Seasonal distribution, bioavailability and ecological risk assessment of heavy metals in sediments from gold mining in the northern part of Côte d’Ivoire, West Africa



Abstract 
This study aimed to evaluate the spatial and seasonal distribution, bioavailability and potential risk of metal in surface sediment from Korhogo and Tengrela gold mines in the Savanah District, one of the main mining areas of Côte d’Ivoire. Lead (Pb), cadmium (Cd), and mercury (Hg) concentrations in surface sediments collected were evaluated using inductive coupled plasma-optical emission spectrometer (ICP-OES). Bioavailability was evaluated according to the Community Bureau Reference (BCR) sequential extraction protocol and Risk assessment Code (RAC) was calculated to appreciate the potential risks. The results revealed that sediments from Korhogo and Tengrela were contaminated with Pb, Cd, and Hg. Except for Cd, seasonal variation indicated that metal concentrations decreased from dry season to rainy season. The extractable fractions showed that the largest metals were bound to the crystalline structure of the sediments with a quantitative percentage ranging from 56.1 to 85.9 %, indicating their low mobility. Regarding the potential mobility and availability of lead, cadmium, and mercury in sediments , the mean concentrations of the sum of the non-residual fractions varied from 1.087 to 20.917 µg.g-1, from 0.082 to 0.238 µg.g-1, and from 0.011 to 0.267 µg.g-1 for Pb, Cd and Hg, respectively Overall, the surface sediments are at a low to medium toxicity-risk level with RAC values lower than or equal to 15%, indicating that metals could not cause a threat to organisms in the sediments and to humans via consumption to crops irrigated with water around the Korhogo and Tengrela gold mine sites. 
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1. INTRODUCTION 
Over the past few decades, long-term impact of trace metals in the environment has been increasing owing to the growing mining activities in developing countries (Anyanwu et al. 2018, Kothapalli et al. 2021). Once metals are in the environment, they can become incorporated into the river ecosystem, particularly in sediments (Córdoba-Tovar et al. 2023, Proshad et al. 2022). Various studies have shown that trace metal concentrations in sediments can be sensitive indicators of the overall contamination of aquatic systems (Kubra et al. 2022).
Additionally, trace metals in aquatic sediments can either be retained or released back into the water column through various remobilization processes (Cheng et al. 2022, Li et al. 2019). However, they pose a serious threat to human health and living organisms, because of their toxicity, persistence, and bioaccumulation (Ali et al. 2019, Calabró et al. 2022). Mining is essential in many developing countries such as Côte d'Ivoire (Kouamé et al. 2019, N’Goran et al. 2022). It provides jobs for indigenous populations, particularly in rural communities where economic activities are extremely limited (Worlanyo et al. 2021). Both artisanal and industrial gold mining are growing in scale and importance in our country (Kinimo et al. 2018; Ahoussi et al. 2020; N’Goran et al. 2022). However, these mining activities have a negative impact on the environment, and the severity of this impact depends on the methods and technical skills of the miners (Agboola et al. 2020). Due to their accumulation and persistence in the environment, trace metals such as Pb, Cd, and Hg are highly toxic to human health (Bharti et al. 2022, Mishra et al., 2019). Thus, long-term exposure to these trace metals can lead to cancer and other illnesses (Kan et al 2021), mercury toxicity is the cause of Minamata disease, while cadmium poisoning is the cause of itai-itai disease (Mitra et al 2022). Moreover, (Hg, Cd, and Pb) can also cause toxicity in certain organs of the human body, such as lung and kidney damage, neurological disorders, infectious diseases, DNA damage, infertility lung cancer, kidney dysfunction, osteoporosis and heart failure (Alengebawy et al. 2021; Oyugi et al 2021; Basu et al 2023). It is assumed that the total concentration of metals in sediments does not always represent their capacity for mobilization and bioavailability, or their potential toxicity to living organisms and the environment (Zheng et al., 2020). Many populations around the world, including Côte d'Ivoire are exposed to transient of trace metals from gold mining activities (Sako et al., 2020). Consequently, evaluating the mobility of trace metals would allow us to estimate the risk to the surrounding population. Nonetheless, few studies have focused on aquatic sediments in the savannah region of northern Côte d'Ivoire (N'goran et al., 2022). 
The savannah District is located in the northern part of the Côte d’Ivoire (West Africa). The district covers an area of 40,323 km2 with a population estimate to 2,159,434 inhabitants (RGPH, 2021). This region hosted some of the country’s major industrial gold mines such as Tongon and Sissingué sites, as well as several artisanal gold mining sites (N’Goran et al., 2022). From a geological point of view, the district is characterized by an Archean formation which is undergone under catazonal type of metamorphism. They consist of grey banded gneisses of tonalitic composition with intercalations of pinkish orthopyroxene granulites and charnockites (Kouamelan et al., 1997).
The objective of this study was to investigate the impact of gold mining activities on the distribution, mobility, and potential toxicity of Cd, Pb, and Hg in the surface sediments of the Bagoue River (Tengrela) and Bandama River (Korhogo), (Cd, Pb, and Hg) were assessed using the Risk Assessment Code (RAC). 

