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Abstract 
The present study was carried out on small-scale gold mining sites in the 
Yaouré region of Côte d’Ivoire. This region is geologically representative of 
the Birimian formations (2.1 Ga) of West Africa. The aim is to determine 
the potentially toxic trace metals (TMEs) generated by these sites, with a 
view to preventing possible contamination and/or metal pollution of the 
waters that provide fish products for local populations. To this end, a sam-
pling campaign was carried out, resulting in the collection of 20 mining 
waste samples analyzed by X-ray fluorescence spectrometry (XRF) and 10 
by X-ray diffractometer (XRD). The XRF analysis detected 06 predominant 
TMEs: arsenic, chromium, copper, nickel, zinc and vanadium. Statistical 
analysis was carried out to determine the distributions and correlations 
between these ETMs. To assess contamination and/or pollution levels, the 
following indices were calculated on the basis of reference concentrations of 
upper continental crust MTEs: Enrichment Factor, Geo-accumulation In-
dex, Concentration Factor, Degree of contamination and those related to 
ecological risks. The results of statistical analyses and indices have shown 
that arsenic and chromium are the most predominant and can be, depend-
ing on the chemical form, potentially more toxic. The results of the DRX 
analysis show the occurrence of several minerals carrying these two MTEs, 
especially that of a rare mineral, Stenhuggarite, an arsenic oxide linked to 
hydrothermal veins. The majority of gold mining operations in West Africa 
are located in the birimian zone, hence the need for environmental moni-
toring by the relevant authorities, to prevent potential ecological risks to 
water and possibly health risks via the food chain. 
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1. Introduction 

The resurgence of gold mining in Côte d’Ivoire and its sometimes rudimentary 
practices have contributed in recent decades to degrading the natural environ-
ment and reducing, in the areas concerned, the amount of arable land in a coun-
try where agriculture remains the mainstay of the national economy. Despite the 
adoption in 2014 of a mining code that advocates, among other good governance 
activities, environmental protection, its application in the field still remains dif-
ficult, especially with small mines. 

A statistical study by the Ivorian government in 2014 showed that twen-
ty-four (24) of the country’s thirty-one (31) regions are affected by gold pan-
ning, including the one to which the Yaouré gold province in the Bouaflé de-
partment (Central Côte d’Ivoire) belongs. In this area, the extraction and 
processing of ores contribute to the exposure of rocky materials, which are of-
ten sulphide-bearing, and therefore potentially vectors of acidification reac-
tions under certain conditions. 

The scale of this activity in the area can lead to environmental problems, not-
ably the solubilization of metals in soil and water, and their indirect impact on 
the human environment. A number of studies have looked at environmental 
pollution by trace metals (MTEs) from mining sites [1]-[4]. These studies have 
shown that MTE pollution can irreversibly affect the ecosystem if adequate pro-
tective measures are not taken quickly [5]. 

Geologically, the Bouaflé region is located in the Lower Proterozoic (Biri-
mian) with sulfide gold mineralization [6] [7] with abundant rainfall. For this 
reason, the present study focuses on possible contamination and/or pollution by 
MTEs. To this end, it aims to: 
• identify the predominant MTEs at the region’s mining sites, based on their 

complete detection at all sites by X-ray fluorescence spectrometer (XRF); 
• identify the minerals carrying the aforementioned MTEs by analyzing sam-

ples with an X-ray diffractometer (XRD); 
• determine the levels of contamination and/or pollution of these MTEs by 

calculating the following indices: Enrichment factor, Geoaccumulation index, 
Contamination factor, Polymetallic contamination degree, Ecological Risk 
Index (ERI) and Potential Ecological Risk Index (RI). 

The results of the study will make it possible to predict the potential ecological 
and health risks associated with MTEs, making it a textbook case for all mining 
sites in the West African birimian. 
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2. Geological Overview of the Study Area 

Côte d’Ivoire belongs to the West African Craton, and more precisely to the 
Man Ridge. It is underlain by a basement of Precambrian age, covering 97.5% of 
its surface area. This basement comprises an Archean (Kenema-Man) domain to 
the west (3600-2500 Ma) and a Paleoproterozoic (Birimian) domain, also known 
as the Baoulé-Mossi domain, to the east (2500-1800 Ma), separated by the Sas-
sandra fault [8]. 

The Bouaflé region belongs to the Baoulé-Mossi domain, whose formations 
were emplaced during the Eburnian tectono-metamorphic event, a major epi-
sode of crustal accretion between 2.25 Ga and 2.05 Ga [9]-[12]. 

The Yaouré gold zone lies in the eastern half of the Bouaflé greenstone 
belt. This belt is an assemblage of volcanic, sedimentary and intrusive rocks. 
The rock types in the Yaouré district are, for the most part, mafic volcanic 
rocks, turbiditic metasedimentary rocks and fluvio-deltaic formations [13] [14]. 
The turbiditic flysch metasediments consist of sandstones with argillites and 
graphitic and conglomeratic horizons. Fluviodeltaic formations are made up of 
sandstones, conglomerates and argillites. The volcano-sedimentary rocks 
have been intruded by granodiorite-type plutonic rocks and granites. Mafic 
to ultramafic complexes are also present in the Yaouré trench. All these Bi-
rimian rocks have been metamorphosed into lower green schist facies 
(Figure 1). 

The region is home to major gold panning sites and an industrial gold mine. 
The main gold-mineralized structure consists of volcanic and plutonic rocks 
containing disseminated sulfides (pyrite, chalcopyrite, pyrrhotite, etc.), asso-
ciated with hydrothermal alteration that develops mainly along contact zones, 
across or along contacts between acid dyke stocks and intrusions of similar 
composition [6]. 

