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Abstract 14 

The purpose of this study was to investigate the spatial distribution, possible sources, and potential ecological risks 15 

associated with traces metals Cu, Mn and Ni in sediments around gold mine areas in northern Côte d’Ivoire. The 16 

sampling was conducted in industrial and artisanal and small-scale gold mining sites in Korhogo and Tengrela. 17 

Analysis of variance was performed to ascertain spatial differences. The possible sources of pollution were 18 

identified using the enrichment factor, principal component, and hierarchical cluster analysis. Trace metals Cu, Ni 19 

and Mn concentrations in sediments did not vary across the stations. The same spatial mapping distribution trend 20 

was observed for Ni, while those of Cu and Mn differed among the stations. The geoaccumulation index indicated 21 

low to moderate contamination of Cu, Mn and Ni at Korhogo and Tengrela. The results of principal component 22 

and hierarchical cluster analysis indicated that Cu, Ni, and Mn were generated both by anthropogenic and natural 23 

inputs, which were confirmed by the enrichment factor. The potential ecological risks indicated that Cu, Mn and 24 

Ni could pose low risk to organisms at Korhogo and Tengrela. This study provides first trace metals data in 25 

sediments across Korhogo and Tengrela gold mine areas. The sequential extraction procedure proposed by the 26 

Community Bureau of Reference (BCR) showed that a major portion (between 59.68 to 79.22 %) of Cu, Ni and 27 

Mn is highly associated with the residual fraction, showing their low mobility.  28 

Key words: traces metals, sediment, gold mining, pollution, Sequential extraction 29 
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 40 

Introduction 41 

Traces metals are among the most serious pollutants in the aquatic environment and have attracted global 42 

attention due to their toxicity, persistence and bioaccumulation (Cai et al. 2015; Li et al.2014). With the recent 43 

development of gold mining activities, an important quantity of trace metals is continuing to be introduced into 44 

the environment via mining waste, wastewater and dust. Consequently, severe contamination levels of 45 

environmental resources may be observed. Humans are also exposed to the negative effects throughout the food 46 

chain (Biggeri et al.2006; Varrica et al. 2014). Therefore, environmental studies of mining areas are important in 47 

order to protect the health of the residents. 48 

Traces metals, such as Cu, Ni and Mn are essential for the growth of plants, aquatic species, and humans, 49 

but when they exceed the desired concentrations, they can become toxics (Garrido et al.2002; Donkor et al.2005). 50 

The increasing amounts of Cu in the body can lead to lesions and dysfunction of human organs. In addition, it 51 

inhibits the processes of photosynthesis and reproduction (Abdul-Wahab et al. 2012). Exposure to Ni compounds 52 

has adverse effects on human health and causes serious illness related to the carcinogenic activity of certain 53 

insoluble nickel compounds (Kang et al.2003; Gupta et al.2019). Ni is also classified as possible carcinogen by 54 

the International Agency for Research on Cancer (Romanowicz-Makowska et al.2011). Long-term exposure to 55 

Mn can lead to nervous system toxicity and Parkinson's-like symptoms, especially in children, the elderly and 56 

pregnant women (Gwiazda et al.2007). It is therefore necessary to assess the contamination level of these pollutants 57 

in the environment. 58 

High concentrations of traces metals (Cu, Ni and Mn) in air, sediments, soils, fishery products and water 59 

due to mining activities were reported in many countries such as China (Zheng et al.2013;Xiaomin et al.2016), 60 

Tunisia (Boussen et al.2013), Spain (Monterroso et al.2014), South Africa (Lusilao-Makiese et al.2016) and 61 

Morocco (Yassir et al.2015). In addition, the negative impacts of trace metals (Cu, Ni and Mn) on human health 62 

in the mining regions of South America, Europe, and Asia have been reported in the literature. For example, 63 

children cognitive functions have been affected by Mn exposure in a mining area in Mexico (Riojas-Rodríguez et 64 

al.2010). High levels of Mn were observed in urine of children living near mining area in Andalusia (Spain) 65 

(Molina-Villalba et al.2015). Countries in West Africa, are not left out of this mining contamination. More and 66 

more, there is a development of gold mining activities throughout the continent. Many investigations have 67 

documented the contamination of sediments around mining areas in West Africa, with studies focused in Nigeria 68 

(Makinde et al.2017;Taiwo et al.2017), Senegal (Niane et al.2014;Niane et al.2019) and Ghana (Sunkari et 69 

al.2019;Klubi et al.2018), but in Côte d'Ivoire, studies are in their infancy. Recently, Kinimo et al. (2018) showed 70 

that sediments from gold mining area in south-eastern Côte d’Ivoire were contaminated by Cd. In northern Côte 71 

d'Ivoire, industrial and artisanal small-scale gold mining activities are also practiced, but no data is available on 72 

metals Cu, Ni and Mn concentrations in sediments. Therefore, it is essential to establish first data on the 73 

contamination level of sediments in trace metals Cu, Ni, and Mn around gold mining areas in northern Côte 74 

d’Ivoire However, estimating the total concentrations of trace metals in the sediments does not allow us to 75 

determine their mobility, distribution and speciation in these areas. (Saleem et al 2015). In addition, speciation 76 

depends on the properties and composition of the sediment (e.g., pH, organic matter content, cation exchange 77 

capacity (CEC), redox potential, grain size), as well as the loading of trace metals (Saleem et al 2015). Therefore, 78 

it would be important to perform sequential extraction (BCR) of trace elements in sediments in order to obtain 79 
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indications of mobility, biological availability and potential risks related to metal content in aquatic ecosystems. 80 

This study aimed to (1) study the spatial distribution of trace metals (Cu, Ni and Mn) in surface sediments; (2) 81 

identify the possible sources of pollution using the enrichment factor (EF) and the principal component and 82 

hierarchical cluster analyses, (3) assess pollution levels and potential ecological risks associated with these heavy 83 

metals using the geoaccumulation index (Igeo), the potential ecological risk factor (Er), the potential ecological 84 

risk (IR) index (RAC). 85 

 86 

1. Material and methods 87 

1.1. Study Area 88 

The savanna district (90 25 '00 "North and 50 35' 00" West) is located in northern Côte d'Ivoire, close to Mali and 89 

Burkina Faso. It has an area of 40323 km² and an estimated population of 1.607 million inhabitants in 2014 (Yapo 90 

et al.2016). The climate is Sudanese hot and dry with two distinct seasons: a rainy season from mid-June to October 91 

and a dry season from November to mid-June. The dry season is characterized by the presence of harmattan 92 

(December to February) with an average temperature of 30°C.In northern Côte d’Ivoire, the geology is 93 

predominately made up of feral sols. These soils are derived from felsic or intermediate parent rocks (granite, 94 

gneiss, phyllite and schist) of the underlying Precambrian rocks. The rocks are mainly composed of green schist 95 

of low metamorphic grade, bounded on either side by tectonized granitoid gneiss terranes. The dominant 96 

lithological unit in the area consists of mafic rocks and dislocated clastic sediments, intercalated with volcano-97 

sedimentary formations and intruded by a large body of granodiorite (Sako et al.2018). Korhogo lies in the 98 