2. material and methods 

2.1. Study Area

The study area covered the Bandama and Bagoué rivers in the Savannah District of northern Côte d'Ivoire (Figure 1). The Bandama River is in the Korhogo region, while the Bagoué River is in the Tengrela part. The Bandama River is the largest river in Côte d'Ivoire, with its source in northern Côte d'Ivoire, between Korhogo and Boundiali (Sako et al., 2018; Traore et al., 2017; Girard et al., 1971). The Bagoué River is a small stream in northern Côte d'Ivoire. It rises in the Kokoum region, near the border between Côte d'Ivoire and Mali, passing through Tengrela (Côte d'Ivoire). In this study, two towns were selected in the Savannah District (Korhogo and Tengrela) to get an idea of the state of cadmium, mercury, and lead contamination in their environments. In northern Côte d’Ivoire, the geology is predominately made up of feral soils. These soils are derived from felsic or intermediate parent rocks (granite, gneiss, phyllite, and schist) of the underlying Precambrian rocks. The rocks are mainly composed of green schist of low metamorphic grade, bounded on either side by tectonized granitoid gneiss Terrans. The dominant lithological unit in the area consists of mafic rocks and dislocated clastic sediments, intercalated with volcano-sedimentary formations and intruded by a large body of granodiorite (Sako et al 2018, N’Goran et al 2022). The Savannah District is well known through activities such as livestock, cotton, cashew, and food activities, in addition to several industrial (Ran Gold (Korhogo) and Perseus Mining (Tengrela)), and artisanal and small-scale gold mining extractions (N’Goran et al., 2022). Various sampling stations were chosen based on site accessibility and their potential to reveal possible metal pollution in the environment. General sampling conditions (upstream, central, and downstream) were monitored to ensure representative site sampling. A total of 30 sampling stations were selected, including 20 for the M'bengue mining sites and 10 for the Tengrela mining sites, as shown in Figure 1. At Korhogo mining sites such as Badenou (R1 to R5), Tongon (M1 to M5), Taoura (K1 to K5), Bevogo (K6 to K10), five (05) sampling stations were selected, considering the mining activities (industrial or artisanal) carried out there. At Tengrela, during the period of our sample collection, industrial mining activities had not yet started. Consequently, all stations (T1 to T5) (Sissingue) and (T6 to T10) (Kanakono) are considered artisanal.
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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); Bevogo (K6, K7, K8, K9, K10)

2.2. Sediments characterization and heavy metal analysis
The sampling campaigns took place in 2016 during the dry and rainy seasons. The collection of the sediment samples, digestion, and total metal concentration measurements have been described by N’Goran et al. (2022). A total of 5 samples surfaces of sediment (0-5 cm) were collected from each site (Figure 1). To take the local variability into account, each sample (300 g) was made of five subsamples collected using a Van Veen stainless steel grab (with an area of 0.02 m2) (N’goran et al., 2022, Saleem et al. 2015). Without emptying the grab, a sample was taken from the centre with a polyethylene spoon (acid washed) to avoid contamination by the metallic parts of the dredge. Samples were then put into ice bags and transported to the laboratory, stored in a deep-freeze unit before the drying procedure. Sediment samples were air-dried at room temperature, ground with an agate mortar to pass through a 63 µm sieve. And then, they were stored in polyethylene zip-type bags and shipped to Laboratoire de Chimie Organique Bioorganique Réactivité et Analyse (COBRA), Université de Rouen (France) for further analysis. All sampling devices were cleaned by rinsing with pure water and kept in 0.1 M HNO3 (68%, Fischer Scientific) for several days before sampling. Sediment samples were digested using a microwave-assisted digestion system (Milestone Ethos 1 microwave, Shelton, US), following Method 3051 A (N’goran et al., 2022). About 0.5 g of homogenized sediments was first left to react with a mixture of 3 mL 68% HNO3 and 9 mL 37% HCl (trace metal grade, Fisher Scientific) in loosely capped Teflon reactors for 30 min at room temperature, in a fume hood, to avoid an overpressure during the heating step (N’Goran et al 2022). Then, the digestion was performed under high power at programmed temperatures and time intervals: 0 to 10 min, 25 to 150°C; 10 to 15 min, 150°C; 15 to 20 min, 150 to 165 °C; 20 to 25 min, 165°C; 25 to 30 min, 180°C. After cooling, the solutions were diluted to 50 mL with ultrapure 2% HNO3 in Teflon tubes and centrifuged at 4000 rpm for 5 min prior to analysis of the supernatant. Duplicate blanks were prepared and analysed with each batch of digested samples. Trace metals (Fe, Hg, Cd, and Pb) were measured using an inductively coupled plasma-optical emission spectrometer (ICP OES Icap 6200, Thermo Fisher, Cambridge, UK). Three replicates of each analysed sample presented an error that was within 6%. Accuracy of the analytical procedures were evaluated through the analysis of the certified reference material CRM CNS 301-04-050 (Sigma-Aldrich; Missouri, U.S.A) for freshwater sediment. The measured concentrations fell within the range of certified values. 