3. Materials and Methods 
3.1. Equipment 

The materials used were essentially sampling and laboratory equipment. For the 
sampling campaign, the equipment consisted of a 1/200,000 topographic map of 
the Gagnoa sheet [15], a Garmin Etrex 10 GPS, a hand shovel and plastic bags 
for packaging the samples taken. In the laboratory, sample preparation equip-
ment included a Memmert-Saftel oven and a ball mill. Sample analysis equip-
ment consisted of a Niton XL3t X-ray fluorescence spectrometer (XRF) and a 
GBC-EMMA diffractometer (XRD). According to Thermo Fisher Scientific Inc 
[16], manufacturer of XRF spectrometers, limits of detection (LOD) depend on 
test duration, interference/matrices and statistical confidence level. Research on 
Niton XL3t, XLi, XLp and XLt analyzers, with measurement times ranging from 
30 seconds to 2 minutes, depending on the type of analyzer, yielded the follow-
ing limit values: As (2 - 10 ppm), Cr (2 - 50 ppm), Cu (20 - 60 ppm), Ni (40 - 90 
ppm), Zn (9 - 80 ppm) and V (20 - 60 ppm). 
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Figure 1. Geological map of Yaouré district [17]. 

3.2. Methods 

The work methodology can be subdivided into four parts, namely sampling, 
preparation and XRF and XRD analysis of samples in the laboratory, statistical 
analysis of content data and determination, on the basis of indices, of levels and 
possible sources of contaminants and/or metal pollutants. 

3.2.1. Sampling 
The study area abounds in a multitude of sites, but not all of them are active. In 
fact, the activity is subject to the phenomenon of a rush to the richest areas. 
During the sampling period, twenty (20) localities (Figure 2) accounted for most 
of the mining activity in the Bouaflé region. They are: Alekran, Aley, Allaiyaokro, 
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Figure 2. Sampling and study area map. 

 
Angovia, Benou, Bozi, Degbezre, Kaviessou, Kouassi Périta, Koudougou, Nde-
nou, Toumbokro, Zagouta, Ouanzanou, Krigambo, Okabo Kouakougnanou and 
Pakouabo with its major gold mining camps of Bel chantier and Lakrikro. Each 
of these localities has several active sites which were sampled. For a given locali-
ty, samples from several relatively close sites were blended to form a composite 
sample representative of the locality. 

The sampling campaign took place from February 05 to 18, 2023, during 
the dry season. For the XRF spectrometer analyses, samples of mine tailings 
were taken from the sites using a plastic hand shovel. They consisted of solid 
rejects (rocks, spoil heaps) and sluice slurry, and came from a variety of de-
posits (alluvium, eluvium, quartz veins, etc.). For XRD analysis, the samples 
are made up of more or less altered rocks (basalts, gabbros) (saprolite and 
bedrock), clays and ore processing sludges as shown in Figure 3. All samples 
collected were packaged in plastic bags and coded according to their nature 
and origin. 

3.2.2. Sample Processing and Analysis at the Laboratory 
• Mechanical preparation for XRF analysis 

Samples were dried at 60˚C for three days in a Memmert-Saftel oven, then 
ground to 80% passing 75 µm. As mentioned above, an XRF spectrometer was  
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Figure 3. Types of samples taken at small mines: (a) Ore processing slurry; (b) Dis-
charges from alluvial ore processing; (c) Bed-rock; (d) Saprolite-bedrock mixture. 

 
used for concentration determination, coupled with a stand to avoid the risk of 
X-ray irradiation. Cups covered at their bases with 06 µm-thick Mylar sheets are 
filled with sample powders and placed in the stand’s housing. The instrument 
offers the possibility of adapting measurement modes to suit the nature of the 
sample and the type of elements sought (major or trace elements). 

In the case of our analysis, we chose the “Soil” mode, better suited to the de-
tection of MTEs. This mode features 03 filters spaced 30 seconds apart, giving a 
measurement time of 90 seconds per sample. After analysis, the content data are 
collected on the computer using the Niton Data Transfer (NDT) software asso-
ciated with the spectrometer. 
• Mechanical preparation for XRD analysis 

The samples collected undergo the same mechanical treatment as those used for 
XRF analysis. They are then mounted, which consists of placing the powder in a 
glass sample holder and aligning it precisely in the XRD measuring device. Cali-
bration is then carried out using a reference sample, crystalline silica. Finally, the 
DRX device is switched on to collect diffraction data. Ten (10) samples selected on 
the basis of their heterogeneity were subjected to XRD analysis. 

3.2.3. XRF Analysis Data Interpretation Methods 
Raw assay data were sorted by eliminating major elements (except titanium, 
which will be used as a normalizing element in index calculations) and trace 
elements that were not or only partially detected, to retain only those elements 
with assays above the instrument’s detection limits at all sites. It should be noted 
that several measurements were carried out on the same sample to retain the av-
erage content. 
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Next, monovarietal statistics were performed using XL-STAT software to deter-
mine the basic descriptive parameters of the population studied (central tenden-
cies and dispersions). Multivariate descriptive statistics were used to determine 
correlations between chemical elements and to perform a principal component 
analysis (PCA). PCA is used to summarize the information provided by the 
study’s MTEs (quantitative variables) and localities (individuals). To do this, the 
eigenvalues of the variables were determined in order to identify the main com-
ponents, using Kaizer’s criterion (positive values). Next, a cone diagram was de-
signed to better visualize the eigenvalues. The analysis continued with the correla-
tions between the variables. All these parameters led to the representation of corre-
lation circles and visualization of the importance of each explanatory variable for 
each axis of representation, in particular, the relationships between mining sites and 
ETMs. 