Bandama River basin, while Tengrela is drained by the Bagoé River. The Bandama River is the longest and the 99 

largest river in Côte d’Ivoire. It takes its source in the northern Côte d’Ivoire, between Korhogo and Boundiali at 100 

an altitude of 480 m and flows into Grand-Lahou Lagoon and the Gulf of Guinea in the south. With a length of 101 

1050 km, its catchment area covers 97,500 km2 with an annual average discharge about 263 m3/s (Girard et 102 

al.1970). The Bagoé River is a small river located in the north of Côte d’Ivoire. It originates from the Kokoum 103 

region near Côte d’Ivoire–Mali borderland at an altitude 425 m and traverses Tengrela (Côte d’Ivoire). The length 104 

of the Bagoé River is approximately 230 km, the drainage basin is 4740 km2, and the annual average discharge is 105 

170 m3/s (Traore et al.2017). 106 

The savannah district is well known through activities such as livestock, cotton, cashew and food activities (Yapo 107 

et al.2016), in addition to a number of industrial and artisanal and small-scale gold mining extractions (Sako et 108 

al.2018). In this study, two cities have been selected in the savannah district (Korhogo and Tengrela) to get an idea 109 

of the state of contamination in metallic trace elements of their environments. The selected sites are the Korhogo 110 

gold zone (R1 to R5 station, M1 to M5 and K1 to K10) and the Tengrela gold zone (T1 to T10 station). This was 111 

favored by the establishment of two gold mining industries, Ran gold (Korhogo) and Perseus Mining (Tengrela) 112 

in these cities, as well as the existence of several artisanal and small-scale gold extractions. 113 

The Tongon mine is located in the sub-prefecture of M'bengue more than 65 km from the city of Korhogo and 2.5 114 

km from the village of Tongon. This open-pit mine covers an area of 1000 km2 and is 55 km south of the Malian 115 

border. To carry out our study several samples were collected in the gold mining zones of Korhogo. Stations R1 to 116 

R5 are very far from the Rand gold industrial extraction in the classified forest Badenou and not far from an 117 

abandoned artisanal mining area. On the other hand, the M1 to M5 stations are located in the vicinity of the Rand 118 
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gold industry, an active open pit gold mining mine. The other stations are located in two artisanal gold mining 119 

villages Taoura (K1 to K5) and Bevogo (K6 to K10). 120 

1.2. Sediments characterization and heavy metal analysis 121 

Sampling campaigns took place in 2016 during the dry season. The collection of the sediment samples, 122 

digestion, and total metal concentration measurements have been described by Kinimo et al. (2018). A total of 5 123 

surface sediment samples (0-5 cm) were collected from each site (Fig.1). In order to take the local variability into 124 

account, each sample (300 g) was made of five subsamples collected using a Van Veen stainless steel grab (with 125 

an area of 0.02 m2) (Saleem et al.2015). Without emptying the grab, a sample was taken from the center with a 126 

polyethylene spoon (acid washed) to avoid contamination by the metallic parts of the dredge. Samples were then 127 

put into ice bags and transported to the laboratory, stored in a deep-freeze unit before the drying procedure. 128 

Sediment samples were air-dried at room temperature (Zahra et al.2014), ground with an agate mortar to pass 129 

through a 63 µm sieve, and stored in polyethylene zip-type bags and shipped to Laboratoire de Chimie Organique 130 

Bioorganique Réactivité et Analyse (COBRA), Université de Rouen, France for further analysis. All sampling 131 

devices were cleaned by rinsing with pure water and kept in 0.1 M HNO3 (68%, Fischer Scientific) for several 132 

days before sampling. Sediment samples were digested using a microwave-assisted digestion system (Milestone 133 

Ethos 1 microwave, Shelton, US), following Method 3051 A (USEPA 2007). About 0.5 g of homogenized 134 

sediments were first left to react with a mixture of 3 mL 68% HNO3 and 9 mL 37% HCl (trace metal grade, Fisher 135 

Scientific) in loosely capped Teflon reactors for 30 min at room temperature, in a fume hood, to avoid an 136 

overpressure during the heating step (USEPA 2007;Bettinelli et al.2000). Then, the digestion was performed under 137 

high power at programmed temperatures and time intervals: 0 to 10 min, 25 to 150°C; 10 to 15 min, 150°C; 15 to 138 

20 min, 150 to 165 °C; 20 to 25 min, 165°C; 25 to 30 min, 180°C ( Kinimo et al.2018). After cooling, the solutions 139 

were diluted to 50 mL with ultrapure 2% HNO3 in Teflon tubes and centrifuged at 4000 rpm for 5 min prior 140 

analysis of the supernatant. Duplicate blanks were prepared and analysed with each batch of digested samples. 141 

Trace metals (Fe, Al, Cu, Mn, and Ni) were measured using an inductively coupled plasma-optical emission 142 

spectrometer (ICP OES Icap 6200, Thermo Fisher, Cambridge, UK). Three replicates of each sample analysed 143 

presented an error that was within 6%. Accuracy of the analytical procedures were evaluated through the analysis 144 

of the certified reference material CRM CNS 301-04-050 (Sigma-Aldrich; Missouri, U.S.A) for freshwater 145 

sediment. The measured concentrations fell within the range of certified values (Table 1) (Kinimo et al.2018). 146 

The pH of the sediments was measured with a pH meter (HANNA HI.9828). For determination of pH, 10 g of the 147 

air-dried sample was mixed with 25 mL distilled water (sediment: water at a ratio of 1:2.5) and was stirred for 1 148 

hour (Islam et al.2000; Halim et al.2013). The mixture was allowed to stand for 30 min for allowing it to settle. 149 

The slurry was decanted and pH was measured with a calibrated pH meter. 150 

Total organic carbon (TOC) was determined by loss on ignition (in percentage) of 1.0 g of dried sediments in 151 

an oven at 550 °C for 4 h (Kinimo et al.2018; Carbonell-Barrachina et al.2000; Touch et al.2017). The precision 152 

of three triplicate analyses of each sample fell within error ranges of 5-10%. 153 

The sediments, previously gently crushed in an agate mortar, were carefully weighed and transferred to the 154 

highest part of a series of sieves. A 63 μm sieve was placed at the bottom of the sieve stack and care was taken 155 

using a pan under the finest sieve to capture the last fine material likely to pass (Atibu et al 2016). 156 

 157 
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1.3. Environmental assessment 158 

1.3.1. Geo-accumulation index (Igeo) evaluation of trace metals 159 

The degree of metal contamination in sediment was assessed by the geo-accumulation index (Igeo) which 160 

was originally introduced by Müller et al. (1969). The Igeo value was defined by the following equation: 161 Igeo = log2( Cn1.5 Bn)       (1) 162 