2.3. Sequential extraction of heavy metals
A modifying BCR sequential extraction procedure (Rodgers et al., 2015) was performed on 1g of dried samples. Acid-soluble fraction (F1) was extracted by 40 mL of 0.11 M acetic acid at room temperature for 16h (step 1). The residue from step 1 was leached with 40 mL of 0.5 M hydroxylamine hydrochloride, pH = 1.5 at room temperature for 16h (step 2) to receive reducible fraction (F2). The residue from the second extraction step was treated twice with 5 mL of 8.8 M hydrogen peroxide, pH = 2 at room temperature for 1h and then 80°C for1h. After cooling down, 20 mL of 1.0 M ammonium acetate (pH = 2) was added at room temperature for 16h to extract oxidizable fraction (F3) (step 3). The residue from step 3 was digested using a mixture of HNO3-HCl (1:3) at 180°C for 2h 30 min (residual fraction) (Baran et al. 2019, Saleem et al. 2017). Previous study upon river sediment showed recoveries (Recovery =(F1+F2+F3+F4)/(Pseudo-total) ×100) of this method in the range of 95–107% for Cd, Hg, and Pb.

2.4.7. Risk assessment code (RAC)

The Risk Assessment Code (RAC) considers the ability of metals to be released and subsequently enter into the food chain and is based on the strength of the bond between metals and other components in sediments. Therefore, the RAC assesses the availability of metals by applying a scale to the percentage of metal in the carbonate and exchangeable fractions (F1). When the percentage F1 is less than 1% there is no risk (NR). For a range of 1–10%, there is low risk (LR), medium risk (MR) for a range of 11–30%, high risk (HR) for 31–50%, and very high risk (VHR) for 51–100% (Sundaray et al., 2011, Marrugo-Negrete et al., 2017).

2.4.8. Statistical analysis (missing) 

The One-Way Analysis of variance (ANOVA) was employed to examine differences among heavy metal concentrations and the activity types. The pairwise multiple comparison procedures were performed using the Tukey Test when the tests of normality and equal variance were positive. The Kruskal-Wallis One Way Analysis of Variance on Ranks was used when the equal variance test failed. The difference was considered statistically significant at p < 0.05. Statistical analysis was carried out with SigmaPlot 12.5, except. Spatial analysis was performed by the geostatistical analyst tool in ArcGIS V (10.2).