3.2.4. Methods for Interpreting XRD Analysis Data 
When X-rays interact with matter, they cause a displacement of the electron 
cloud relative to the nucleus in atoms. These oscillations induce the re-emission 
of electromagnetic waves of the same frequency, a phenomenon known as Ray-
leigh scattering. The analysis parameters are as follows: Current: 28 mA; Vol-
tage: 20 kV; Power: 1 kW and filament amperage: 4.5 mA. The interference of 
the scattered rays is alternately constructive or destructive, forming diffraction 
peaks. The relationship between the position of the peaks and the crystal lattice 
is described by Bragg’s law, according to the following formula: 

( )2 sinn dλ θ=                          (1) 

In this formula, 
- n is the order of reflection, 
- λ is the X-ray wavelength, 
- d is the inter-reticular distance (between two crystallographic planes), and is 

the half-angle of deviation. 
Crystalline phases are identified by analyzing the diffraction signature specific 

to each crystalline phase, each forming a characteristic diffraction pattern. 

3.2.5. Index Calculations 
Four (04) indices were calculated on the basis of reference concentrations in the 
Upper Continental Crust (UCC) of the ETMs selected for the study [18]. These 
are the Geoaccumulation index (Igeo), the Enrichment Factor (EF), the Conta-
mination Factor (CF) and the Polymetallic contamination degree (CD). Ac-
cording to [19], the notion of “background noise” or “back ground”, which re-
fers to the concentration of a chemical element without human input, poses a 
number of problems in more or less anthropized environments. Citing [20], he 
recommends that the use of the term “geochemical background”, which is too 
complex, should therefore be abandoned in favor of the concentration of trace 
metal elements in the upper continental crust as the geochemical reference 
background as shown in Table 1. 
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Table 1. Heavy metal concentrations in the upper continental crust (UCC) [18]. 

Chemicalelement As Zn Cu Ni Cr V Ti 

UCC content (ppm) 2 52 14.3 18.6 35 53 3117 

 
• Geoaccumulation Index (Igeo) 

The Igeo is a criterion for assessing pollution intensity [21] [22]. This empiri-
cal index compares a given concentration with the geochemical background. 
Igeo is calculated according to the following formula: 

( ) ( )2Igeo log Cn 1.5 Bn=                       
(2) 

With: 
- Cn: measured element concentration, 
- Bn: reference concentration of the element. 
The coefficient 1.5 is a correction factor to account for heterogeneity in back-

ground levels caused by lithological effects. 
For the interpretation of Igeo values, Müller proposed 07 classes defined in 

Table 2. 
 

Table 2. Interpretation of Igeo values. 

Class Value Interpretation 

7 Igeo ≥ 5 Extremely polluted 

6 4 ≤ Igeo < 5 From heavily polluted to extremely polluted 

5 3 ≤ Igeo < 4 Heavily polluted 

4 2 ≤ Igeo < 3 From Moderately to heavily polluted 

3 1 ≤ Igeo < 2 Moderately polluted 

2 0 ≤ Igeo < 1 From unpolluted to moderately polluted 

1 Igeo < 0 Unpolluted 

 
• Enrichment factor (EF) 

The enrichment factor highlights the origin of an element in sediments [23], 
and has been proposed to discriminate between anthropogenic and natural ter-
rigenous inputs. In this work, the normalizing element is titanium due to its low 
mobility [24] and abundance in the samples. The enrichment factor is expressed 
by the following formula: 

( ) ( )EF CMs CNs CMr CNr=                     
(3) 

With: 
- CMs = concentration of metal M in the sample; 
- CNs = concentration of the normalizing element in the sample; 
- CMr = concentration of metal M in reference material; 
- CNr = concentration of normalizing element in reference material. 
For the interpretation of EF values, [23] proposed 05 classes defined in Table 3. 
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Table 3. Interpretation of EF values. 

Class Value Interpretation 

5 EF ≥ 40 Extreme enrichment 

4 20 ≤ EF < 40 Moderately severe enrichment 

3 5 ≤ EF < 20 Moderate enrichment 

2 2 ≤ EF < 5 Minor enrichment 

1 EF < 2 No enrichment 
 

• Contamination Factor (CF) 
CF is an excellent tool for monitoring the contamination of an environment 

by trace metals. It is an index that highlights the presence or absence of conta-
mination, but also provides information on the level of contamination [25]. It is 
calculated using the following formula: 

CF = (Cn/Bn)                         (4) 

With: 
- Cn: concentration of the element in the sample; 
- Bn: reference concentration of the element. 
For the interpretation of CF values, Hänkanson proposed 04 classes defined in 

Table 4. 
 

Table 4. Interpretation of CF values. 

Class Value Interpretation 

4 CF ≥ 6 Very high contamination 

3 3 ≤ CF < 6 High contamination 

2 1 ≤ CF < 3 Moderate contamination 

1 CF < 1 No contamination 
 

• Polymetallic Contamination Degree (CD) 
This index is derived from the determination of contamination factors. It is 

used to estimate the polymetallic, in advance, for each sampling site. For a given 
site, the CD is the sum of the CFi of the n chemical elements at that site. It is 
calculated using the following equation: 

CD = CF1 + CF2 +... + CFn                   (5) 

For the interpretation of CD values, Hänkanson proposed 04 classes defined 
in Table 5. 
• Ecological risk index (Eri)  

This index determines the ecological sensitivity and toxicity of pollutants [25] 
[26]. It has been calculated specifically for arsenic and chromium. It is calculated 
by the following formula: 

Eri = Tri × CFi                         (6) 

- CFi: contamination factor of component i; 
- Tri: toxic response factor of a given component. The Tri values used are 10 
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(As), 5 (Cu) 2 (Cr) and 1 (Zn) [25] [26]. 
For the interpretation of Eri values, Hankanson proposed 05 classes defined in 

Table 6. 
 

Table 5. Interpretation of CD values. 