Where Cn represents the measured concentration of metal (n) in samples (mg/kg), Bn represents the geochemical 163 

background value of metal (n) (mg/kg). Factor 1.5 is used to account for the possible variation in the background 164 

values. No trace metals background values are available for the study area. Therefore, the geochemical background 165 

concentrations in the Upper Continental Crust (UCC) from Wedepohl (1996), were used. The Igeo consists of 166 

seven classes, where: Class 0 (Igeo ≤ 0), uncontaminated; Class 1 (0 <Igeo< 1), uncontaminated to moderately 167 

contaminated; Class 2 (1 <Igeo<2), moderately contaminated; Class 3 (2<Igeo< 3), moderately to heavily 168 

contaminated; Class 4 (3 <Igeo< 4), heavily contaminated; Class 5 (4 <Igeo< 5), heavily to extremely 169 

contaminated; Class 6 (Igeo ≥ 5), extremely contaminated (Nilin et al.2013). 170 

1.3.2 Enrichment factor (EF)  171 

Enrichment factor (EF) is a useful tool for determining the degree of anthropogenic heavy metal pollution 172 

(Elias et al.2011; Kowalska et al.2016). The EF is computed using the relationship below: 173 

EF = (𝐶𝑀𝑒𝑡𝑎𝑙𝐶𝐹𝑒 )Sample(𝐶𝑀𝑒𝑡𝑎𝑙𝐶𝐹𝑒 )Background                                       (2) 174 

(CMetal/CFe)sample is the ratio of each metal and iron concentration in the sample; (CMetal/CFe)Background is the 175 

ratio of each metal and iron concentration in the background. 176 

Fe and Al have been widely used as potential normalizing elements by several studies (Chakraborty et al. 2015; 177 

Saleem et al.2018). However, the appropriate normalizing element varies depending on the location. Therefore, 178 

the sequential extraction procedure was performed on Fe and Al to select the most appropriate reference in the 179 

study area. At this level, the element more bound to the residual phase in percentage is considered the more 180 

conservative; thus, the best to be used as the normalizing element. In addition, the normalizing element correlates 181 

in general with traces elements in a given location. The residual phase in sediment represents the crystalline 182 

structure and trace metals strongly bound to this phase are therefore unavailable to the aquatic system (Saleem et 183 

al.2018). The results of sequential extraction reported in the present study area (Fig. A1, supplementary material) 184 

showed that Fe (92 %) was relatively present in the residual fraction relative to Al (87 %). Moreover, in this study 185 

area, moderate to significant correlations were obtained between Fe and trace metals (Cu, r = 0.34; Mn, r = 0.38; 186 

Ni, r = 0.58) (Table A2, supplementary material). Therefore, Fe has been chosen as the most appropriate reference 187 

element. The background concentration of metals in the Upper Continental Crust (UCC) were used (Wedepohl 188 

1996). EF values were interpreted as suggested by Hakanson (1980) and Maanan et al. (2015), where: EF < 1 189 

indicates no enrichment; 1 < EF < 3 is minor enrichment; 3 < EF < 5 is moderate enrichment; 5 < EF <10 is 190 

moderately severe enrichment; 10 < EF < 25 is severe enrichment; 25 < FE < 50 is very severe enrichment; and 191 

EF > 50 is extremely severe enrichment. 192 
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1.3.3 Risk assessment 193 

The potential risk of individual metal (Er) and potential ecological risk index (IR) were proposed by 194 

Hakanson (1980) (Table 2), which express the toxicity of heavy metals and comprehensive effect of multiple 195 

contaminants [Cheng and Yap 2015; Liu et al.2016). 196 

Following equations were used to calculate Er and IR (Hakanson 1980): 197 

Eri =  Tri × (Ci C0⁄ )                                                                (3) 198 

IR = ∑ (Trini=1 × (Ci C0⁄ )                                                     (4) 199 

Where Ci is the average content for metal i in the sediment, C0 is the background concentration of metal in the 200 

Upper Continental Crust (UCC), Er is the potential risk of individual metal, Tr
i is toxic response factor and IR is 201 

the potential ecological risk index. According to Hakanson (1980), Tr
i values for Cu = 5, Mn = 1 and Ni = 5. 202 

1.3.4 Sequential extraction of heavy metals 203 

A modified BCR sequential extraction procedure (Rodgers et al.2015) was performed on 1g of dried samples. 204 

Acid-soluble fraction (F1) was extracted by 40 mL of 0.11 M acetic acid at room temperature for 16h (step 1). The 205 

residue from step 1 was leached with 40 mL of 0.5 M hydroxylamine hydrochloride, pH = 1.5 at room temperature 206 

for 16h (step 2) to receive reducible fraction (F2). The residue from the second extraction step was treated twice 207 

with 5 mL of 8.8 M hydrogen peroxide, pH = 2 at room temperature for 1h and then 80°C for1h. After cooling 208 

down, 20 mL of 1.0 M ammonium acetate (pH = 2) was added at room temperature for 16h to extract the oxidizable 209 

fraction (F3) (step 3). The residue from step 3 was digested using a mixture of HNO3-HCl (1:3) at 180°C for 2h 210 

30 min (residual fraction) (Baran et al.2019). Previous study of river sediment showed recoveries (Recovery 211 

=
𝐹1+𝐹2+𝐹3+𝐹4𝑃𝑠𝑒𝑢𝑑𝑜−𝑡𝑜𝑡𝑎𝑙 × 100) of this method in the range of 94–106% for Cu, Mn, and Ni. 212 

1.3.6 Toxicity risk assessment 213 

The Risk Assessment Code (RAC) has been used to assess the environmental risks and harmful biological effects 214 

that could result from certain concentrations of metallic pollutants in sediments (Canuto et al.2013; Nemati et al. 215 

2011). This risk is assessed by considering the exchangeable fraction linked to carbonates (F1). This fraction 216 

represents the fraction most toxic to the environment (Canuto et al.2013; Nemati et al. 2011). The risk rate is 217 

determined according to the following relationship: 218 RAC(%) = F1F1+F2+F3+F4 × 100                                              (5) 219 

When the Percentage Risk (RAC) is less than 1%, the sediment does not present a risk to the aquatic environment. 220 

Percentages of 1 <RAC <10 reflect low risk. Those of 11 <RAC <30 and 31 <RAC <50 indicate medium risk and 221 

high risk, respectively. Above 50%, the sediment can cause a very high risk and is considered dangerous because 222 

the metals can be easily assimilated by aquatic species.  223 

1.3.7 Statistical analyses 224 
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Multivariate statistical analyses including principal component and cluster analyses were performed to 225 

estimate geochemical factors controlling trace metals distribution in the sediments. The One Way Analysis of 226 

variance (ANOVA) was performed to examine differences among the sites and the activity types. The pairwise 227 

multiple comparison procedures were performed using the Tukey Test when the tests of normality and equal 228 

variance were positive. The Kruskal-Wallis One Way Analysis of Variance on Ranks was performed when the 229 

equal variance test failed. The difference was considered statistically significant at p < 0.05. Statistical analyses 230 

were performed with Sigmaplot 12.5, except cluster analysis that was performed with Statistica 7.1 Software. 231 