3. results and discussion

3.1. Distribution of Pb, Cd and Hg concentrations in surface sediments
The total concentrations of lead, cadmium and mercury in surface sediment from Korhogo and Tengrela were depicted in Figure 2a, 2b, and 2c, respectively. Total concentration of lead. Lead concentrations ranged from 0.97 to 200 µg.g-1, with an average of 23.7±51.2 µg.g-1 in Korhogo, and from 2.07 to 25.2 µg.g-1, with an average of 10.21±5.53 µg.g-1 in Tengrela. The Bevogo station recorded the highest mean value (73.86 ± 84.24 µg.g-1). Tongon sediments were the least contaminated with lead (4.02 ± 2.87 µg.g-1). Cadmium concentrations at the Korhogo sites ranged from 0.1 to 2.03 µg.g-1, with an average of 0.61 ± 0.4 µg.g-1. At Tengrela stations, values ranged from 0.09 to 0.60 µg.g-1, with an average of 0.32 ± 0.17 µg.g-1. Mercury concentrations at the Korhogo sites ranged from 0.011 to 14.4 µg.g-1, with an average of 0.59 ± 2.28 µg.g-1. At Tengrela ones, mercury concentrations ranged from 0.02 to 0.68 µg.g-1, with an average of 0.16 ± 0.16 µg.g-1. The total concentrations in surface sediment of the three studied elements were higher at Korhogo than those recorded at Tengrela. This trend can be attributed to the age of the Korhogo gold mine as opposed to the Tengrela gold mine which is much more recent. Overall, concentrations of lead, cadmium and mercury obtained in surface sediment from both sites were far higher than the reported metal concentration in shales (Wedepohl, 1995) as reference background level. The results can be attributed to the rock material of each area, the mineral recovery processes, and the waste management (Jimérez-Oyola, 2021). In addition, agricultural practices and excessive uses of fertilizers and pesticides increase the availability of naturally occurring lead, cadmium and mercury (Khatan et al. 2022; N'Guessan et al., 2009). The variance analysis showed that there is no significant difference
3.2 Lead, Cadmium, and mercury level assessment 
The data from the present study were compared with some results from the literature (Table 1). Lead concentrations obtained in Korhogo sediments are comparable to those obtained by Sims et al., (2010) and by Niane et al., (2014) in Nevada (USA), and Senegal, respectively. Whereas the values obtained by Ruelas-inzunza et al., (2011), Kagambega et al., (2023), Agyarko et al., (2014), and Chernova et al., (2015) in surface sediments impacted by mining activities in Mexico, Burkina Faso, Ghana, and Japan, respectively, were lower than those in the current work. Thus, anthropogenic activities in the Korhogo area contribute to severe sediment contamination. However, lead concentrations obtained in sediments around mining areas in China (Tao et al., 2014), and Serbia (Filimon et al., 2016) are higher than those in Korhogo and Tengrela. Furthermore, the level of contamination in Tengrela sediments is relatively comparable to those obtained by Ruelas-inzunza et al., (2011), and Agyarko et al., (2014) in Mexico and Ghana, respectively.
Comparison of our data with the literature showed that sediments from Korhogo and Tengrela were less contaminated with mercury than sediments near mining areas in Colombia (Olivero-Verbal et al., 2014), Senegal (Niane et al., 2014), and Ghana (Agyarko et al., 2014). In fact, these authors obtained higher mercury concentrations than our data. In contrast, the mercury concentrations obtained by Hoyarh et al. (2016) and Lim et al. (2008) in Ghana and South Korea, respectively, were lower than our results. The data in Table 1 also indicated that the values obtained in Korhogo were comparable to those obtained by Affum et al., (2016), Marrugo-negrete et al., (2015), Gray et al., (2015), and Atibu et al., (2016) in Ghana, Colombia, Texas, and the Democratic Republic of Congo, respectively. While those from Tengrela were comparable to those obtained from South Africa (Lusino-makiese et al., 2016), Côte d’Ivoire (N’Guessan et al., 2021), Burkina Faso (Kagambega et al., 2023), and Venezuela (Santos-froncés et al., 2011). This comparison showed that the watercourses around the mining areas in Korhogo and Tengrela were among the most mercury-contaminated aquatic environments.
3.3 Seasonal concentration of Pb, Cd, and Hg variation in sediment 
The seasonal distribution of Cd, Pb, and Hg concentrations in the sediment is shown in Fig. 2. In dry season, the mean concentrations were 27.01±58.87 µg.g-1 and 11.8±6.57 for Pb, 0.61±0.40 µg.g-1 and 0.29±0.14 µg.g-1 for Cd, and 0.96±3.18 µg.g-1 and 0.19±0.21 µg.g-1 for Hg in Korhogo and Tengrela, respectively. During the rainy season, the trace metal concentrations were 20.40±45.10 µg.g-1 and 8.75±4.31 µg.g-1 for Pb, 0.62±0.63 µg g-1 and 0.35±0.20 µg g-1 for Cd, and 0.21±0.21 µg g-1 and 0.13±0.10 µg g-1 for Hg in Korhogo and Tengrela, respectively. The average seasonal metal concentrations recorded in Korhogo were higher than those obtained in Tengrela, in both seasons. The seasonal variation pattern showed a decrease in the concentration of the studied metal from the dry season to the rainy season in all sediments, except for Cd. However, no significant difference (ANOVA, p < 0.05) was observed between metal concentration in the rainy and dry seasons in sediment from Korhogo and Tengrela. The highest concentrations recorded in the dry season can be explained by high solar radiation due to the extreme temperatures in this part of the country, which can reach 36°C in the dry season, causing water evaporation and increasing the concentration of trace metals in sediments (Bercerra-Lirra et al., 2024). The reverse trend observed for cadmium could be due to soil and tailings erosion and leaching. In fact, during the rainy season, soil erosion and tailings leaching result in large amounts of suspended solids due to the transport of organic and mineral particles. These suspended particles are also loaded with trace metals (Muhammad et al., 2014). 
As a result, the average of the total concentrations of each metal will be used in the remainder of the work. However, for a better understanding of the seasonal distribution of lead, cadmium and mercury, a study over a very long period is needed. The total concentration measured did not provide any information on the degree of contamination or on the quality of the sediments studied. A more detailed study is therefore required, including the calculation of metal indices and the comparison of concentrations with sediment quality standards. 
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Fig. 2: Distribution patterns of Pb, Cd and Hg concentrations in sediment from gold mining areas
Table 1: Comparison of total metal concentrations in sediment from this study 

