Soils quality assessment in KAMBELE gold mining area using Multivariate statistical analysis approach
[bookmark: _GoBack]ABSTRACT	
This study concerns the soils assessment in Kambele gold mining area. To obtain the physico-chemical parameters of the different soil samples collected, pH, electrical conductivity, organic matter and moisture content were determined. XRF analyses were performed to identify major elements in soils samples. To estimate the contamination intensity of metals, some soils pollution parameters were determined. The statistical analysis was employed to determine correlation between metal elements present in the soil.  Results obtained showed that the soil is acidic. The higher the value of soil organic matter, the higher the adsorption of heavy metals and vice versa. Heavy metal assessment in soil revealed that Pb, Cu, Ni, Fe, As, Zn and trace elements Cr, Mn, had maxima above the WHO limit values. Soils are contaminated at some points and polluted at others. That soil displays a multi element contamination. Correlations show that the heavy metals are interrelated. 
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1. 
 INTRODUCTION 
Iindustrials activities such as mining are among the most polluting. With the increasing artisanal and semi-mechanized exploitations, environmental components are not left unharmed. An increase in industrial activities such as mining and smelting has resulted in a broad range of environmental problems (Lee et al., 2019). In particular, the soil becoming contaminated by the accumulation of toxic heavy metals and metalloids (Csavina et al., 2012). These contaminants through emissions from the mining and ore processing industries are considered hazardous waste, causing local and diffuse pollution in the soil (Kim et al., 2022). In general, the soil at industrial sites and natural environment is exposed to distinct groups of toxic heavy metal contaminants (Pawan, 2012; Caeiro et al., 2015; Mandeng et al., 2019). 
In the interest of preventing soil heavy metal contamination caused by industrial and mining activities, local and international scientists have studied heavy metal contamination in different regions. By determining the total concentrations and chemical speciation of toxic metals, Zhou et al., (2007) studied soil contamination in the vicinity of the Dabaoshan Mine, China, and found that the environmental pollution in this area over the past decades has been caused by the contamination of Cu, Zn, Cd, and Pb. According to Teixeira et al., (2018) total and available contents of Cu, Mo, Pb,and Zn in the Au mining area of Serra Pelada are high, presenting a risk both to the ecosystem and local population health. The contribution of mining to the accumulation of metals in Southern Ethiopia was studied by Getaneh et al., (2006) who found primary gold sites showed high concentrations in Ni, Cr, Cu, V, Zn, Pb, and As. Heavy metals in soil on spoil heap of an abandoned lead ore treatment plant in Congo Brazzaville was determined by Matini et al., (2011) who found concentration levels in heavy metals above the European union standards. In Namibia, Marta et al., (2014) found arable soils have high concentration in Cu and Pb and the soil is severely contaminated. Gyamfi et al., (2019) found the soil to be extremely polluted in Fe, Pb, Zn, As, Mn and Cu in their study in Kokotesua, Ghana. Investigation of Zn and Pb contamination of soil in Edendale mine, South Africa revealed unacceptably high concentrations (Oyourou et al., 2019). Léopold et al., (2016) in their study in Meiganga-Cameroon found that levels of As, Cr, Cd, Cu, Pb and Sb in soil samples were above average in the Upper Continental Crust. Mominou et al, (2018) performed a physicochemical characterization and pollution evaluation on six gold mining sites at the locality of Bétaré-Oya in Cameroon. They found out that, twelve of the twenty two samples show contamination with arsenic, nickel and lead. In Batouri and Betare-Oya, Dallou et al., (2018) studied the environmental pollution by heavy metals. Soils examined in these gold mining areas are polluted by heavy metals. High concentrations of heavy metals such as Cu, Ni, Mn, Fe and Cr were observed in sediment samples collected in Betare-Oya Gold Area (East Cameroon) by Mambou et al., (2020). Ayiwouo et al., (2022) assesses the spatio-temporal variation and the trace metal contamination in sediments along the Lom River in the gold mining area of Gankombol (Adamawa Cameroon) and shows that the contamination intensity in sediments in the studied section of Lom River globally suggested moderate to signifcant contamination by trace metals and that the mean concentrations of Ni and Cu exceeded the average shale concentrations (ASC) and all the studied standards and indicators.
The soil contamination by heavy metals can be transfer to food and ultimately to consumers due to bioaccumulation (Affum et al ., 2020; Adenuga et al., 2022, Awasthi et al., 2022; Mmaduakor et al., 2022). For the consumers, these types of several metal and metalloids are classified as human carcinogens according to the U.S. Environmental Protection Agency and the International Agency for Research on Cancer, IARC (Tchounwou et al., 2012). According to the Institute for health metrics and evaluation, more than half million deaths per year are caused by the lead exposure (Sawant et al., 2017). Cadmium is classified as a category 1 human carcinogen by IARC due to its potent characteristics with lung cancer, and also the occupational exposure to cadmium is associated with prostate, pancreas, and kidney cancers (Tokar et al., 2010; IARC Monographs, 2012). Furthermore, the inorganic arsenic compounds are classified as Group 1 carcinogen by IARC. The ingestion of arsenic is found to be associated with skin, bladder, lung, kidney and liver cancers (Rossman, 2003).
A field survey in the locality of Kambele revealed that the populations are mainly affected by waterborne and skin diseases. It also revealed early mortality (Mokam et al., 2013; Funoh, 2014). To find out if there is a relationship between the health situation in the Kambele locality and the artisanal and semi-mechanized gold mining that takes place there, we have decided, and this for the first time to the best of our knowledge to carry out an environmental assessment of the soils of this locality. This assessment will ultimately allow us, in the situation of contamination and/or heavy metals pollution to develop an environmental management plan to minimize the health risks associated with gold mining exploitation in this locality.
2. MATERIALS AND METHODS
2.1 Materials
[bookmark: _Toc96658767]As field materials, a GARMIN eTrex 10 GPS receiver was used to produce a location and a sampling map; a geologic hammer for soil digging, a trowel to take up soil samples, plastic bags for sample collection; opaque bag to store the collected sample and to protect them against the sunlight.
