalcopyrite, pyrite, and pyrrhotite) and 
magnetite. Indeed, high concentrations of trace metal 
elements were observed in samples with a high abundance 
of sulfides. Furthermore, rock waste from former and 
current mining sites is more mineralized in sulfur-bearing 
elements compared to the outcrops collected. This 
abundance of sulfides at mining sites is consistent with the 
results of [24], which indicate that in West Africa, gold 
mineralization in Birimian volcano-sedimentary shales 
and volcanic rocks is generally associated with sulfide 
minerals rich in As. [21], during his work in the Val de 
Milini, highlighted that sulfides are the main sources of 
metals and metalloids. Furthermore, [25], through their 
research in the historically and currently active artisanal 
and small-scale mining area of Kokumbo in Central Côte 
d’Ivoire, revealed that Al, As, Co, Cr, Cu, Fe, Mn, Ni, Ti, 
and V are of geogenic origin. Cadmium shows average 
concentrations of 5.77 mg/kg and 9.90 mg/kg for outcrops 
and mining waste rocks, respectively, which exceed those 
of the UCC. As cadmium-bearing sulfides have not been 
identified, its concentrations are likely due to the 
oxidation of pyrite and chalcopyrite. Indeed, the oxidation 
of these sulfide minerals acidifies the environment, 
promoting the dissolution of other minerals, which can 
lead to the mobilization of Cd and many other trace 
metallic elements. Cd is also a chemical element that is 
found in trace amounts in magnetite. Contrary to the 
conclusions of [25], these Cd concentrations would be 
related to the presence of sulfides and magnetite. This 
could be linked to the abundance of magnetite in the 
samples studied. Indeed, Cd is a chemical element that 
occurs in trace amounts in magnetite. On the other hand, 
mercury (Hg) is completely absent in this study, while Pb 
and Zn have average contents lower than those of the 
upper continental crust. [44] in their work on an artisanal 
mining area in eastern Cameroon, highlighted Pb 
contamination in soils and sediments due to the 
association of galena (PbS) with gold. Thus, the absence 
of galena in this study aligns with the depletion of Pb in 
the rocks. Additionally, Hg, Pb, and Zn contamination is 
very often of exogenous origin [25]. 

5.2. Environmental issues 
Microscopic examination revealed an abundance of 

sulfides in the samples studied, which was confirmed by 
the high average concentrations observed through 
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geochemical analysis. Arsenopyrite, one of the primary 
arsenic-bearing minerals, was identified. It should be 
noted that natural arsenic contamination of drinking water 
is a global threat affecting nearly 140 million people in 70 
countries across all continents [45]. This metalloid can 
also be found in trace amounts associated with iron and 
manganese oxides, which were otherwise observed in the 
mineralogy of most of the analyzed residues. In this regard, 
[46] reports that sulfide minerals contain arsenic at 
variable concentrations. It should be noted that this 
mountainous district area is a region with high rainfall, 
averaging between 1,200 and 3,000 mm per year. The 
oxidation of sulfide minerals, particularly pyrite, could 
therefore lead to waters with very low pH, rich in iron and 
sulfates, resulting in acid mine drainage. This process 
could facilitate the solubilization of metals (Co, Cr, Cu, 
Mn, Ni, and V) and metalloids (As) contained in the rock 
waste abandoned at artisanal mining sites, making them 
available to the environment, particularly surface and 
groundwater [47]. These sites are mostly located in the 
immediate vicinity of rivers and marshes, primarily the 
Cavally River, which is used for ore washing, potentially 
leading to contamination of these surface water resources 
and infiltration into groundwater. Humans are therefore at 
risk of exposure to these health-hazardous elements 
through the consumption of contaminated water and 
foodstuffs, especially since the water from the Cavally 
River is used by local populations for vegetable farming 
and for their domestic needs. 

6. Conclusion 

This study in the mountainous West aimed to 
characterize rocks from mining activity areas as well as 
outcrops in order to determine their potential enrichment 
in metals and metalloids. Microscopic studies under 
transmitted and reflected light revealed that the 
mineralogy of these rocks consists of quartz, micas 
(biotite, muscovite), feldspars (plagioclase, microcline, 
orthoclase), amphibole, chlorite, epidote, and sericite. 
Rocks from mining sites are volcano-sedimentary 
formations (schists and mica schists) associated with gold 
mineralization. The outcrops are mostly metamorphic 
rocks, including metagranite, mica granulite, as well as 
granite and microgranite. There is a notable abundance of 
sulfide minerals: pyrite, chalcopyrite, pyrrhotite, and 
arsenopyrite, with pyrite and chalcopyrite being the most 
dominant, as well as magnetite in the rocky waste 
resulting from artisanal mining activity. The metallic trace 
elements identified in this study are specific to the 
geological and geochemical context of the area under 
investigation. The presence of metals and metalloids in 
artisanal mining residues and outcrops in the mountain 
district is primarily due to the geological nature of the 
formations in this region. These elements therefore have a 
geogenic source, as has been demonstrated by numerous 
studies in West Africa, particularly in Côte d'Ivoire. This 
area requires monitoring due to the risk of acid mine 
drainage, which can occur following the oxidation of the 
abundant sulfides in the confirmed artisanal mining residues. 
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