	Country
	Trace metals (µg.g-1)
	Reference

	
	Pb (a)
	Cd (b)
	Hg (c)
	

	Côte d’Ivoire (Korhogo)
	0.97-200
	0.10-2.03
	0.018-14.4
	Present study

	Côte d’Ivoire (Tengrela)
	2.07-25.2
	0.09-0.73
	0.02-0.33
	Present study

	Africa 
	
	
	
	

	Burkina Faso
	3.8-30.2
	-
	0.01-1.18
	Kagambega et al. 2023

	Ghana
	1.13-10.6
	0.17-0.63
	1.60-46.60
	Agyarko et al., 2014

	Senegal
	4-103
	-
	0.01-9.93
	Niane et al., 2014

	Republic Democratic of Congo
	-
	-
	0.2-1.1
	Atibu et al., 2016

	America 
	
	
	
	

	Mexico
	16.14-38.46
	0.08-0.48
	0.17-1.09
	Ruelas-inzunza et al .,2011

	Serbia
	43.12-480.1
	-
	-
	Filimon et al., 2016

	Nevada, USA
	8.27-133.2
	0.01-0.474
	
	Sims et al., 2011

	Texas, USA
	-
	-
	0.1962-1.1876
	Gray et al., 2015

	Colombia
	-
	-
	0.145-1.021
	Marrugo-negrete et al., 2015

	Colombia
	-
	-
	0.1-232.81
	Olivier-verbal et al., 2014

	Venezuela
	-
	-
	0.019 – 0.265
	Santos-francés et al., 2011

	Asia 
	
	
	
	