[bookmark: _Toc96658768]Concerning essential laboratory equipment’s, the determination of metal trace elements was done using a XRF Skyray spectrometer of mark EDX POCKET III, pH of soils solutions was determined using a HACH HW pH meter. Sediment drying was carried out using a Blodgett Mark V-100 electric convection oven.
Software’s used were ArcGIS and Google Earth for map production, Surfer for spatial distribution and Statistica for statistical analysis.
2.2 Study area  
[bookmark: _Toc96658762]Location of the site
Batouri area is located in the Eastern region of Cameroon (04° 21' to 04° 29' North and 14° 17' and 14° 29' East), within a humid tropical climatic zone. It comprises the localities of Djengo, Mongonam, Bote, Metalicon and Kambele. The study area is within the so-called «Eastern golden district » which is the most mineralized area in Cameroon (Tchouankam et al., 2020). Figure 1 show the location of Kambele mining zone.
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Figure 1: Location of Kambele Mining site.
Climate 
Warm and wet equatorial climate with 2 rainy seasons cut through by 2 dry seasons. During the year, the climate is as follows; mild rainy period from mid-March to June, mild dry period from June to mid-August, heavy rainy season from mid-August to mid-November and a pronounced dry season from mid-November to mid-March. Average annual precipitations are between 1500-2000mm. Average temperatures and thermal amplitudes oscillate around 23°C according to the Delegation of agriculture and rural development which is favourable to cattle rearing and agriculture (PCD, 2019).
Geomorphology
Relatively flat relief with an average altitude between 600-1000m. The landscape is undulating and has forest and savannah zone (PCD, 2019). Abrupt slopes are noticed but remain localised. The topographic map of Kambele can be seen in figure 2.  
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[bookmark: _Toc96658630]Figure 2: Topographic map of the Kambele Mining Zone.
Petrography 
On the petrographic point of view, the main rock type in Batouri is Granitoids which include amphibolite granites, porphyritic biotite and granodiorites cross-cut by numerous quartz veins bearing localized gold mineralization. The metamorphic unit in Batouri area is made up of Schist generally observed as large xenoliths in the granitoids and well-deformed gneisses and amphibolites, (Penaye et al., 2013); this constitutes the country rock intruded by the Pan African granitoids.  In these rocks, there are veins and lenticular bodies of quartz containing primary gold (Tchouankam et al., 2020). The secondary gold (eluvial and alluvial) of Batouri is probably their alteration product and erosion (Tchouankam et al., 2020).
Soils
Two principal types of soils can be found in this locality: ferralitic and hydromorphic soils. Hydromorphic soils are soils developed in the presence of an excess moisture which tends to suppress anaerobic factors in soil building. The hydromorphic soils can be found essentially in swampy areas and along river courses (PCD, 2019). The parental material is essentially composed of quartzite and of granites. This area also has a vast reserve of fertile earth suitable for agriculture. The basement soil is also rich in extractable mineral resources such as gold, stones and sand whose exact potentials is yet to be known.
Hydrography
The hydrographic network constitute several rivers Kpwangala, Antobi, Tekam, Djengou, Amorcelin, Mboscorow, Mbil which all converge into the Kadey. These rivers have a great influence on the life style of the local population. Figure 3 depicts the dendritic drainage pattern in the study area.
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[bookmark: _Toc96658631]Figure 3: Hydrography of Kambele.
Vegetation 
Herbaceous savannah in the North and a luxuriant forest in the South. Some typical activities like bush fire and wild cutting down of trees by the inhabitants and mining activities is known to have greatly destroyed the vegetation cover (PCD, 2019).
[bookmark: _Toc96658764]Geologic context of the study zone
Kambele is found in the Adamawa-Yade domain of the Pan African Gold Belt in Cameroon. According to Poidevin (1983 ) and Nzenti et al., (1988), this domain is the southernmost branch of the Pan-Africano-Braziliano mobile belt. The evolution of this belt can be attributed to the convergence and collision of the Sao Francisco-Congo Craton, the West African Craton and a Pan African Mobile belt (Castaing et al., 1994). This belt underlies Cameroon, Chad and the Central African Republic, between the Congo Craton to the south and the Western Nigeria shield to the north (Toteu et al., 2004; Van-Schmus et al., 2008). It is underlain by a variety of granitic rocks, including alkali-feldspar granite, syeno-monzogranite, granodiorite and tonalite. It is generally believed that the present structure of the Pan-African belt in Cameroon is characterized by continent- continent collision and post collision of the Congo Craton and the north Cameroon active margins with Archaean-Paleoproterozoic inheritance (Toteu et al., 2004).
The geochemical characteristics of the Batouri granitoids as well as their oxidized state (magnetite series) are typical; of gold associated felsic rocks in subduction settings elsewhere. Figure 4 displays the main rock types in the study area.
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[bookmark: _Toc96658632]Figure 4: Geologic map of kambele (Geological map of Cameroon, 2011).
2.3 Sample collection and laboratory analysis 
 Thirty (30) soil samples were collected within selected areas of the gold mining site using a systematic random sampling basis because of the irregular form of the study area, on June 30th 2021 for the purpose of this study. 
The samples were collected according to soil sampling guide proposed by (Carter, 2008). When sampling at the predetermined positions, surface impurities were first removed with the hand and the area was leveled. A trowel was then used to sample at the required depths. In order to avoid soil contamination and secondary pollution, the surface soil was first removed from each sampling point using the trowel, and each sample was then removed from the center of the cleared area, at less than 5cm depth, sealed in a sampling bag and carefully labeled. The samples were analyzed in different laboratories for measurement of physicochemical parameters. 
The results were used to determine the polluting parameters which permit to estimate the contamination intensity of metals. Table 1 shows the various samples collected and their corresponding coordinates.
Table 1: Coordinates of samples collected on June 30, 2021
	Sample
	Coordinates
	Sample
	Coordinates
	Sample
	Coordinates