Results and discussion 232 

2. Results  233 

2.1. Sediment texture, pH and total organic carbon 234 

During the sampling period, the percentage of sand in sediments from artisanal mining stations varied 235 

between 62.8% and 79.8% at Korhogo with an average of 70.9 ± 5.30%, and between 73.1% and 78.1% at Tengrela 236 

with an average of 76.3 ± 1.43%. The percentage of silt and clay varied between 20.2% and 37.8% at Korhogo 237 

with an average of 29.1 ± 5.30%, and 21.9 and 26.9% at Tengrela with an average of 23.72 ± 1.43%. As for 238 

industrial stations at Korhogo, the sand fraction varied from 73.8 to 80.8% with an average 77.3 ± 3.45%, while 239 

the silt and clay fraction varied from 19.2 to 26.1% with an average of 22.7 ± 2.6%. The average sand content in 240 

sediments from industrial areas was significantly higher (p < 0.05) than the one in the artisanal stations. On the 241 

contrary, the average in silt and clay content was significantly higher (p < 0.05) in the artisanal stations than that 242 

measured in the industrial stations. The average sand content in artisanal stations in Tengrela was significantly 243 

higher than that in Korhogo. On the contrary, the average in silt and clay content was significantly higher (p < 244 

0.05) in the artisanal stations at Korhogo than that measured in the artisanal stations in Tengrela. Overall, sediment 245 

texture results showed a large spatial variability, with sand being the most dominant fraction.  246 

The average sediment pH followed the order Bevogo (7.63 ± 0.95) > Tongon (6.85±0.92) > Taoura 247 

(6.76±0.55) > Badenou (6.59±0.47) at Korhogo (6.98 ± 0.80) and the order Kanakono (7.37±0.83) > Sissingue 248 

(7.49±0.49). The average pH values at Korhogo were slightly lower than those at Tengrela. No significant 249 

statistical difference was found among the sites.  250 

The results in Table 3 showed that TOC contents of Korhogo surface sediments varied largely from 0.79 251 

to 7.18% with an average of 2.85 ± 1.36%, while those of Tengrela varied from 0.15 to 1.05% with an average of 252 

0.49 ± 0.14%. Nevertheless, the Korhogo sediments recorded the highest levels. The average TOC content in 253 

artisanal stations in Korhogo was significantly higher than that in Tengrela. 254 

2.2. Spatial distribution of heavy metals in sediments 255 

2.2.1. Spatial distribution of total Cu 256 

The spatial distributions of total Cu concentrations in surface sediments of Korhogo and Tengrela are 257 

shown in Figures 2c1 and 2c2. Cu concentrations ranged from 2 to127 µg/g with an average of 23 ± 11 μg/g, 40 ± 258 

23 μg/g, 26 ± 7 μg /g, 56 ± 42 μg/g, 15 ± 8 μg/g, 14 ± 3 μg/g at Badenou, Tongon, Taoura, Bevogo, Sissingue and 259 

Kanakono, respectively. The results of figure 2c1 showed that Cu concentrations did not vary significantly (p < 260 

0.05) among artisanal mining areas (Badenou, Taoura and Bevogo) at Korhogo. However, Cu had different 261 

mapping distribution in sediments from these areas. Cu concentrations in Badenou and Taoura were the lowest (3 262 

-52 µg/g) indicated by the red and orange colours, while were the highest (77 - 127 µg/g) in Bevogo (blue colour). 263 
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In sediments collected from industrial area at Tongon, Cu distribution varied among the stations. The highest 264 

values (77– 101 µg/g) were found at stations M3 and M4 (blue colour). There was no significant difference 265 

(ANOVA, p < 0.05) between the artisanal and the industrial stations at Korhogo. 266 

The spatial distribution mapping trend of Cu was not the same in artisanal mining areas at Tengrela. Cu 267 

concentrations in stations T5 and T10 were in the lower range 2- 11 µg/g which correspond to the red and orange 268 

colours. On the contrary, those of stations T1, T2, T3, T4, T6, T7, T8 and T9 were in the range indicated by blue 269 

colours (14 – 25 µg/g) corresponding to the highest values (figure 2c2). ANOVA analysis showed that there was 270 

no significant difference (p < 0.05) between Kanakono and Sissingue for Cu concentrations. 271 

2.2.2. Spatial distribution of total Mn 272 

 As shown in Figures 2a1 and 2a1, Mn concentrations varied between 171 and 4380 μg/g. The average Mn 273 

concentrations found in Korhogo sediments were 1893 ± 1451 μg/g (Badenou), 636 ± 146 μg/g (Tongon), 1013 ± 274 

457 μg/g (Taoura) and 603 ± 306 μg/g (Bevogo). In Tengrela sediments Mn average were 448 ± 263 μg/g and 309 275 

± 81μg/g at Sissingue and Kanakono, respectively. The Mn concentrations in the sediments from artisanal mining 276 

areas showed no significant spatial variability (p < 0.05) at Korhogo. On the contrary, the distribution mapping of 277 

Mn varied with the stations. The values obtained in Bevogo (171 – 527 µg/g, red colour) were lower than those 278 

(1018 – 4380 µg/g, dark blue colour) of Taoura and Badenou. The Mn concentrations in the artisanal and the 279 

industrial sediments at Korhogo did not differ significantly (p < 0.05). However, the spatial distribution mapping 280 

of Mn in the sediments at Tongon and Bevogo was the same. ANOVA analysis showed no significant spatial 281 

variability (p < 0.05) in Mn concentrations in sediments at Tengrela. On the opposite, Mn spatial mapping 282 

distributions were the same in all stations at Kanakono and Sissingue except station T1. The values of Mn 283 

concentrations in stations except station T1 were in the lower range (192 – 344 µg/g, red colour).  284 

Significant difference (p < 0.05) of Mn concentrations was found between Kanakono and Badenou. The sediments 285 

at Badenou were found to be the most contaminated.  286 

2.2.3. Spatial distribution of total Ni 287 

Figures (b1) and (b2) showed the spatial distributions of Ni in the surface sediments of Korhogo and 288 

Tengrela, respectively. The Ni concentrations varied from 2µg/g to 97 µg/g, with average values of 23 ± 11 μg/g, 289 

60 ± 11 μg/g, 25 ± 8 μg/g, 20 ± 4 μg/g, 15 ± 7 μg/g, 18 ± 9 μg/g at Badenou, Tongon, Taoura, Bevego, Sissingue 290 

and Kanakono, respectively. 291 

The distributions mapping trend of Ni in artisanal mining areas at Korhogo were the same indicated by the red and 292 

orange colours which correspond to the lowest values (3- 40 µg/g). Nevertheless, the Ni concentrations in the 293 

sediments did not vary significantly (p < 0.05) among all artisanal sites. At Tongon, an opposite spatial distribution 294 

mapping of Ni was observed. The values of Ni at stations M1 and M5 were in the lowest range (colour orange), 295 

while those of the stations M2, M3 and M4 were in the highest (colour dark blue). There was a significant 296 

difference (p < 0.05) between artisanal site (Bevego) and industrial site (Tongon) at Korhogo. The highest 297 

concentration (60 ± 11 μg/g) was found at Tongon. 298 

The spatial distribution mapping of Ni in the sediments of Tengrela was almost similar in all stations except the 299 

stations T10 and T5 which correspond to the lowest values (2 - 13 µg/g, red and orange colours). However, no 300 

spatial variability (p < 0.05) of Ni was observed at Tengrela.  301 
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One-way ANOVA analysis (p < 0.05) showed no significant difference between artisanal sites at Korhogo and 302 

artisanal site at Tengrela. Nonetheless, the highest concentration (25 ± 8 μg/g) was found at Taoura.  303 