	China
	31.6-545.2
	-
	-
	Tao et al., 2014

	Japan
	13.2-81.8
	0.6-2.29
	-
	Chernova et al., 2015

	Thailand
	-
	0.11-2.38
	-
	Maftei et al., 2014

	China
	
	0.57-5.25
	
	Nabuntou et al., 2010

	China
	-
	-
	0.023-0.168
	Chen et al., 2013

	South Korea
	
	0.3-0.5
	0.02-0.26
	Lim et al., 2008

	Upper Continental Crust values (UCC)
	17
	0.1
	0.06
	Wedepohl, 1995




 
3.4. Speciation and distribution of heavy metals in sediments
The distribution of cadmium in the different sediment fractions is shown in Figure 3. Cadmium is predominantly bound to the residual faction (R), with percentages ranging from 56.11±7.43% (Tongon) to 78.25±8.63% (Taoura). Its concentrations ranged from 0.29 ± 0.05 µg.g-1 to 0.41 ± 0.17 µg.g-1. These results suggested that a significant proportion of cadmium was linked to the crystalline structure of the sediment. ANOVA analysis showed that there was a significant difference at p < 0.05 at Korhogo between the Tongon, Taoura, and Bevogo stations. The highest proportions were obtained in Taoura and Bevogo. Conversely, no significant difference (ANOVA, p<0.05) was observed between the Tengrela stations. Our results agreed with those of Sebei et al. (2017), who showed that cadmium is predominantly bound to the residual fraction (60%) in Tessa River sediments in the vicinity of a mine in Tunisia. Similarly, Olujimi et al., (2015) showed that the residual fraction controlled the distribution of cadmium in sediment fractions collected in the vicinity of the Igun mine in Nigeria. In contrast, Makinde et al. (2016) showed that cadmium was not primarily bound to the residual fraction in stream sediments in the vicinity of a gold mine at Osun State in southwestern Nigeria. Their conclusion was contrary to our results.
The proportions of cadmium bounded to organic matter and sulfides (F3) ranged from 8.38±5.44% (Bevogo) to 17.11±9.85% (Tongon). These percentages corresponded to concentrations ranging from 0.06±0.04 µg.g-1 to 0.09±0.02 µg.g-1. These low proportions of the F3 fraction indicated that a small amount of cadmium bounded to organic matter and was available under oxidizing conditions. 
The fraction (F2) of cadmium bounded to iron and manganese oxides ranged from 5.44±2.97% (Kanakono) to 13.48±10.51% (Sissingue). This observation equated to a total concentration ranged of 0.02±0.01 µg.g-1 to 0.04±0.03 µg.g-1. The oxide-bound fraction represented the largest reactive fraction in sediments from Badenou, Taoura, Bevogo, and Sissingue. Thus, a significant proportion of the cadmium in the sediments of those areas can be bounded by iron and manganese oxides. Consequently, a change in redox conditions would lead to the solubilization of cadmium by dissolution of these oxides. Cadmium percentages related to the acid-soluble fraction (F1) ranged from 5.24±1.58% (Taoura) to 15.61±4.54% (Tongon), corresponding to a concentration of 0.02±0.01 µg.g-1 to 0.08±0.03 µg.g-1. The Tongon industrial extraction zone recorded the highest percentage, with a significant difference (p<0.05) compared to the other sites. This equates to an available concentration of 0.08±0.03 µg.g-1. The distribution of cadmium in the various sedimentary phases et M’bengue and Tengrela is as follows: the residual fraction (R) is greater than the fraction bound to oxides (F2), which is in turn greater than the fraction bound to organic matter and sulfides (F3). The exchangeable and bound to carbonate (F1) is the smaller of these fractions for the Badenou, Taoura, Bevogo, and Sissingué stations. In contract, at Tongon and Kanakono, the fractionation follows a different trend, with the residual fraction (R) being the largest, followed by organic matter and sulfide-bound fraction (F3), then the carbonate-bound exchangeable fraction (F1), and finally the oxide-bound fraction (F2). This difference can be explained by the different types of mining activity in these areas. The activities in Tongon were industrial, while those in Bevogo, Taoura, and Badenou were artisanal.
The percentages of lead in several sediment fractions are shown in Figure 3. The residual fraction (R) controlled the distribution of lead in the various sediment fractions, with percentages ranging from 62.57±6.25% (Taoura) to 72.38±8.01% (Badenou). This result corresponded to a concentration varying from 5.45±2.32 µg.g-1 to 6.23±2.32 µg.g-1. Statistical analysis (ANOVA, p<0.05) showed no significant difference between stations. All proportions of residual fractions recorded were above 62%, indicating that lead was less available in these study areas. Results from the distribution of lead in the sediments from Tessa River in the vicinity of a mine in northeast Tunisia have shown that lead was predominantly bounded to the residual fraction (Sebei et al., 2017). These studies corroborate our data. On the other hand, the work conducted by Liu et al. (2013) on agricultural soils in the vicinity of a mine in Jiangxi province (China) disagreed with those of the present study. Indeed, the authors observed that lead was weakly associated with the residual fraction. 