	E1
	4°27'61''
	14°25'20''
	E11
	4°26'47''
	14°24'59''
	E21
	4°27'02''
	14°24'32''

	E2
	4°27'10''
	14°24'58''
	E12
	4°26'46''
	14°25'00''
	E22
	4°27'15''
	14°24'34''

	E3
	4°27'09''
	14°24'55'
	E13
	4°26'44''
	14°24'54''
	E23
	4°27'23''
	14°24'37''

	E4
	4°27'06''
	14°24'57''
	E14
	4°26'44''
	14°24'42''
	E24
	4°27'25''
	14°24'36''

	E5
	4°27'00''
	14°24'56''
	E15
	4°26'45''
	14°24'42''
	E25
	4°27'26''
	14°24'37''

	E6
	4°26'59''
	14°24'57''
	E16
	4°26'53''
	14°24'25''
	E26
	4°27'32''
	14°24'34''

	E7
	4°26'58''
	14°24'55''
	E17
	4°26'53''
	14°24'21''
	E27
	4°27'33''
	14°24'36''

	E8
	4°26'56''
	14°24'55
	E18
	4°27'01''
	14°24'28''
	E28
	4°27'34''
	14°24'39''

	E9
	4°26'54''
	14°24'55''
	E19
	4°27'02''
	14°24'27''
	E29
	4°27'29''
	14°24'51''

	E10
	4°26'48''
	14°25'00''
	E20
	4°27'02''
	14°24'30''
	E30
	4°27'21''
	14°24'55''