Class Value Interpretation 

4 CD ≥ 32 Very high contamination 

3 16 ≤ CD < 32 High contamination 

2 8 ≤ CD < 16 Moderate contamination 

1 CD < 8 No contamination 

 
Table 6. Interpretation of Eri values 

Class Value Interpretation 

5 Eri ≥ 320 Very high ecological risk 

4 160 ≤ Eri <320 High ecological risk 

3 80 ≤ Eri <160 Considerable ecological risk 

2 40 ≤ Eri <80 Moderate ecological risk 

1 Eri <40 Low ecological risk 
 

• Potential Ecological Risk Index (RI) 
This index takes into account the combined effect of several parameters, 

namely the toxic level, the concentration of heavy metals and the ecological sen-
sitivity of biological communities to heavy metals [27]. The RI is calculated us-
ing the following equation: 

1RI Erin
i== ∑                          (7) 

where “Eri” represents the ecological risk index specific to metal i. 
For the interpretation of Eri values, Singh proposed 05 classes defined in Table 7. 

 
Table 7. Interpretation of RI values. 

Class Value Interpretation 

5 RI ≥ 600 Serious ecological pollution level 

4 300 ≤ RI <600 Severe ecological pollution level 

3 150 ≤ RI <300 Moderate ecological pollution level 

1 RI <150 Low ecological pollution level 

3.2.6. MTE Classification by Order of Preponderance and by Index 
The following parameters were used to achieve a relative classification between 
TMEs: 
• the average content of each ETM across all sites; 
• the maximum values of three (03) indexes, Igeo, EF and CF, per TME. 

For the classification of sites by contamination level, the polymetallic contami-
nation degree (CD) has been used. 
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4. Results and Discussion 
4.1. Sampling 

As indicated above, a total of twenty (20) mining sites in the study area were 
subject to composite sampling (ore extraction and processing zones). Most of 
the processing areas are located near water sources, but for safety reasons they 
are also located in villages. Figure 2 shows the mappable localities hosting the 
mining sites in the study area. 

4.2. XRF Spectrometry Analysis 

The results of the XRF analysis are presented in Table 8. 

4.3. Statistical Analysis of XRF Results 

• Monovariate statistics 
Table 9 shows the statistical parameters for the six (06) MTEs that met the  

 
Table 8. XRF analysis results (ppm). 

N˚ Mine sites 
UTM Coordinates Chemical components 

X Y As Zn Cu Ni Cr V Ti* 

1 Alékran 212112.07 767744.12 24.18 65.66 98.05 115.85 377.55 378.77 7109.23 

2 Aley 222905.91 770538.91 11.68 69.63 125.85 184.45 423.66 343.18 6872.94 

3 Allaiyaokro 223964 773501.55 11.32 53.50 39.41 55.55 209.06 161.73 6577.91 

4 Angovia 219116 776772.02 70.07 60.37 116.16 102.26 459.49 330.42 4400.53 

5 Benou 217715.99 788278.99 30.93 42.22 73.42 84.85 185.53 273.90 5304.00 

6 Bozi 220990.97 765411.98 10.94 64.26 59.85 78.43 256.35 210.31 3978.21 

7 Degbezre 206335.99 774229.02 31.83 60.97 123.22 127.32 452.93 442.12 5560.13 

8 Kaviéssou 207509.41 766151.15 23.63 48.68 136.71 103.18 442.48 401.53 6259.47 

9 Kouassi Périta 207215.24 768370.4 28.18 62.23 108.54 119.16 365.13 386.02 7470.31 

10 Koudougou 205963.95 767576.93 31.77 52.71 109.09 133.52 389.26 314.53 9334.52 

11 Krigambo 187757.13 784390.98 8.51 71.93 34.05 60.94 311.16 213.54 3375.99 

12 Ndenou 207743 775520.01 45.22 91.44 104.23 123.87 545.27 491.45 6570.44 

13 Ouanzanou 208423.99 773823.99 47.10 45.96 120.15 94.73 426.75 380.53 5737.74 

14 Bel Chantier 199048.21 804717.55 4.29 61.41 19.86 42.61 184.40 104.68 4013.69 

15 Lagrikro 201303.87 802530.14 10.84 34.24 37.39 71.08 286.98 174.18 5498.74 

16 Okabo 201227.92 803692.03 4.94 91.81 59.32 131.44 243.57 144.27 3332.02 

17 Pakouabo 193681.88 792739.05 8.13 21.70 38.31 44.55 215.67 161.92 5906.94 

18 Kouakougnanou 221979 775864 11.16 69.61 74.35 99.96 189.62 186.28 5033.75 

19 Toumbokro 223485.15 768040.93 4.80 84.15 106.48 149.56 344.43 190.56 4226.40 

20 Zagouta 213279 766340.94 72.13 86.87 122.85 182.92 677.74 496.90 5608.70 

UCC contents (ppm) 2 52 14.3 18.6 35 53 3117 

*Normalising element for calculating the enrichment factor. 
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Table 9. Descriptive statistics (quantitative data). 

 As Zn Cu Ni Cr V 

No. of observations 20 20 20 20 20 20 

Minimum 4.29 21.70 19.86 42.61 184.40 104.68 

Maximum 72.13 91.81 136.71 184.45 677.74 496.90 

Median 17.66 61.82 101.14 102.72 354.78 294.22 

Medium (M) 24.58 61.97 85.36 105.31 349.35 289.34 

Variance (n − 1) 422.99 341.12 1393.66 1652.14 17590.82 14961.98 

Standard deviation (n − 1) 20.57 18.47 37.33 40.65 132.63 122.32 

UCC (ppm) 2.00 52.00 14.30 18.60 35.00 53.00 

M/UCC 12.29 1.19 5.97 5.66 9.98 5.46 

 
selection criteria after XRF analysis, namely abundance, complete detection at all 
sites and proven toxicity naturally or by accumulation in receiving environments. 