2.3. The values of pollution indices 304 

2.3.1. Geo-accumulation index (Igeo) 305 

 Igeo proposed by Müller and Suess (1979) was applied in the beach sediments to assess the metal 306 

contamination levels above the background or baseline concentrations (Bhuiyan et al.2010; Kalender and Uçar 307 

2013). The values of the Korhogo and Tengrela sediment geo accumulation index are shown in Table 3. The 308 

average Igeo values of Cu, Mn and Ni in the Tengrela sediments were all less than zero (class 0), indicating that 309 

sediments are uncontaminated. The sediments collected in all sites except Bevego at Korhogo were 310 

uncontaminated by Cu. At Bevego, moderate contamination level of Cu was observed. For Ni, the sediments 311 

contamination level was the same in all the artisanal areas at Korhogo. The sediments in these areas were 312 

uncontaminated by Ni, indicated by Igeo values less than 0. Uncontaminated to moderately contamination in Ni 313 

was observed in the industrial area (Tongon) at Korhogo. Sediments were uncontaminated by Mn at Tongon and 314 

Bevego. On the opposite, those collected at Badenou and Taoura were moderately and uncontaminated to 315 

moderately contaminated by Mn, respectively.  316 

The contamination levels trend of Cu, Ni and Mn vary one site to another at Korhogo, while that at Tengrela were 317 

the same. 318 

2.3.2. Enrichment Factor (EF) 319 

EF values are shown in Table 3. On the Hakanson (1980) scale, EF (0.9 8± 0.3 ≤ EF ≤ 1.46 ± 0.64) values 320 

calculated using mean Cu concentrations at Korhogo and Tengrela showed that all sediments were minor enriched 321 

by Cu, except sediments in the Bevogo mining area which were moderately enriched (EF = 3.66 ± 3.06) in Cu. 322 

For Ni, EF values in the Badenou, Taoura, Bevogo, Kanakono and Sissingue sediments were less than 1, showing 323 

that the sediments were not enriched by Ni. While those of Tongon had a minor enrichment in Ni (1 < EF < 3). 324 

On the other hand, all the sediments of Kanakono, Sissingue and Tongon were not enriched (0.73 ± 0.37 ≤ EF ≤ 325 

0.80 ± 0.38) in Mn except the Badenou, Taoura and Bevogo sediments which showed minor enrichment (1 < EF 326 

< 3) in Mn. 327 

2.4. Geochemical control of trace metals (Cu, Mn and Ni) in sediments 328 

Because there was no significant difference between metal concentrations between Tengrela and 329 

Korhogo, Principal Component Analysis (PCA) was applied to data from all the stations. The results are shown in 330 

Table 4. Three factors were found to account for 76.3% of the variance of the data set. Three obvious characteristics 331 

were observed. Iron and trace metals Cu, Mn, and Ni, and the fine fraction of sediments (silt and clay) along with 332 

TOC were associated with factor 1. Ni and the fine fraction as well as the sand contributed to factor 2. The third 333 

group was formed by the high contribution of pH and medium contributions trace metals Cu and Mn on factor 3.  334 

In addition to the PCA, an Ascending Hierarchical Classification (AHC) analysis was performed on all 335 

the sampling stations at Tengrela and Korhogo. The results are shown in Fig.3. The AHC results showed a close 336 

association of TOC with Fe, trace metals Cu, Mn and Ni, and the fine fraction. The sand and the pH formed no 337 

group with any parameter. 338 

2.5. Ecological risk assessment 339 
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The results of the ecological risk indices (Er) and (IR) for all sampling areas are shown in Table 3. It 340 

showed that all sampling areas were considered to have a very low level of ecological risk (Er< 40 and IR < 80). 341 

The highest IR was found in Tongon industrial zone sediments, and the lowest IRs was reported in Tengrela 342 

sediments. 343 

3. Evaluation of the potential mobility of traces metals in sediments 344 

The individual Cu, Mn and Ni speciation fractions expressed as percentages of their total concentrations are 345 

shown in Fig. 4.  346 

 347 

3.1. Chemical Fractionation of Nickel in Sediments  348 

The distribution of Nickel in the different fractions of sediments is shown in Figure 4. Nickel is mainly 349 

linked to the residual faction (R) with percentages varying between 59.68 ± 3.53% (Sissingue) and 66.87 ± 7.16% 350 

(Tongon). This equivalent to 9.27 ± 3.73 - 38.19 ± 21.35 µg/g of Ni concentration. There was no significant 351 

difference (ANOVA, p<0.05) between different stations for Ni concentrations in the residual, iron/manganese 352 

oxides and organic matter fractions. For the acid-soluble fraction (F1), the concentration of Ni in the artisanal 353 

mining area of Bevogo was significant higher (p <0.05) compared to other sites. The distribution of nickel in the 354 

different phases of the sediments of M'bengue and Tengrela is as follows: Badenou, Taoura and Bevogo: residual 355 

fraction (R) ˃ fraction linked to organic matter and sulphides (F3) ˃ fraction linked to oxides (F2)> exchangeable 356 

fraction linked to carbonates (F1), Tongon: Residual fraction (R)> exchangeable fraction linked to carbonates 357 

(F1)> fraction linked to organic matter and sulphides (F3) ˃ fraction linked to oxides (F2), Sissingue: residual 358 

fraction (R)> fraction linked to oxides (F2) ˃ fraction linked to organic matter and sulphides (F3)> exchangeable 359 

fraction bound to carbonates (F1), Kanakono: Residual fraction (R)> fraction linked to organic matter and 360 

sulphides (F3)> exchangeable fraction linked to carbonates (F1) ˃ fraction linked to oxides (F2). In the M’bengue 361 

stations, the order of distribution of nickel in the sediments is identical in the Badenou, Taoura and Bevogo stations. 362 

3.2. Chemical Fractionation of Copper in Sediments  363 

The percentages of Copper in the various fractions of sediments are shown in figure 4. The residual 364 

fraction (R) controls the distribution of copper in the different fractions of the sediments with percentages varying 365 

between 65.89 ± 3.40% (Kanakono) and 71.42 ± 7.20% (Tongon). This corresponds to a concentration varying 366 

from 8.96 ± 4.24 µg/g to 29.31 ± 17.63 µg/g of Cu concentration. All the proportions of the residual fractions 367 

recorded are greater than 65%, which shows that copper is less available in the Stations studied. There was no 368 

significant difference (ANOVA, p<0.05) between different stations for Ni concentrations in the residual, 369 

iron/manganese oxides and organic matter fractions, the acid-soluble fraction (F1). The decreasing order of 370 

retention of copper by the different phases of the sediments at the different stations is as follows. 371 