Fraction (F3), corresponding to the lead fraction bounded to organic matter and sulfides, ranged from 10.77±6.69% (Badenou) to 23.94±5.22% (Sissingue). This observation presented a concentration ranging from 0.83±0.57 µg.g-1 to 2.42±0.98 µg.g-1. No significant differences (p<0.05) were observed between stations. This fraction represented the largest reactive fraction at the Tongon, Taoura, Sissingue, and Kanakono stations, suggesting that a concentration range between 0.73±0.57 µg.g-1 and 2.42±0.94 µg.g-1 was likely released into the water column under oxidizing conditions. 
The F2 fraction of lead bounded to iron and manganese oxides ranged from 9.62±3.99% (Kanakono) to 14.15±4.28% (Bevogo), equivalent to a total concentration varying from 0.95±0.80 µg.g-1 to 8.08±9.28 µg.g-1. No significant differences (ANOVA, p<0.05) were observed between stations.
Lead percentages related to exchangeable fraction and carbonates (F1) ranged from 2.03±1.15% (Bevogo) to 4.71±2.62% (Badenou). There was no significant difference between stations at p<0.05. The important average proportion was obtained in the Badenou sediments. That value was equivalent to a concentration of 0.43±0.32 µg.g-1 out of a total concentration of 9.13±3.40 µg.g-1 available in the water column.
The residual and exchangeable and carbonate-bound fractions were, respectively, the largest and the smallest fraction at all stations. In the sediments of Tongon, Taoura, Sissingué, and Kanakono stations, the organic matter and sulphide-bound fraction constituted the second most important phase, while the oxide-bound fraction was the second most important phase at the Bevogo and Badenou stations. 
Figure 3 shows the distribution of mercury in the various sediment fractions in Korhogo and Tengrela. It clearly showed that mercury was mainly bounded to the residual fraction (R), with an average proportion varying between 77.03±13.42% (Badenou) and 85.93±4.09% (Sissingue). This proportion corresponded to a concentration ranging from 0.073±0.03 µg.g-1 to 0.382±0.22 µg.g-1. These results denoted that a significant proportion of mercury was strongly linked to the crystalline structure of the sediment. ANOVA (p<0.05) showed that no significant differences were observed between stations. Our results were like those obtained by Lusilao-Makiese et al, (2016) and Santos-francés et al. (2011) in sediments around a mine in South Africa and Venezuela, respectively, where a large proportion (between 87 and 94%) was obtained in the residual fraction. The F3 fraction of mercury corresponded to the fraction bounded to organic matter and sulfides, with a proportion varying between 3.65±1.79% (Sissingue) and 9.21±4.63% (Badenou), equivalent to a total concentration ranging from 0.004±0.003 µg.g-1 to 0.053±0.03 µg.g-1. No significant differences (ANOVA, p<0.05) were observed between stations. The percentages of the reducible fraction (F2) of mercury ranged from 4.72±2.26% (Kanakono) to 7.85±4.49% (Tongon). This fraction represented the largest reactive fraction in the Tongon and Bevogo sediments. This would be due to the low dissolution of iron and manganese oxides in the sediments in these areas. The average concentration of mercury in the F2 fraction in Bevogo sediments (0.136±0.04 µg.g-1) was well above the UCC value (0.06 µg.g-1) for mercury. This value suggests that mercury may pose a threat to organisms. Statistical analysis (ANOVA, p<0.05) indicated that there was no significant difference between stations.
The exchangeable and carbonate-bound fraction (F1) of mercury was low at all stations. The proportions ranged from 4.75±1.79% (Kanakono) to 8.36±4.16% (Badenou), corresponding to a concentration varying from 0.015±0.018 µg.g-1 to 0.03±0.028 µg.g-1. Statistical analysis (ANOVA, p<0.05) depicted no significant difference between stations. The retention of mercury by the various sediment phases enabled two types of classification to be made. The first order concerned the Badenou, Touara, Sissingue, and Kanakono stations.
Two principal trends emerge from an examination of mercury fractionation. The residual fraction was the most significant mercury fraction at all stations. The fraction of mercury bound to organic matter and sulfides was the second most important fraction, followed by the exchangeable and carbonate bound fraction at the Badenou, Tongon, and Kanakono stations. Conversely, at the Taoura, Bevogo, and Sissingué stations, the exchangeable and carbonate and oxide-bound fractions were the second and third highest fractions, respectively. 

