Organic Matter measurement
Soil organic matter is the term used for all living or once-living materials within or added to the soil. This includes roots developing during the growing season, incorporated crop stubble or added manures and slurries. Organic matter was determined by the sulphuric acid and aqueous potassium dichromate  mixture. After complete oxidation from the heat of solution and external heating the unused  or residual   (in oxidation) is titrated against ferrous ammonium sulphate. The used the difference between added and residual , gives a measure of organic matter content of soil.
Electrical Conductivity
Electrical conductivity is used to estimate the concentration of soluble salts in the soil. The electrical conductivity of the saturated paste extract was measured to determine the level of salinity.
X-ray Fluorescence Spectrometry
The sediment was characterized in CAPAM using XRF analysis with a Skyray spectrometer of mark EDX POCKET III. The sample was air dried for about 2 days then compacted before introduction in the apparatus. The sample is bombarded with X-rays (primary) the sample emits another x-ray (secondary). 
Moisture content
The moisture content, MC is defined for soil as the ratio of weight of water Wԝ to the weight of solid soil Ws. Oven drying method was used to determine the moisture content of the 30 soils samples collected using equation 1.
	                                            (1)
Where : 
 is the weight of tin (g),   the weight of moist soil + tin (g) and the weight of dried soil + tin (g).
[bookmark: _Toc96658772]Estimation of the contamination intensity
Enrichment ratio (EF)
The enrichment factor (EF), due to its universal formula, is a relatively simple and easy tool for assessing the enrichment degree and comparing the contamination of different environmental media (Chiffoleau, 2001) normalizes metal concentration as a ratio to  another constituent of the sediments and differentiates heavy metals originating from anthropogenic sources and those of natural sources (Salati, 2010). In the present study, we chose to normalize metal concentrations using Fe. The EF is defined by equation 2:
                                               (2)
Where, Cn (sample) is the concentration of the examined element in the environment, Cref (sample) is the concentration of the examined element in the reference environment, Bn is the concentration of the reference element in the environment and Bref is the concentration of the reference element in the reference environment. Iron (Fe) was used as the reference element in the crust (Taylor, 1985; Abhijit, 2018).
Geo-accumulation Index
Used to determine and define metal contamination in sediments by comparing current concentrations with preindustrial levels (Cossa, 1989). Igeo is calculated using equation 3. 
                                                      (3)
Where Cn is the measured concentration in the sediment for the metal n, Bn is the background value for the metal n. The constant 1.5 compensates for the natural fluctuations of a given metal and for minor anthropogenic impacts. The quantity Igeo is calculated using the global average share data (Dameron et al., 1998).
 Contamination Factor (CF)
It is a quantification of the degree of contamination relative to either average crustal composition of a respective metal or to the measured background values from geologically similar and uncontaminated area. It is expressed by equation 4 (Hakanson, 1980).
		                                             	             (4)
Where; Cm is the mean concentration, while Bm is the background concentration of metal either from literature (average crustal abundance). 
Single Pollution Index (PI)
It is used to determine which heavy metal represents the highest threat for a soil environment (Lee, 2001). It is calculated from the average ratio of metal concentrations in soil samples to limiting guideline values. These limit values correspond to the tolerable levels in soil suggested by Kloke, (1979) as given by equation 5.
              	                                               	            (5)
Where Cn is the content of heavy metal in soil and GB the values of the geochemical background. Interpretation of pollution index is depicted in the table below.
Pollution Load Index.
This index assesses the degree of pollution of heavy metals in affected soils (Tomlinson, 1980). This index provides an easy way to prove the deterioration of the soil conditions as a result of the accumulation of heavy metals (Varol, 2011). PLI is calculated as a geometric average of PI based on equation 6.
                       	                              (6)
Where n is the number of analysed heavy metals and PI the calculated values for the Single Pollution Index. PLI values greater than 1 indicates pollution while values less than 1 shows no pollution (Tariq et al., 2018)
Vector Modulus of Pollution Index (PIVector)
This index was introduced by Gong et al., (2008) and is defined by equation 7.
       			                                         (7)
Where n is the number of determined heavy metals and PI the calculated values for the Single Pollution Index.
 Multi-element contamination (MEC)
Using MEC gives a measure to assess contamination based on the content of heavy metals in surface soil horizons, with the limits given by Kloke, (1979). This index was introduced by (Adamu et al., 2010). MEC values above 1.0 testify to an anthropogenic impact on heavy metal concentration in soil. MEC is calculated based on equation 8.
           		              (8)
Where C is the content of heavy metal, the tolerable levels given by (Kloke, 1979) and n the number of heavy metals.
Contamination Security Index (CSI)
CSI was introduced by (Pejman et al., 2015). In order to calculate CSI, ‘effects range low’ (ERL) and ‘effects range median’ (ERM) values given by Long et al., (1995) are used. CSI is also helpful to determine the limit of toxicity above which adverse impacts on the soil environment are observed. The index is calculated according to equation 9:
                                                         (9)
where w is the computed weight of each heavy metal according to Pejman et al., (2015), C is the concentration of heavy metal, and ERL, ERM the values. 
Degree of contamination (Cdeg,)
According to Hakanson, (1980), the assessment of contamination can be carried out by using the degree of contamination index, Cdeg, which is calculated using equation 10:
        			                                                    (10)
Where Cf is the contamination factor and n the number of analysed heavy metals.
Nemerow pollution index 
The NI allowed the assessment of the overall degree of pollution of the soil or sediment and includes the concentrations of all analysed trace metals (Gong et al., 2008). The index is calculated using equation 11 (Gao et al., 2016) :
            	    	                                             (11)
Where Pia is the average value of the individual pollution index for all pollutants in the i-th sampling point; and Pim is the maximum single pollution index for all pollutants at the i-th sampling point. 
Potential ecological risk index
It is widely used in assessments of the degree of ecological risk caused by heavy metal pollution in the soil (Luo et al., 2018). This method not only reflects the single impact of heavy metals to ecological environment but also takes into accounts the different background values of the geography (Zhang, 2005) and combines environmental chemistry with biological toxicology and ecology. This index is calculated using equations 12 and 13 (Li et al., 2017):
                 	  	                                                          (12)
              	     		                                                           (13)
Where  is the pollution coefficient for a certain heavy metal, which can reflect the pollution character of the investigated region but cannot reveal the ecological effects and hazards; is the response coefficient for the toxicity of the single heavy metal. The formula reveals the hazards of heavy metals on the human and aquatic ecosystem and reflects the level of heavy metal toxicity and ecological sensitivity to the heavy metal pollution. The standardized response coefficient for the toxicity of heavy metals, which was made by (Hakanson, 1980) was adopted to be evaluation criterion. Respectively, the corresponding coefficients based on its toxicity were 40 for Hg; 30 for Cd; 10 for As; 5 for Cu, Pb and Ni; 2 for Cr and 1 for Zn (Zhao et  al., 2005).
Exposure factor (ExF)
ExF is very useful to assess where, in a given study area, the greatest heavy metal loads are located (Babelewska, 2010), and it is calculated using equation 14:
        	    	                                               (14)
where Cn is the content of heavy metal at an analyzed sampling point and Cav the average content of heavy metal in the soil profile.
Modified degree of contamination (mCd)
This index was first used by (Abrahim et al., 2008). It allows the assessment of the overall heavy metal soil contamination. To calculate this index, the sum of the content of heavy metals is necessary mCd is calculated using equation 15:
		               	                                            (15)
[bookmark: _Toc96658773]where n is the number of analyzed heavy metals and Cn the content of individual heavy metal.
Statistical analysis 
Multivariable analysis: Principal Component Analysis
Principal component analysis (PCA) selects uncorrelated linear combinations (eigenvector loadings) of variables in such a way that each component successively extracted linear combinations and has a smaller variance (Singh, 1985) it was apply in this study. 

3 RESULTS AND DISCUSSION
[bookmark: _Toc96658775]3.1 Descriptive statistics of heavy metals.
The concentrations of heavy metals in sediments are varied according to the rate of particle sedimentation, the rate of heavy metals deposition, the particle size and the presence or absence of organic matter in the sediments. Descriptive statistics for some heavy metals in the soil samples is shown in table 2. The background values are those given in the reference.
Table 2: Statistical summary of analysed heavy metals.
	