The ratio of crustal mean and abundance (M/UCC) is greater than 1 for the 
six (06) TMEs analyzed, indicating enrichment in these elements [28]. 
• Multivariate statistics 

The following table shows the results of linear relationships between MTEs, 
based on Pearson correlation coefficients. Values in bold indicate a significant 
correlation. This matrix shows some pairs of elements with correlations ranging 
from strong to very strong (Pearson classification; Table 10). 
 For very strong correlations, we have the following two (02) MTE pairs: 

Cu_V: 0.831 and Cr_V: 0.883; 
 For high intensity correlations, we have: As_Cr: 0.769; As_V: 0.759; Cu_Ni: 

0.772; Cu_Cr: 0.773 and, to a lesser degree, As_Cu: 0.618; Ni_Cr: 0.689 and 
Ni_Cr: 0.603. 

This finding is confirmed by the Principal Component Analysis (PCA) and 
the scree plot (or cone diagram; Figure 4) below represented from the eigenva-
lues (Table 11) which indicate the following 02 components: Component 1: As, 
Cu, Cr and V; Component 2: Zn and Ni. 

 

 
Figure 4. Scree plot. 
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Table 10. Correlation matrix (Pearson (n − 1)). 

Variables As Zn Cu Ni Cr V 

As 1      

Zn 0.128 1     

Cu 0.618 0.247 1    

Ni 0.385 0.597 0.772 1   

Cr 0.769 0.388 0.773 0.689 1  

V 0.759 0.234 0.831 0.603 0.883 1 

 
Table 11. Eigenvalues. 

 F1 F2 F3 F4 F5 F6 

Eigenvalues 4.021 1.104 0.486 0.190 0.132 0.067 

Variability (%) 67.018 18.399 8.097 3.169 2.193 1.123 

% cumulative 67.018 85.417 93.514 96.684 98.877 100.000 

 
The PCA carried out enabled us to visualize the variables, i.e. the MTEs tar-

geted by the study, as well as the mining sites concerned as shown in Figures 
5-7. 

On these representations, we can see that the MTEs are well represented on 
the correlation circle (far from the center). Their relationships with the mining 
localities are described as follows: 
 Angovia, Ouanzanou, Kaviessou, Degbezre, Kouassi Perita and Koudougou 

are rich in As, Cr, V and Cu; 
 N’Denou, Zagouta, Alekran and Aley are moderately rich in all MTEs; 

 

 
Figure 5. Correlation circle of variables (TMEs). 
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Figure 6. Observations graph of mining sites. 

 

 
Figure 7. Graph showing MTEs and mine sites. 

 
 Toumbokro correlates well with the vertical axis and is richer in Zn and Ni; 
 The other localities to the left of the vertical axis are relatively poor in all the 

MTEs studied. 

4.4. Index calculations 

Table 12 shows the results of Igeo and EF calculations for each site. 
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Table 12. Geoaccumulation index and enrichment factors. 

Igeo  EF 

N˚ Mine sites As Zn Cu Ni Cr V  As Zn Cu Ni Cr V 

1 Alékran 3.01 −0.25 2.19 2.05 2.85 2.25  5.30 0.55 3.01 2.73 4.73 3.13 

2 Aley 1.96 −0.16 2.55 2.72 3.01 2.11  2.65 0.61 3.99 4.50 5.49 2.94 

3 Allaiyaokro 1.92 −0.54 0.88 0.99 1.99 1.02  2.68 0.49 1.31 1.42 2.83 1.45 

4 Angovia 4.55 −0.37 2.44 1.87 3.13 2.06  24.82 0.82 5.75 3.89 9.30 4.42 

5 Benou 3.37 −0.89 1.78 1.60 1.82 1.78  9.09 0.48 3.02 2.68 3.12 3.04 

6 Bozi 1.87 −0.28 1.48 1.49 2.29 1.40  4.29 0.97 3.28 3.30 5.74 3.11 

7 Degbezre 3.41 −0.36 2.52 2.19 3.11 2.48  8.92 0.66 4.83 3.84 7.25 4.68 

8 Kaviéssou 2.98 −0.68 2.67 1.89 3.08 2.34  5.88 0.47 4.76 2.76 6.30 3.77 

9 Kouassi Périta 3.23 −0.33 2.34 2.09 2.80 2.28  5.88 0.50 3.17 2.67 4.35 3.04 

10 Koudougou 3.40 −0.57 2.35 2.26 2.89 1.98  5.30 0.34 2.55 2.40 3.71 1.98 

11 Krigambo 1.50 −0.12 0.67 1.13 2.57 1.43  3.93 1.28 2.20 3.03 8.21 3.72 

12 Ndenou 3.91 0.23 2.28 2.15 3.38 2.63  10.73 0.83 3.46 3.16 7.39 4.40 

13 Ouanzanou 3.97 −0.76 2.49 1.76 3.02 2.26  12.79 0.48 4.56 2.77 6.62 3.90 

14 Bel Chantier 0.52 −0.35 −0.11 0.61 1.81 0.40  1.67 0.92 1.08 1.78 4.09 1.53 

15 Lagrikro 1.85 −1.19 0.80 1.35 2.45 1.13  3.07 0.37 1.48 2.17 4.65 1.86 

16 Okabo 0.72 0.24 1.47 2.24 2.21 0.86  2.31 1.65 3.88 6.61 6.51 2.55 

17 Pakouabo 1.44 −1.85 0.84 0.68 2.04 1.03  2.15 0.22 1.41 1.26 3.25 1.61 

18 Kouakougnanou 1.90 −0.16 1.79 1.84 1.85 1.23  3.46 0.83 3.22 3.33 3.35 2.18 

19 Toumbokro 0.68 0.11 2.31 2.42 2.71 1.26  1.77 1.19 5.49 5.93 7.26 2.65 

20 Zagouta 4.59 0.16 2.52 2.71 3.69 2.64  20.04 0.93 4.77 5.47 10.76 5.21 

 
Igeo value interpretation [21] 

Class  Value  Interpretation 

7  Igeo ≥ 5  Extremely polluted 

6  4 ≤ Igeo < 5  From heavily polluted to extremely polluted 

5  3 ≤ Igeo < 4  Heavily polluted 

4  2 ≤ Igeo < 3  From Moderately to heavily polluted 

3  1 ≤ Igeo < 2  Moderately polluted 

2  0 ≤ Igeo < 1  From unpolluted to moderately polluted 

1  Igeo < 0  unpolluted 
 

EF value interpretation [23] 