Figure 3: Mean percentages of Cd, Pb, and Hg distributed in the acid soluble, reducible, oxidizable, and residual fractions in sediment from the study area

3.5. Risk Assessment of environmental pollution
3.5.1. Risk assessment code (RAC) 
Table 2 gives the toxicity risk values for cadmium, mercury, and lead in sediments from various stations. Results for heavy metals (mercury and lead) caused a low risk at all the stations studied (2.03 ≤ RAC (%) ≤ 8.36). The results displayed that the sediments from Badenou, Taoura, Bevogo, and Kanakono presented a low risk of toxicity by cadmium toxicity, with percentages ranging from 5.24 to 9.60%. On contrary, sediments from Tongon and Sissingue presented a medium risk of cadmium toxicity (12.28 ≤ RAC (%) ≤ 15.61). 
Table 2: Toxicity risk values for cadmium, mercury, and lead
	Stations
	
	cadmium
	Lead
	mercury

	Badenou
	RAC(%)
	9.60
	4.71
	8.36

	Tongon
	RAC(%)
	15.61
	2.32
	7.13

	Taoura
	RAC(%)
	5.24
	2.67
	6.43

	Bevogo
	RAC(%)
	6.11
	2.03
	5.93

	Sissingue
	RAC(%)
	12.28
	2.06
	5.04

	Kanakono
	RAC(%)
	7.08
	3.80
	4.75


3.5.2. Potential mobility and availability of lead, cadmium, and mercury in sediments 
The potential mobility of a heavy metal is related to its proportion in the non-residual fraction (%F1+%F2+%F3). The higher the proportion of heavy metals in the non-residual fraction, the greater its capacity for mobility and availability to the environment and living organisms, and vice versa if the residual fraction is dominant. The average sediment pH followed the order Bevogo (7.63 ± 0.95) > Tongon (6.85±0.92) > Taoura (6.76±0.55) > Badenou (6.59±0.47) at Korhogo (6.98 ± 0.80) and the order Kanakono (7.37±0.83) > Sissingue (7.49±0.49). The average pH values at Korhogo were slightly lower than those at Tengrela. No significant statistical difference was found among the sites (N’Goran et al 2021). Figure 4 shows the proportions of non-residual fractions in sediments from the different study areas. The proportions of non-residual fractions of trace metals in sediments from Korhogo ranged from 21.75 to 43.89%, from 16.24 to 22.97%, and from 27.62 to 37.43% for cadmium, mercury and lead, respectively, while those from Tengrela ranged from 23.98 to 34.77, from 14.07 to 17.78, and from 30.38 to 36.29% for cadmium, mercury, and lead, respectively. These metals had a low mobility potential. The decreasing order of metal mobility is: Badenou and Tongon: Cd > Pb > Hg; Taoura, Bevogo, Sissingue, and Kanakono: lead > cadmium. The decreasing order of metal mobility is: Badénou and Tongon: Cd> Pb> Hg; Taoura, Bevogo, Sissingue, and Kanakono: Pb > Cd > Hg. Thus, Hg seemed to be less mobile than lead and cadmium in the sediments of Korhogo and Tengrela. The mean concentrations of the sum of the non-residual fractions varied from 1.087 to 20.917 µg.g-1, from 0.082 to 0.238 µg.g-1, and from 0.011 to 0.267 µg.g-1 for Pb, Cd and Hg, respectively (Figure 4). A comparison of these concentrations with the UCC values (Wedepoh, 1995) showed that they were higher, especially at all stations (except Kanakono) for cadmium (UCC value: 0.1 µg.g-1), at the Bevogo station for lead (UCC value: 17 µg.g-1) and at the Badenou and Bevogo stations for mercury (UCC value: 0.06 µg.g-1). The values obtained showed that these trace metals represent a real threat to organisms. Mercury thus seemed to be less mobile than lead and cadmium in the sediments of Korhogo and Tengrela.















Figure 4: Non-residual concentration (µg g-1) of lead, cadmium, and mercury

4. Conclusion
In summary, the level of metal contamination of sediments in the Korhogo and Tengrela gold zones was investigated. The results showed that the average total concentrations of cadmium (between 0.32 µg.g-1 and 0.61 µg.g-1) and mercury (between 0.16 µg.g-1 and 0.59 µg.g-1) in the sediments of the different zones were higher than those of the earth's crust (0.01 µg.g-1 for cadmium and 0.056 µg.g-1 for mercury), indicating contamination of anthropogenic origin in these sediments. On the other hand, average lead concentrations were generally lower than in the Earth's crust (17 µg.g-1), with the exception of sediments from Bevogo (73.86 µg.g-1). Sediments from Korhogo were more contaminated with lead, cadmium, and mercury than those from Tengrela. In both sites, higher metal concentrations were recorded in rainy season than dry season. The mobility of metals (lead, cadmium, and mercury) in the sediments was assessed using the sequential extraction method. In terms of mobility, lead, cadmium, and mercury were mainly associated with the residual phase of the sediments, with percentages ranging from 62.57% to 72.38% for lead, 56.11% to 78.25% for cadmium and 77.03% to 85.93% for mercury. These results suggested that a significant proportion of these metals were linked to the crystalline structure of the sediments. Nevertheless, significant proportions of the non-residual fractions of lead (between 1.087 and 20.917 µg.g-1), cadmium (between 0.082 and 0.238 µg.g-1), and mercury (between 0.011 and 0.267 µg.g-1) were obtained in the various sediments. These concentrations were higher than those of the Earth's crust (17 µg. g-1 for lead, 0.1 µg.g-1 for cadmium, and 0.056 µg.g-1 for mercury), the elements lead, cadmium, and mercury could pose a true threat to organisms. The assessment of potential toxicity showed that the as-studied metals present a low risk of toxicity that could rarely cause adverse effects on aquatic life.
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