	Cr
	Ni
	Cu
	Zn
	Pb
	Fe
	Mn
	As

	mean
	87
	162
	272
	23
	16
	37 292
	310
	7

	median
	70
	114
	261
	15
	5
	31 133
	294
	0

	std
	89
	175
	99
	34
	25
	26 211
	249
	14

	min
	0
	0
	19
	0
	0
	8550
	0
	0

	max
	457
	655
	485
	139
	114
	121 611
	885
	60

	GB
	90
	68
	45
	95
	20
	472
	600
	13

	WHO
	100
	50
	100
	50
	85
	50000
	2000
	20

	CSQG
	87
	35
	63
	200
	70
	nd
	nd
	nd


nd: not defined
Table 3 presents the comparison of values obtained for the present study with those obtained in the literature.
Chromium concentrations varied from 0-457ppm. The highest concentration (457ppm) was recorded at point E28 corresponding to sample collected at Djengou at a washing station. The least concentration was recorded at point E30 (0ppm) corresponding to a zone where exploitation had long finished. As indicated by the wide distribution of this heavy metal, the diffusibility of Cr contamination, which spreads through the industrial wastewater discharged into the ground, should be noted. The presence of chromium can be due to the oxidation of ultramafic rocks or the leaching of ultramafic soils which is large and controlled by the amorphous Fe-oxides (Garnier et al., 2009).
Copper was present in all the soil samples investigated. Cu concentrations were 19ppm to 485ppm. High copper is due to the fact that retention would be governed by ion exchange with clays such as the kaolinite and by complexing with fulvic acids and humic acids (Wu et al., 2002). Almost all the soil samples had concentrations above the WHO, and CSQG limits for soils except sample E18 corresponding to sample collected at Mboscoro. Kabir et al., (2017) in their study in Nigeria had soils with Cu concentrations above the permissible limit. The high concentration of Cu is attributed to the fact that it does not travel very far after being released in soil (Ezeh et al., 2011). Also, Baker et al., (2000) reported that higher copper concentration in surface layer of a soil is an indication of soil additions, from smelters, fertilizers, sewage sludge, pesticides, manures and metal availability in the earth crust.  The maximum Cu concentration at point E18 could be due to its mobility in weathering environment and ability to adsorb onto soil constituents’ surfaces through ion exchange process (Wuana et al., 2011). 
Nine of the 30 samples were found Lead free. Pb variations were from 0-114ppm. The maximum concentration of Pb was obtained at point E8 and it’s far beyond the maximum limit set by the WHO (85ppm) CSQG (70ppm). High lead concentration could be attributed to mining activities. The main source of lead in nature is galena (PbS). According to Banunle, (2018) this is because many rocks contain lead which when excavated and crushed, it is drained in water which infiltrates the soil. In comparison with other similar studies, the maximum concentration of Pb in soil of study area was significantly higher than the concentrations reported in South Africa Caspah et al., (2016) and Ghana (Crentsil et al., 2016.). Obiora et al., (2016) have also reported high values of  Pb in soils of lead-zinc mining district of Enyigba in other part of Nigeria. According to Kabir et al., (2017), it is possible that these levels of Pb is elevated by the presence of automobile emissions, and presence of carbonate which enhance the principal retention mechanism of Pb in soil around the surrounding areas. Also, the higher concentration in Lead is due to its solubility in sediments as compared to metals (Cazalet, 2012). Lead presents a variety of dangers because the Pb accumulated in the human body affects negatively several organs: bones, liver, kidney, brain, lung and central nervous system. Lead concentrations in the Kambele Mining Zone were similar to those reported by Dallou et al., (2018) in their study in Betare-Oya.
Zinc was present in almost all the samples with concentrations varying from 0-139ppm. The maximum zn concentration  (139ppm) was above the WHO limit (50) and below the CSQG limit (200) for industrial soils. The maximum value obtained at point E15 could be due to the fact that since both local and semi-mechanized mining have taken place in the vicinity; there is no doubt that the activities have input high concentration of Zn metal in the soils. Similar results were obtained by Kabir et al., (2017) in Nigeria. Other sources of Zn could be from fertilisers containing zinc. Obiora et al., (2016) have also reported high values of Zn in soils of lead-zinc mining district of Enyigba in other part of Nigeria. Zn concentrations in our study area were lower than those obtained by Sijin et al., (2015) but higher than those obtained by Mushtaha, (2017) in an artisanal gold mine in River Nile State, Sudan.
Iron concentrations is extremely high as compared to the other metals in the soil samples and varied from 8550-121611ppm. The mean concentration was below the WHO limit (50000). The High iron concentrations is attributed to the soil type of the Kambele mining zone which is highly ferrallitic. The mean concentrations of Fe in this study area exceeded concentrations reported in similar studies on heavy metals contamination associated with gold mining in Ghana (Crentsil et al, 2016.) and Sudan (Mushtaha, 2017). Also weathered and eroded materials from Fe rich rocks which are transported and deposited could be a reason for the high concentrations. The highest concentration of Fe was recorded at point E28 (121611ppm) which is much higher than the WHO standard. Toxic effects related to iron can appear if concentrations in the human body are higher than the critical value (50000 ppm) indicated by the WHO (World Health Organization), affecting negatively several organs particularly in children (Baby et al., 2010; Chiroma et al, 2014). Dallou et al ., (2018) in their study in Batouri and Betare-oya had similar results.
Arsenic concentrations ranged from 0-60ppm in the 30 samples collected. 4 out of the 8 samples where Arsenic was present had concentrations lower than the WHO permissible limit (20ppm) in soil. The maximum concentration of arsenic was recorded at point E29 (60ppm) which is three times higher than the WHO standard value. This high value could be explained by the machines and mineral residues discharged in the pits scattered around the area. The presence of Arsenic in the soils of Kambele mining site may be justified by the presence of gold veins rich in arsenopyrite on these sites. The relative arsenic content confirmed the migration of arsenic not only from the gangue to the soil, but also from free water collected upstream of these primary gold mining sites. Similar results were obtained by (Mominou et al., 2018). Inorganic arsenic is considered as a human carcinogen (cancer-causing agent) by the U.S. and exposure to arsenic has been linked to increased incidence of irritation of mucous membranes and lung cancer (WHO, 1996; USEPA, 2013). Arsenic concentrations in our study area were higher than those obtained by Dallou et al., (2018) in their study in Batouri and Betare-Oya East Cameroon.
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[bookmark: _Toc96658673]Table 3: comparison of values obtained for the present study with those obtained by other authors
	Country
	Hg
	As
	Cd
	Pb
	Zn
	Cu
	Ni
	Co
	Cr
	Fe
	Mn
	Reference