Class  Value  Interpretation 

5  EF ≥ 40  Extreme enrichment 

4  20 ≤ EF < 40  Moderately severe enrichment 

3  5 ≤ EF < 20  Moderate enrichment 

2  2 ≤ EF < 5  Minor enrichment 

1  EF < 2  No enrichment 
 

 
The Igeo table shows that all sites are polluted with at least four (04) TMEs, 

notably, As, Cr, Ni, Cu and V. Igeo values range from 0.52 to 4.59 (As), −1.85 to 
0.24 (Zn), −0.11 to 2.67 (Cu), 0.61 to 2.72 (Ni), 1.81 to 3.69 (Cr) and 0.40 to 2.64 
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(V). The Igeo is therefore more pronounced for As and Cr, in contrast to Zn, 
whose Igeo is below zero at almost all sites. The same trend is observed for the 
Enrichment Factor, where As and Cr are still the most pronounced at almost all 
sites. Values range from 1.67 to 24.82 (As), 0.22 to 1.65 (Zn), 1.08 to 5.75 (Cu), 
1.26 to 6.61 (Ni), 2.83 to 10.76 (Cr) and 1.45 to 5.21 (V). 
• Contamination Facteur (CF), polymetallic contamination degree (CD) 

and ecological risk parameters 
According to [29], a distinction must be made between contamination, which 

is the introduction of “a potentially dangerous substance, whatever its content” 
into the natural transfer and exposure media of soil, air and water, and pollu-
tion, which is present when “the content is potentially dangerous or reaches the 
limit values set by standards”. Contamination is therefore not synonymous with 
pollution. Table 13 shows the results of the CF and CD.  

 
Table 13. Factors and degrees of contamination/ecological risk parameters. 

CONTAMINATION FACTOR (CF)    
ECOLOGICAL RISK 

PARAMETERS 

CF  
CD 

 Eri_As-Cr 
RI_As-Cr 

N˚ Mine sites As Zn Cu Ni Cr V   As Cr 

1 Alékran 12.09 1.26 6.86 6.23 10.79 7.15  44.37  120.92 10.79 131.70 

2 Aley 5.84 1.34 8.80 9.92 12.10 6.48  44.48  58.4 12.10 70.50 

3 Allaiyaokro 5.66 1.03 2.76 2.99 5.97 3.05  21.46  56.6 5.97 62.57 

4 Angovia 35.04 1.16 8.12 5.50 13.13 6.23  69.18  350.36 13.13 363.49 

5 Benou 15.47 0.81 5.13 4.56 5.30 5.17  36.44  154.65 5.30 159.95 

6 Bozi 5.47 1.24 4.19 4.22 7.32 3.97  26.40  54.72 7.32 62.04 

7 Degbezre 15.92 1.17 8.62 6.85 12.94 8.34  53.83  159.15 12.94 172.09 

8 Kaviéssou 11.82 0.94 9.56 5.55 12.64 7.58  48.08  118.16 12.64 130.80 

9 Kouassi Périta 14.09 1.20 7.59 6.41 10.43 7.28  47.00  140.9 10.43 151.33 

10 Koudougou 15.89 1.01 7.63 7.18 11.12 5.93  48.76  158.85 11.12 169.97 

11 Krigambo 4.26 1.38 2.38 3.28 8.89 4.03  24.22  42.55 8.89 51.44 

12 Ndenou 22.61 1.76 7.29 6.66 15.58 9.27  63.17  226.1 15.58 241.68 

13 Ouanzanou 23.55 0.88 8.40 5.09 12.19 7.18  57.30  235.49 12.19 247.68 

14 Bel Chantier 2.15 1.18 1.39 2.29 5.27 1.98  14.25  21.45 5.27 26.72 

15 Lagrikro 5.42 0.66 2.61 3.82 8.20 3.29  24.00  54.2 8.20 62.40 

16 Okabo 2.47 1.77 4.15 7.07 6.96 2.72  25.13  24.7 6.96 31.66 

17 Pakouabo 4.07 0.42 2.68 2.40 6.16 3.06  18.77  40.65 6.16 46.81 

18 Kouakougnanou 5.58 1.34 5.20 5.37 5.42 3.51  26.42  55.8 5.42 61.22 

19 Toumbokro 2.40 1.62 7.45 8.04 9.84 3.60  32.94  24 9.84 33.84 

20 Zagouta 36.07 1.67 8.59 9.83 19.36 9.38  84.90  360.65 19.36 380.01 
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Class  CF value interpretation 

4  CF ≥ 6  Very high contamination 

3  3 ≤ CF < 6  High contamination 

2  1 ≤ CF < 3  Moderate contamination 

1  CF < 1  No contamination 
 

Class  CD value interpretation 

4  CD ≥ 32  Very high contamination 

3  16 ≤ CD < 32  High contamination 

2  8 ≤ CD < 16  Moderate contamination 

1  CD < 8  No contamination 
 

Class Eri value interpretation 

5 Eri ≥ 320  Very high ecological risk 

4 160 ≤ Eri < 320  High ecological risk 

3 80 ≤ Eri < 160  Considerable ecological risk 

2 40 ≤ Eri < 80  Moderate ecological risk 

1 Eri < 40  Low ecological risk 
 

Class RI value interpretation 

4 RI ≥ 600 Serious ecological pollution level 

3 300 ≤ RI < 600 Severe ecological pollution level 

2 150 ≤ RI < 300 Moderate ecological pollution level 

1 RI < 150 Low ecological pollution level 
 

 
calculations for each site and for the targeted chemical elements. It should be 
remembered that the results of the Igeo and EF calculations enabled us to dis-
tinguish As and Cr as major pollutants. The eventual solubilization of these two 
(02) TMEs and their accumulation in receiving environments such as water can 
affect the food chain. For this reason, ecological risk parameters for these two 
(02) ETMs were also calculated. 