 Badenou, Bevogo and Kanakono: Residual fraction (R)> fraction linked to organic matter and sulphides 372 

(F3)> fraction linked to oxides (F2) ˃ exchangeable fraction linked to carbonates (F1), Tongon: residual fraction 373 

(R) ˃ fraction linked to the fraction linked to oxides (F2)> exchangeable fraction linked to carbonates (F1)> 374 

organic matter and sulphides (F3), Taoura and Sissingue: residual fraction (R)> exchangeable fraction linked to 375 

carbonates (F1)> fraction linked to fraction linked to oxides (F2)> organic matter and sulphides (F3), Copper 376 
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would have the same behaviour with respect to the different phases of the sediments of Badenou, Bevogo and 377 

Kanakono, then of Tongon and Sissingue. Indeed, the order of distribution in Badenou is similar to that of Bevogo 378 

and Kanakono, also those of Tongon and Sissingue are identical. 379 

3.3. Chemical fractionation of manganese in sediments 380 

 Figure 4 shows the distribution of manganese in the different fractions of the sediments of M’bengue and 381 

Tengrela. It clearly appears that manganese is mainly linked to the residual fraction (R), with an average proportion 382 

varying between 66.36 ± 9.28% (Bevogo) and 79.22 ± 13.84% (Badenou). This proportion corresponds to a 383 

concentration varying from 422.10 ± 247.92 µg / g to 1638.78 ± 1311.81 µg/g of Mn concentration. ANOVA 384 

analysis (p <0.05) shows that no significant difference was observed between stations for Mn concentrations in 385 

the residual, iron/manganese oxides and organic matter fractions, the acid-soluble fraction (F1). The retention of 386 

manganese by the different phases of the sediments allows two types of classification to be made. The first 387 

concerns the Badenou, Touara, Sissingue and Kanakono stations: Residual fraction (R)> fraction linked to organic 388 

matter and sulphides (F3) ˃ fraction linked to oxides (F2) exchangeable fraction linked to carbonates (F1), The 389 

second relates to the Tongon and Bevogo stations: Residual fraction (R)> fraction linked to oxides (F2)> fraction 390 

linked to organic matter and sulphides (F3) ˃ exchangeable fraction linked to carbonates (F1). 391 

3.4. Assessment of the risk of toxicity linked to metals Cu, Ni and Mn. 392 

Table 6 gives the values of the toxicity risks of the metals Cu, Ni and Mn in the sediments of the various 393 

stations. In general, Manganese can cause a low risk in all the stations studied (5.25±2.32≤ RAC (%) ≤ 9.30±2.16). 394 

The results show that the sediments of Badenou, Tongon, Bevogo and Kanakono can present a low risk of toxicity 395 

by Copper with percentages varying between 5.51±1.14 and 9.84±2.58%. On the other hand, the sediments of 396 

Taoura and Sissingue may present a medium risk of toxicity (11.37 ± 5.15≤ RAC (%) ≤ 11.59 ± 2.50). The Tongon, 397 

Taoura, bevogo, Kanakono and Sissingue sediments may present an average risk of Nickel toxicity (11.52±2.23≤ 398 

RAC (%) ≤ 12.52±2.17), Apart from the Badenou sediments which present a low risk of toxicity (RAC (%) = 7.75 399 

± 4.50).  400 

4. Discussion 401 

4.1. Surface sediment characteristics 402 

The variability of pH in sediments surrounding the mining areas is related to the variation of extrinsic 403 

factors. Acid mine drainage is expected to result in much more acidic pH values than those reported in this study 404 

(near neutral). This may be due to geological characteristic in the area such as carbonate rocks that could lead to 405 

high sedimentary pH. The lack of significant spatial variability of pH at artisanal sites could result from the 406 

buffering capacity of the sediments.   407 

Sediment grain size data from the study areas showed that all the sediments had a sandy texture. The geology of 408 

the savannah district which is essentially based on a large set of homogenous and heterogeneous biotile granitoids 409 

(Sako et al. 2018) could explain this sandy texture.  410 

The sediment texture is an important factor which influences the TOC distribution in sediments (Kinimo 411 

et al.2018). In this study, the sediments texture varied among Korhogo and Tengrela artisanal stations. That may 412 

explain why TOC content in sediment varied between the stations at Korhogo and Tengrela.  413 
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4.2. Spatial distribution of total trace metal (Cu, Ni and Mn) concentrations 414 

The total concentrations of metals (Cu, Mn and Ni) in artisanal sediments did not vary significantly among 415 

the stations. Trace metals accumulation into the sediment depends to many parameters such as pH, sediments 416 

texture and TOC. The acidic pH of sediments promotes the bioavailability of metals, while the basic pH increases 417 

metal adsorption (Barik et al.2018). Due to its smaller specific surface, the sand fraction accumulates less metal 418 

than clay fraction. Consequently, metal concentrations in sediments increase with finer particles. In addition, 419 

several studies reported that TOC contents in sediments increase with finer particles. The average of pH determined 420 

in this study did not vary among the artisanal sites at Korhogo and Tengrela. That may imply why trace metals 421 

concentrations did not significantly differ one site to another. 422 

The samples collected from artisanal areas at Tengrela are located downstream the Bagoé River. Perseus Mining 423 

had not started gold extraction at Sissingue before the present study. Thus, all the sampling stations along the 424 

Bagoé River at Tengrela could be considered as artisanal mining areas. During the study period, the concentrations 425 

of trace metals Cu, Mn and Ni were comparable in all the ten stations at Tengrela. This probably indicates that the 426 

intensity of water flow, and sediment and water discharges, and anthropogenic pressures such as agricultural and 427 

urban activities may not differ significantly in the watershed of the Bagoé River during the sampling period. The 428 

Bandama River waters industrial stations at Tongon and flows downstream towards artisanal mining stations at 429 

Badenou, Taoura and Bevogo, respectively. However, no concentration gradient was found along the Bandama 430 

River for Cu, Mn, and Ni at Korhogo. Moreover, there was in general no significant metal concentration difference 431 

between the stations. This indicates that there was no sign of transported Cu, Ni, and Mn pollution from the 432 

industrial mining stations upstream the Bandama River towards the artisanal stations located downstream during 433 

the study period. One possible cause could be that the Bandama River bed was dry, or the water velocity was 434 

almost zero at many places during the sampling span time. Nevertheless, the significant difference of Mn 435 

concentration between Bevego and Kanakono, and between the artisanal site Bevego and the industrial site Tongon 436 

at Korhogo for Ni could be explained by the different affinities of the metals for the sediments and the different 437 

sources as reported by Kang et al. (2017) in the Jiaozhou Bay. Kang et al. (2017) mentioned that the different 438 

spatial distribution trend could be explained by the sediment heterogeneity in time and space. In addition, the 439 

windborne transport and atmospheric deposition of dust may play a significant role in spreading contaminants (Li 440 

et al.2017). These processes probably caused the differences in the metal spatial distributions in the sediment at 441 