	China
	0,12±0,09
	10,6±6,50
	0,24±0,29
	39,2± 19,5
	112,3±70,6
	30±22
	28,4± 13,8
	
	59,8±25,6
	
	
	Sijin et al. (2015)

	South Africa

	0,09

	79,40

	0,05

	4,79

	51,30

	42,51

	112,06

	25,56

	278,8

	
	
	Caspah et al. (2016)

	Ghana
	1,06±0,65
	6,83±2,42
	0,19±0,13
	19,96±3,11
	61,87±16,5
	16,03±3,22
	41,77±13,60
	
	16,88±2,47
	531,5±97
	445,6±108
	Crentsil et al. (2016)

	Sudan

	
	
	
	12,46

	20,85

	19

	15,33

	5.2

	
	8473

	238,1

	Mushtaha et al. (2017)

	Cameroon
	
	4±2
	
	79±9
	40±8
	15±7
	8±4
	
	
	39300±200
	730±  70
	Dallou et al. (2018)

	Cameroon
	
	70±3
	
	202,96±6
	22,6±67
	21,5 ±11
	37,6±11
	
	90±8
	
	
	Mominou et al (2018)

	Cameroon
	
	
	
	22
	69
	18,5
	22,25
	
	152,5
		23164,25



	
	Tehna et al. (2019)

	Cameroon
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Manganese concentrations are highr than the average concentration in the upper continental crust (UCC; 60ppm). Manganese concentration varied from 0-88ppm in the Kambele Mining Zone. Although they are hugher than the UCC value, these concentrations were however  lower than the WHO permisssible limit (2000ppm) for soil. These results are similar to those obtained in the East region of Cameroon by Dallou et al., (2018). In comparison to other studies carried out in Ghana  (Crentsil et al, 2016.), concentrations in our study area are higher. Exposure to concentrations higher than the WHO permissible value can cause toxic effects primarily on the brain and central nervous system.
Nickle concentrations is far above the WHO permissible limit except for 4 samples which were below. It can be due to the batteries and iron and steel equipment used. The trend is from 3.099- 655.464. This indicates that there is a large difference in soil heavy metal content between the different sampling points. The mean value forNi in the Kambele mining zone exceeds the average upper continental crust value given by Taylor, (1985). The values obtained in Kambele are higher than those obtained by Dallou et al., (2018) in Batouri and Wang et al., (2019) in China. 
Three types of reaction can be considered to explain the presence of metal ions in excess quantity in the soil sediments of the Kambele area.
The first is the oxidative decomposition of rock minerals due to aqueous acid soil solution. For exemple, the biotite oxidation given by equation 16 (Buss et al., 2008).
                                                         (16)                                                                                         

The second type of reaction concerns the non-oxidative dissolution of minerals in an acid medium. There is a formation of ionic species after breaking the bonds between mineral constituents and simultaneously, the transfer of these charged species through the potential difference in the Helmholz layer at the surface of the mineral. This taking into account the hydromorphic nature of the soil which imposes a solid-water mineral coexistence. The equation (17) highlights this non-oxidative dissolution of minerals from the Kambele soil.

                                                                            (17)
where ⊳ Mlat represents a species in a lattice position on the surface, ⊳ z − represents the uptake of the excess charge that results from bonds breaking by the surface of the solid, and w represents the stoichiometric coefficient with respect to water. The symbol ⊳ z − can also be interpreted as an electron, a hole or a charged species at the surface that forms as a result of bond breaking. The electron or hole may not necessarily be mobile it may be captured by surface states and dangling bonds at the surface and contribute to the potential difference (Crundwell, 2014).
The third type of reaction is related to mineral alteration due to organic acids (formic acid, oxalic acid, tartaric acid, citric acid, salicylic acid, benzoic acid, gallic acid, phthalic acid, mandelic acid, protocatechnic acid..) contained in the organic matter of the soil because the sediments of Kambele contain a significant rate of organic matter. Indeed, Kong et al. (2014) show that the weathering of kandic minerals in ferralitic soils, as is the case in Kambele, is strongly influenced by soil organic acids and their anions. Lazo et al. (2017) showed that soil organic acids decompose silicate minerals through a simultaneous action of acid attack and chelation (formation of coordination compounds).
Among these metals, chromium, mercury, and lead have the greatest potential to cause harm on account of their extensive use, the toxicity of some of their combined or elemental forms, and their widespread distribution in the environment (Baird, 2012).
[bookmark: _Toc96658776]3.2 Physical Properties
      Physical properties like pH, conductivity, moisture content and organic matter of the soil samples were determined and the results displayed in table 4.
[bookmark: _Toc96658674]Table 4: Physical parameters of soil samples.
	