A look at the coloring of the tables in relation to contamination/pollution in-
tensities provides information on the severity of the sites’ situation, except for 
zinc contamination, where CF values range from 0.42 to 1.77. The CF values for 
the other TMEs range from 2.15 to 36.07 (As), 1.39 to 9.56 (Cu), 2.29 to 9.92 
(Ni), 5.27 to 19.36 (Cr) and 1.98 to 9.38 (V). 

4.5. TMEs Classification 
4.5.1. Classification of TMEs in Order of Preponderance and by Index 
The approach adopted for the relative classification of the MEs targeted has 
enabled us to determine the preponderance levels in Table 14. This table takes 
into account the average content of each TME across all sites and the maximum 
values of three (03) indices, Igeo, EF and CF per TME. 

 
Table 14. TMEs preponderance table. 

TME 
Average content  
on sites (ppm) 

UCC content (ppm) Max. Igeo Max. EF Max. CF 

As 24.5 2 4.59 24.82 36.07 

Zn 61.97 52 0.24 1.65 1.76 

Cu 85.36 14.3 2.67 5.75 9.56 

Ni 105.31 18.6 2.72 6.61 9.92 

Cr 349.35 35 3.69 10.76 19.36 

V 289.34 53 2.64 5.21 9.38 
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The following classifications emerge from these graphs (Figure 8 and Figure 
9): 
• For average grades, it can be seen that all grades at the sites are well above 

those of the upper continental crust. The preponderance of TMEs on the ba-
sis of average grades leads to the following classification: Cr (349.35) > V 
(289.34) > Ni (105.31) > Cu (85.36) > Zn (61.97) > As (24.5). 

• For indexes, the maximum values allow the following classification of con-
tamination/pollution levels: 

• Igeo: As (4.59) > Cr (3.69) > Ni (2.72) > Cu (2.67) > V(2.64) > Zn (0.24); 
• EF: As (24.82) > Cr (10.76) > Ni (6.61) > Cu (5.75) > V(5.21) > Zn (1.65); 
• CF: As (36.07) > Cr (19.36) > Ni (9.92) > Cu (9.56) > V(9.38) > Zn (1.76). 

Arsenic and chromium are therefore the dominant TMEs and the main con-
taminants and/or pollutants in the study area. 

 

 
Figure 8. TMEs classification based on average levels at sites/UCC. 

 

 
Figure 9. Classification of TME contamination/pollution levels by index. 

4.5.2. Classification of Contamination/Pollution Levels by Locality 
The classification of contamination/pollution levels by locality is based on po-
tential ecological risk indices, specifically for arsenic and chromium, which are 
the most abundant, and degrees of contamination. The results are shown in 
Figure 10 and Figure 11. 

The graphs showing the classification of contamination or pollution levels by 
locality illustrate the extent of the adverse effects of mining activities throughout 
the study area. 
• Twelve (12) of the twenty (20) localities are very heavily contaminated (CD > 
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32) (Figure 10). These are, in descending order, Zagouta, Angovia, N’Denou, 
Ouanzanou, Dégbezre, Kaviessou, Koudougou, Kouassi Perita, Alékran, Aley, 
Benou and Toumbokro; 

• Two (02) localities have a high potential ecological risk level (300 ≤ RI < 600) 
in As and Cr (Figure 11). These are Zagouta and Angovia; 

• Six (06) localities (apart from the two mentioned) have a moderate level of 
potential ecological risk (150 ≤ RI < 300). These are, in descending order, 
Ouanzanou, N’Denou, Koudougou, Dégbezre, Benou and Kouassi Perita. 
 

 
Figure 10. CDs classification by locality. 

 

 
Figure 11. Classification of arsenic and chromium RI by locality. 

 
It should be pointed out that these localities are all located at the foot of the 

Yaoure Mountains. Angovia and Zagouta, the localities of greatest concern, are 
former gold-panning sites that are still active. The same applies to Kaviéssou, 
Alékran, Aley, Toumbokro and Kouassi Périta. On the other hand, the N’Denou, 
Benou and Dégbézré sites are recent but very active. All these sites require envi-
ronmental monitoring. 

4.6. Results of XRD Analysis 
4.6.1. Diffractograms Analysis 
The analysis of ten (10) samples consisting of clays, saprolites, slightly altered 
rocks and sludges yielded the following diffractograms. 

By interpreting the results of the XRD analyses, it is possible to identify the 
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minerals that make up the various samples (Table 15). Dominant minerals are 
shown in bold. 

 
Table 15. XRD results for samples. 

Id. Localization Type Minerals 

D01 Zagouta (ou Zegata) Argile Pyrrhotite, Filipstadite, Amesite, Tugtupite, Ulvospinel, Stenhuggarite 

D02 Ouanzanou Argile Perryite, Periclase, Eucryptite, Stenhuggarite, Tulameenite, Bowieite, Kesterite 

D03 N’Denou Argile Periclase, Calcite, Stenhuggarite, Filipstadite, Wuestite, Tanteuxenite-(Ho),Roaldite 

D04 Kouakougnanou Saprock Filipstadite, Chlorure de fer, Siderite, Periclase, Villiaumite, Calcite 

D05 Angovia Saprock Antigorite, Stenhuggarite, Polkanovite, Filipstadite, Deerite, Perkovaite, Tanteuxenite (Lu), 

D06 Kaviessou Saprolite Periclase, Pentlandite, Carlinite, Stenhuggarite, Tanteuxenite-(Yb), Bredigite 

D07 Aley Saprock Carlinite, Calcite, Stenhuggarite, Chloritoide, Periclase, Ixiolite, Braunite 