Korhogo and Tengrela. Li et al. (2017) showed similar distribution of Cu concentrations in sediments from 442 

Xikuangshan mining area (China). In contrast, Toro et al. (2016) observed that the distribution of trace metals Cu, 443 

Ni and Mn varied significantly in sediments around Choco mining area (Colombia), which is in stark contrast with 444 

our observations. These findings show that the spatial variations of trace metals in sediments around the mining 445 

areas are local specific. 446 

For comparison purposes, the trace metals concentrations in this study and in some other mining areas are 447 

summarized in Table 5. Although the different geological settings and difference in analytical methods may 448 

influence metal concentrations in sediments, it can be seen that the environmental contamination with Cu, Mn and 449 

Ni by mining activities found in the present study is consistent with previous investigations in Ghana (Klubi et 450 

al.2018; Bempah and Ewusi 2016). Moreover, compared with previous research in other mining areas in central-451 

southern and south-eastern Côte d’Ivoire (Kinimo et al.2018), the trace metals concentrations found in the current 452 

study are low. Therefore, the concentrations of Cu, Ni and Mn determined in this study could represent the basis 453 
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data for these areas. Nevertheless, repeated measurements over a long period of time should be carried out to better 454 

understand the spatial variability of trace metals in this study. 455 

4.3. Pollution sources identification and geochemical control of traces metals 456 

The results of Igeo indicated that low to moderate contamination of sediments by Cu, Mn and Ni were 457 

obtained at Korhogo, while sediments showed low contamination in Cu, Mn and Ni in all sites at Tengrela. This 458 

may suggest an external contribution of trace metals (Cu, Ni and Mn) in the sediments. For example, Enrichment 459 

Factor (EF) is used to assess the potential impact of human activities on trace metal concentrations in sediments 460 

(Kowalska et al.2016; Peter and Adeniyi 2011). EF values show that the Korhogo and Tengrela sediments are 461 

slightly enriched in Cu, except sediments in the Bevogo artisanal mining area that have moderate Cu 462 

contamination. The minor and moderate enrichment in Cu in the sediments showed an external contribution of Cu 463 

in sediments through various activities practiced in these areas, such as artisanal and industrial gold mining. For 464 

Ni, the EF values in the Badenou, Taoura, Bevogo, Kanakono and Sissingue sediments showed no enrichment of 465 

sediment by Ni. This means that artisanal and industrial gold mining still are not significant source of Ni in these 466 

areas. On the contrary, the Tongon sediments have a minor Ni enrichment showing an external contribution of the 467 

metal. In addition, Mn has a natural enrichment in the sediments of Kanakono, Sissingue and Tongon, while the 468 

enrichment of the Taoura, Badenou and Bevogo sediments is minor because of the external supply of Mn. It has 469 

been reported that metals are of anthropogenic origin if EF value is higher than 1.5 (Zhang et al.2002). The average 470 

values of EF for Cu at Bevego (EF = 3.66 ± 3.06), for Mn (EF = 2.27 ± 1.69) at Badenou and for Ni (EF = 1.71 ± 471 

0.72) at Tongon indicated anthropogenic enrichment. 472 

The results of PCA and AHC indicated that TOC is a key factor controlling the distribution of trace metals Cu, 473 

Mn and Ni in the study area. TOC is in general associated with finer fractions of sediments. This was confirmed 474 

by results from the present study. Due to their high surface area, finer particles in sediments represent an important 475 

carrier for organic matter (Ouattara et al.2018). The positive contribution of TOC and finer particle (silt+clay) 476 

observed on factor 1 implies high sorption and affinity of TOC on finer particle. Thus, the association of TOC 477 

with the finer fraction makes the finer fraction another factor driving trace metal distribution in the sediments. 478 

Chen et al. (2012) have reported that Fe derives primarily from geological sources. Therefore, the association of 479 

trace metals Cu, Ni and Mn with Fe in the present study may suggests that these trace metals are mainly from a 480 

natural source. Furthermore, the EF values showed that sediments were generally not enriched in Cu, Mn, and Ni, 481 

which is consistent with a natural source of Cu, Mn and Ni. However, a part of the trace metals Cu, Mn and Ni in 482 

this study area may also derived from anthropogenic sources through unintentional contaminations from gold 483 

miners and the use pesticides and phosphate fertilizers (Rauch and Graedel 2007). The study area is dominated by 484 

agriculture focused on cash crops such as cotton, cashew, yam, corn, and vegetables crops. The production of these 485 

crops can be a source of Cu in the environment (Yapo et al.2016). Thus, Cu, Mn and Ni would be subjected to 486 

anthropogenic contributions indicated by the contribution of Cu, Mn and Ni to factor 1. This was supported by 487 

high EF values of Cu, Mn and Ni at Bevogo, Badenou and Tongon, respectively. Therefore, factor 1 could be 488 

defined as both natural and anthropogenic sources. 489 

The results of PCA also revealed that sediment texture is an important carrier for Ni both through sand and silt and 490 

clay fractions. However further studies should be conducted to better understand high association of Ni with the 491 

sands revealed by PCA, but not by AHC in the sediments. 492 
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The grouping of pH, Cu and Ni on factor 3 suggests that pH drives the distribution of Cu and Ni. The pH has an 493 

impact on the mobility and solubility of metals in sediments. In acidic conditions, the mobility of trace metal is 494 

pronounced, while high pH leads to the metal adsorption in sediment (Halim et al.2013). The average pH value 495 

(all stations combined) in the present study was 7.11 ± 0.77 pH units. Thus, Cu and Mn adsorption would be 496 

relatively promoted in sediments during the sampling period. According to Peng et al. (2009), there is a pH limit 497 

controlling trace metals mobility in sediments (e.g., 4.5 pH units for Cu). Trace metals would be released from 498 

sediments only if they reach such pH limit.  499 

AHC results failed to reveal the influence of pH and sand in controlling the distribution of trace metals (Cu, Mn, 500 

and Ni). Therefore, performing two multivariate analyses to deduce geochemical behaviours or sources of trace 501 

metals could provide more meaningful information than what could do one single test. 502 

The present study suggests that trace metals Cu, Mn and Ni concentrations are easily affected both by natural 503 

factors and human activities in the study area. The sources of Ni, Cu and Mn could therefore be divided into two 504 

groups, the sources of the first group being the geological formation of sediments and agricultural activities, the 505 

sources of the other group being transport, atmospheric deposition, waste and mining. Therefore, enrichment factor 506 

(EF), Principal component analysis (PCA) and Ascending Hierarchical Classification (AHC) can be combined to 507 

better understand the sources of trace metals (Cu, Ni and Mn). 508 

4.4. Sediment risk assessment  509 

In the Korhogo and Tengrela sites, the potential ecological factors Er of Cu, Ni and Mn were low because 510 

the Er values were lower than 40. The order of the potential ecological risk factor Er of the trace metals in the 511 

sediments of the different studied sites was: Badenou, Taoura, Bevogo, Sissingue and Kanakono: Cu > Ni > Mn. 512 