	Unit
	max
	min
	mean
	std
	median
	WHO
	IASS

	MC
	%
	18,81
	1,30
	9,49
	3,56
	9,17
	/
	/

	pH
	 /
	6,22
	5,12
	5,59
	0,25
	5,56
	6,5-8,5
	4-8,5

	EC
	(μS/cm)
	416,00
	96,00
	213,33
	73,44
	185,50
	1000
	40000

	OM
	%
	1,42
	0,30
	0,70
	0,30
	0,62
	13
	>0,86



pH affects the chemical reactions between water and soil minerals (Tirmizi et al., 2005). The pH in the study area ranged between 5.12  and 6.22 which is in the acidic scale of pH. These pH values were all below the maximum permissible limits of pH given by the WHO (6.5-8.5) and within the range given by IASS (4-8.5). These results are similar to those obtained by Jamilu et al., (2014). These pH values show that soils in our study area are acidic. Similar results were obtained by Ramahlo, (2013) in his study in Limpopo Province, South Africa. Indeed, in soils, the oxidation of metal sulphides MxSy in the OM promotes decreasing pH trough the formation of sulfuric acid as shown by equation 18.
  
                                                            (18) 

pH values obtained in Kambele are similar to those obtained by Léopold et al., (2016). The acid pH is due to infiltration from metal-rich rocks in the soil that are displaced by the mining operations in the presence of water. The pH influences the mobility and bioavailability of heavy metals. Heavy metals can be mobilized when environmental conditions, especially pH, change (Lorenzo et al, 2007 ). Thus, when the pH decreases, desorption or dissolution processes will tend to lead to the release of metal cations from the sterile and washed sand which are the sources of heavy metals to the dissolved phase. And, when pH is basic, there is precipitation of metals ions Mx+ and their complexes according to equation 19. 
                                                                                        (19)                                                                                    
These results are in accordance with those reported by Mominou et al., (2018) Bétaré-Oya District in Cameroon.
The measure of EC gives the concentration of soluble salts in the soil. It is the total parameter for dissolved & dissolute substance. The EC range for sampled soils in the Kambele mining zone varied from 96-416µs/cm. These results show that soils in Kambele are conductive. Similar results were obtained by Léopold et al., (2016) in Meiganga, Adamawa Cameroon.
Soil organic matter (OM) derives from the breakdown of plant and animal debris. The organic matter is one of the factors that may reduce the ability of metals to be phytotoxic in the soil due to metal-organic complexation (Gupta et al., 2007). Land rich in organic matter actively retains metallic elements (Fijalkowski et al., 2012). Organic matter in Kambele had a trend of 0.30-1.42%. The low value for OM obtained at points E1, E8, E11, E17 and E22 is due to the sandy texture of the soil at these points. High values of OM accounts for high adsorption of heavy metals and vice versa.
3.3 Contamination intensity
It was calculated to know the degree of contamination relative to either average crustal composition of a respective metal or to the measured background values from geologically similar and uncontaminated area.CF values obtained for 6 heavy metals in our area of study is given in table 5. 
[bookmark: _Toc96658675]Table 5: Contamination factors of heavy metals in the site.
	
	Cu
	Pb
	Zn
	Ni
	Cr
	As

	max
	10,8
	5,7
	1,5
	9,6
	5,1
	4,6

	min
	0,4
	0,0
	0,0
	0,0
	0,0
	0,0

	median
	5,8
	0,2
	0,2
	1,7
	0,8
	0,0

	mean
	6,1
	0,8
	0,2
	2,4
	1,0
	0,5

	std
	2,2
	1,2
	0,4
	2,6
	1,0
	1,1



The mean CF of heavy metals in this study site varied in a decreasing order as follows; Cu, Ni, Cr, Pb, As and Zn. Values ranged from 0.4-10 for Cu, 0-5.7 for Pb, 0-1.5 for Zn 0-9.6 for Ni, 0-5.1 for Cr and 0-4.6 for As. These values show that soils of the Kambele mining zone are moderately enriched in As and Zn while significantly enriched in Cu, Pb, Ni and Cr. High CF indicates external sources of contamination due to anthropogenic activities. Similar results were obtained by Chukwu et al., (2018) in their study in Nigeria. High CF of Cu and Ni could be due to as indiscriminate disposal of substances containing metals such as vehicles spare parts. This is in accordance with Abdullateef et al., ( 2020). However these values are higher than those obtained by Dallou et al., (2018) in their study in Batouri and Betare-Oya.
[bookmark: _Toc96658676]Enrichment factor (EF) is an essential part of geochemical studies and is generally used to differentiate between metals originating from anthropogenic and geogenic sources and to assess the degree of metal contamination. Values for enrichment factor obtained for our area of study is given in table 6.
Table 6: Enrichment factor values.
	
	Cu
	Pb
	Zn
	Ni
	Cr
	As

	min
	2
	0
	0
	0
	0
	0

	max
	7,40
	8,31
	1,40
	5,98
	3.5
	0,51

	mean
	4,71
	4,16
	0,23
	2,99
	1,75
	0,08

	median
	0,67
	0
	0,18
	0,18
	0,07
	0

	std
	2,70
	2,17
	0,19
	0,12
	0,06
	0,09


Enrichment factor varied with the trend Pb>Cu>Ni>Cr>Zn>As. Table 6 shows that EF for Cu, Pb and Zn show significant enrichment with Pb being the most enriched. This indicates that human activities greatly influence its concentration in the study area. Zn and As show very minimal enrichment while Cr is moderately enriched. These results differ from those obtained by Tehna et al, (2015) in betare. In general, the mean enrichment of the soil samples is below 5 for all the heavy metals analysed indicating that this area is moderately enriched. Similar results were obtained by Dallou et al., (2018) in Batouri.
According to Axtmann et al., (1991), contamination by heavy metals on soils surface, particularly in mine sites, is associated with a cocktail of contaminants rather than a single metal. Thus, the concept of a pollution index makes it possible to identify the sites contaminated by metal so as to envisage an efficient solution through a good planning of the rehabilitation. Pollution indices of the 6 heavy metals calculated for the study site are given in table 7.
Table 7: Pollution Indices.
	