D08 Kouassi Perita Saprolite Calcite, Filipstadite, Anatase, Perovskite, Carlinite, Nitratine 

D09 Degbezre Boue Carlinite, Cavoite, Periclase, Eucryptite, Dolomite, Stenhuggarite, Manganosite, Nitratine 

D10 Alékran Boue Stenhuggarite, Carlinite, Tanteuxenite-(Ho), Calcite, Filipstadite, Ferrocolumbite 

 
XRD analysis of the samples clearly shows that the mineralogy of the samples 

is complex but mainly dominated by stenhuggarite (CaFe3+(As3+O2)(As3+SbO5), 
periclase (MgO), pyrrhotite (Fe₁₋ₓS (where x varies from 0 to 0.20), carlinite 
(TI2S), filipstadite ((Mn,Mg)( 5

0.5Sb + 3
0.5Fe + )O4), calcite (CaCO3) and Antigorite 

((Mg, Fe II)3 Si2O5 (OH)4)). 
The elements Fe, Mg and Si are not too problematic for the environment, but 

sulfide minerals such as pyrrhotite are potentially acidogenic and arsenates, po-
tentially toxic. It should be noted that the base rocks contain carbonates (calcite 
and dolomites) that can act as neutralizers in the event of Acid Mine Drainage 
(AMD) [30]. 

4.6.2. Possible Sources of Contaminants 
As mentioned above, the geology of the Yaouré furrow is made up of an assem-
blage of magmatic volcanic, intrusive and sedimentary rocks. Most of the mining 
sites incriminated by potential ecological risks and/or high levels of contamina-
tion are located in the following lithological formations (Figure 11): 
• Basaltic volcanoclastites and metavolcanites: Angovia and Zagouta (or Zega-

ta) (granite-volcanite contact zones); 
• Sandstones changing to argillites: N’Denou, Ouanzanou, Degbezre, Kouassi 

Perita and Kaviessou; 
• Sandstone, conglomerates: Benou. 

It should be noted that a study by [6] showed that the metalliferous paragene-
sis in the Yaoure furrow is mainly represented by pyrite (abundant) and chalco-
pyrite (frequent). The presence of pyrrhotite, pentlandite and magnetite, as well 
as traces of sphalerite, cubanite, bravoite, lineite, molybdenite, Bi, Ni, Hg tellu-
rides (tetradymite, melonite, coloradoite) and cassiterite was reported by [31]. 
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Their work also showed that Angovia’s gold mineralization is linked to intense 
hydrothermal alteration with quartz, chlorite, carbonates and sulfides. 

Among other phenomena, this hydrothermal alteration led to corrosion of the 
sulfides, the mineral carriers of the contaminants studied. This corrosion was 
followed by soil reworking due to intensive mining activity in the area, as dem-
onstrated by the high levels of enrichment factors in several localities. Chro-
mium and vanadium may also have originated from ultrabasic rocks reported in 
the study area. 

4.6.3. Implications of the Study for Human Health and the Food Chain 
The risk of a chemical element’s impact on the environment depends on its pol-
lutant capacity, linked to its concentration and reactivity, which in turn depends 
on several parameters, including its chemical form and mobility in the environ-
ment. Here we provide some informations on chromium and arsenic, the main 
pollutants in the study area. 
• Arsenic occurs naturally in the environment, and everyone is slightly exposed 

to it. Food and water account for most of the total daily dose of arsenic ad-
sorbed by ingestion. In the case of arsenic-polluted sites and soils, the main 
risks are pollution of the underlying groundwater. Risks from other exposure 
routes are less significant [32]. Its maximum permissible concentration in 
water intended for human consumption has been set at 10 µg/L, according to 
World Health Organization (WHO) recommendations. Inorganic arsenic (in 
pure form or bound to oxygen, chlorine or sulfur), as found on mining sites, 
is far more toxic than organic arsenic (bound to carbon or hydrogen); 

• Chromium occurs naturally in small quantities in all types of rock and soil. 
The toxicity of chromium varies greatly according to its chemical form. Ac-
cording to the International Agency for Research on Cancer (IARC), chro-
mium VI is carcinogenic and can be bioaccumulated by various organisms. It is 
the most mobile form of chromium in terrestrial and aquatic environments. 

5. Conclusions 

The assessment of metal contamination shows that four (04) of the six (06) 
TMEs studied, chromium, arsenic, vanadium and copper, have high correlations 
and form the majority of the principal component in the multivariate statistical 
analysis. As for the various contamination or pollution indices (Igeo, EF, CF and 
CD), the values obtained rank chromium and arsenic as the main TMEs with 
high levels, capable of posing major environmental problems, especially in aqua-
tic environments. These TMEs are potentially dangerous pollutants, and their 
management is essential to protect human health and the environment. There 
are a great many processes for treating metal-polluted soils, but very few are ac-
tually applied. Those that seem to be most widely used are: containment - solidifi-
cation/stabilization - landfilling - washing - or combinations of these processes 
[32]. 

As part of this study, we are proposing phytoremediation, an effective and 
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economical technique for renaturating polluted sites while preserving the soil’s 
properties (fertility). Phytoremediation is a soil, water and even air decontami-
nation technique that uses the natural capacities of plants to eliminate or reduce 
the concentration of pollutants. It can be used alone or in combination with 
other remediation techniques such as bioremediation and green chemistry. 
Phytoremediation projects using fast-growing local plants are currently being 
tested on mining sites in the Tengrela region of northern Côte d’Ivoire, by the 
Côte d’Ivoire Mining Development Company (SODEMI) in collaboration with 
private partners. If the results are convincing, this experiment should be ex-
tended to all mining sites located in the Birimian area of Côte d’Ivoire and West 
Africa, where the majority of gold mining activities are concentrated. A more 
in-depth study needs to be carried out, focusing in particular on the analysis of 
As and Cr concentrations in water, sediments and fishery products and, in the 
event of proven occurrence, on their speciation. 
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