Tongon: Ni > Cu > Mn. 513 

The results indicated that the potential risk was low at all sites, where the IR values were below 80. Based 514 

on the IR values (Table 3), the trend of the potential ecological risk of trace metals in surface sediments was: 515 

Tongon > Bevogo >Taoura > Badenou > Kanakono > Sissingue. This indicates that Cu, Ni and Mn in the sediments 516 

of the Tongon industrial areas could pose higher risks than those in the artisanal areas. Therefore, the monitoring 517 

of the Tongon area should be stepped up to prevent pollution of drinking water sources in the future. Local 518 

communities could be exposed through pathways such as consumption of contaminated vegetables, fish and fruits. 519 

Therefore, bioaccumulation studies are needed to understand human potential health risks. 520 

Result from RAC show that trace metals present a low toxicity risk to the environment and biota in the areas 521 

studied. In summary, the identification of the distribution of trace metals and their relationships with organic matter 522 

in sediments were important steps in determining their mobility, potential bioavailability and toxicity to the aquatic 523 

environment. 524 

4.5. Sequential extraction  525 

In this study, the results of the chemical fractionation show that the trace metals (Cu, Ni and Mn) are mainly related 526 

to the residual fraction. This means that trace metals are bound to silicates and are therefore not available to the 527 

aquatic system (Saleem et al 2015). The results of the chemical fractionation of nickel are in agreement with those 528 

of Ji et al (2018), who showed that nickel is mainly bound to the residual fraction (60%) in the sediments of the 529 

Yongding River in China. Similarly, Compaore et al (2019) showed that the residual fraction controls the 530 

distribution of nickel in soil fractions collected at Youga in southern Burkina Faso. On the other hand, Da Silveira 531 

Pereira et al. (2020) showed that nickel was not mainly related to the residual fraction in soils in areas influenced 532 
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by the Serra Pelada gold mine in Brazil. This is contrary to our results. However, the oxide bound fraction of nickel 533 

represents the most important reactive fraction in the Badenou and Sissingue sediments. Thus, an important part 534 

of the nickel present in the sediments of these regions can be fixed by iron and manganese oxides. Therefore, a 535 

modification of the redox conditions would lead to the solubilization of the Nickel by dissolution of these oxides. 536 

This order is different from that of Tongon. This difference could be explained by the different types of mining 537 

activities in these regions. The activities in Tongon are industrial in nature while those in Bevogo, Taoura and 538 

Badenou are artisanal in nature. The results of the copper distribution in the sediments studied show that copper is 539 

mainly related to the residual fraction. Thus our results corroborate with the studies carried out in the Yongding 540 

River in China (Li et al.2018), the mining soils studied in China (Sun et al.2018) and in Burkina Faso (Compaore 541 

et al.2019). These. On the other hand, the results of the study conducted by Aguilar-Hinojosa et al (2016) on 542 

sediments impacted by mining activities in Sonora, Mexico, are not consistent with those of the present study. 543 

Indeed, these authors observed that copper was weakly associated with the residual fraction. These different results 544 

of the distribution of the sediments studied suggest that a large part of the manganese is strongly related to the 545 

crystalline structure of the sediments. Our results are similar to those obtained by Compaore et al (2019) and Ji et 546 

al (2018) respectively in sediments and soils around a mine in Burkina Faso and China, where a high proportion 547 

of was obtained in the residual fraction. In contrast, Aguilar-Hinojosa et al. (2016) showed opposite results in 548 

stream sediments from a mining region in Mexico. Mn, Ni and Cu are more associated with the residual fractions 549 

(Figure 4), which have low solubility. As such, these trace metals are inert under natural conditions. High levels 550 

of Cu, Ni and Mn in the residual phase suggest that these trace metals are relatively insensitive to changes in the 551 

surrounding conditions. The same result is also obtained in Ji et al (2018). 552 

5. Conclusion 553 

Trace metals (Cu, Ni and Mn) concentrations in sediments around gold mining areas in the northern Cote 554 

d’Ivoire were investigated in this study. This research showed that the concentrations of metals (Cu, Mn, and Ni) 555 

in artisanal sediments did not vary significantly among the stations. The spatial maps of Cu and Mn indicated 556 

different distribution trends in artisanal area at Korhogo and Tengrela, while that of Ni showed similar distribution 557 

trends. The results of Igeo indicated low to moderate contamination of sediments by Cu, Mn and Ni at Korhogo, 558 

and low contamination in Cu, Mn and Ni at Tengrela. Enrichment factor showed anthropogenic contribution of 559 

Cu, Mn and Ni in sediments at Bevogo, Badenou and Tongon, respectively. These results confirm the 560 

contamination level obtained by Igeo. The results of risk assessment showed that Cu, Ni, and Mn pose low 561 

ecological risk in the surface sediments. It was concluded that, concentrations of Cu, Ni and Mn provided in this 562 

study can be used as basic data in sediments at Korhogo and Tengrela. Therefore, measurements over a longer 563 

study period as well as complementary studies including trace metals speciation and accumulation in organisms 564 

need to be conducted in order to better understand the trace metals distribution and the risks for human health. The 565 

phases of distribution and partitioning of trace metals constitute a major environmental concern with regard to 566 

chemical fractionation and ecotoxicological aspects. It can also be used as a tool to provide information on the 567 

bioavailability and mobility of trace metals in sediments. The chemical fractionation of trace metals in the collected 568 

sediments is related to the residual fraction. The RAC results suggested that Cu, Ni and Mn posed a low risk to the 569 

local environment. 570 

 571 

 572 
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Figures

Figure 1

Location of the savanna district and sediments sampling sites. Sissingue (T1, T2, T3, T4, T5); Kanakono
(T6, T7, T8, T9, T10); Tongon (M1, M2, M3, M4, M5); Badenou (R1, R2, R3, R4, R5); Taoura (K1, K2, K3, K4,
K5); Bèvogo (K6, K7, K8, K9, K10) Note: The designations employed and the presentation of the material
on this map do not imply the expression of any opinion whatsoever on the part of Research Square
concerning the legal status of any country, territory, city or area or of its authorities, or concerning the
delimitation of its frontiers or boundaries. This map has been provided by the authors.



Figure 2

Examined the distribution patterns of concentrations of trace metals (Cu, Mn and Ni) in gold mining areas
Note: The designations employed and the presentation of the material on this map do not imply the
expression of any opinion whatsoever on the part of Research Square concerning the legal status of any
country, territory, city or area or of its authorities, or concerning the delimitation of its frontiers or
boundaries. This map has been provided by the authors.



Figure 3

Hierarchical dendrogram for TOC, pH, sediment grain sizes and trace metals concentrations in sediments
collected from the study area



Figure 4

Chemical fractionation of Cu, Ni and Mn in the sediments of the north of areas in�uenced by mining
activities, Ivory Coast
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