	Cu
	Pb
	Zn
	Ni
	Cr
	As
	PLI
	IN
	PIvector

	max
	10,8
	5,7
	1,5
	9,6
	5,1
	4,6
	1,5
	8,1
	11,7

	min
	0,4
	0,0
	0,0
	0,0
	0,0
	0,0
	0,0
	2,3
	2,8

	median
	5,8
	0,2
	0,2
	1,7
	0,8
	0,0
	0,0
	4,4
	4,1

	mean
	6,1
	0,8
	0,2
	2,4
	1,0
	0,5
	0,2
	4,7
	4,5

	std
	2,2
	1,2
	0,4
	2,6
	1,0
	1,1
	0,4
	1,2
	1,7


The pollution index of Cu varied between 0.4-10.8  and Ni 0.0- 9.6 showing a mild pollution to a very high pollution in the Kambele Mining zone. Their mean values were greater than 1 as compared to those of the other heavy metals in the study area. The analysis results shows a  decreasing PI value in the order Cu, Ni, Cr, Pb, As and Zn. These results were higher than those obtained by Jiang et al., (2014) in their study in China. Mominou et al., (2018) in their study in Batouri and Betare-Oya reported similar reseults. High values of PI is due to sludge and waste rock in the site. This indicates that one must have a watchful eye to the discharges produced by primary gold mining. Figure 5 shows the trend of pollution indices of the 30 samples.

[bookmark: _Toc96658634]Figure 5: Pollution indices of Samples.
[bookmark: _Toc95293245][bookmark: _Toc95293516]The PLI represents the number of times by which the metal content in the soil exceeds the average natural background concentration, and gives a summative indication of the overall level of heavy metal toxicity in a particular sample. Among samples collected, three showed pollution. Globally, the soils in the Kambele mining zone had mean PLI 0.2 (Figure 6) indicating that the site is in low pollution status regarding the total of the studied metals (Mmolawa et al., 2011). Similar results were obtained by (Dallou et al., 2018) in Batouri and Betare-Oya. PLI values obtained at Kambele are lower than those given by Abdullateef et al., (2020) and higher than those obtined by Chukwu et al, (2018).
To quantify the soil heavy metal contamination, the Nemerow index (IN) which describes the integrated contamination levels, was calculated. The IN results at all sampling points indicate the following.  (1) In general, the IN value of the study area is between 3 and 5, given the maximum and minimum values of 4.92 and 2.84. This finding reveals that the overall level of heavy metal contamination in the study area is between moderately and heavily contaminated, which indicates heavy metal contamination. (2) The IN values of fourteen sampling points exceed 4, which indicates that the contamination level is approaching extremely contaminated. (3) 9 of the thirty samples have IN values greater than 5 indicating extreme contamination. Similar results were obtained by Yang et al., (2014). The general trend of IN values in the Kambele mining site is 2.3-8.1. This indicates that some units of the soil samples were moderately contaminated while some units were heavily contaminated and the other units showed extreme contamination. Similar results were obtained by Jiang et al., (2014).  However, values obtained in our study area for the Nemerow index are greater than those obtained by Wang et al., (2019) in China. Therefore, for the studied area, pollution risks posed by the surface soils, especially for those heavy metals with higher concentrations, require further attention.
Pollution load index, Nemerow pollution index and vector pollution index is displayed in figure 6 for a better understanding of the relationship that exists between them.
The geo-accumulation index (I-geo) is a quantitative measure of the degree of contamination. The geo-accumulation index for the quantification of heavy metal accumulation in the study area is presented in table 8.
[bookmark: _Toc96658678]Table 8: Geoaccumulation index.
	
	Cu
	Pb
	Zn
	Ni
	Cr
	As

	max
	1,2
	0,9
	0,3
	1,1
	0,8
	0,8

	min
	-0,3
	-2,3
	-1,7
	-1,2
	-0,5
	0,0

	median
	0,9
	0,0
	-0,6
	0,3
	0,0
	0,0

	mean
	0,9
	-0,1
	-0,4
	0,3
	0,0
	0,1

	std
	0,3
	0,6
	0,4
	0,5
	0,3
	0,2


I-geo grade for the study area varies from metal to metal and site to site (across metals and sites). Igeo values (maximum) for the various heavy metals in the Kambele mining site varies in decreasing order as follows: Cu, Ni, Pb, Cr , As and Zn. From the results, we can see that Cu and Ni are moderately contaminated while the other metals show little or no contamination. This high index is caused mainly by the enrichment unit; hence its content in the areas affected by industrial activity may be elevated. Similar results were obtained by Dallou et al., (2018) in Batouri and Betare-Oya and Chukwu et al., (2018). However these values were higher than those obtained by Tehna et al, (2015) in betare and lower than those reported by Obiora et al., (2016) .
The Cd is aimed at providing a measure of the degree of overall contamination in surface layers in a particular sampling site. In the study area, soils varied from low degree of contamination to considerable degree of contamination. 
Table 9 displays the mean values of contamination degree. Contamination degree in the study area varied from 6.1-21.1. Table 9 indicates that some units of soil in the Kambele Mining zone show moderate contamination degree, some show considerable contamination degree and others show very high degree of contamination. Similar results were obtained by Syed et al., (2012) in Bangladesh. Mean degrees of contamination of all heavy metals compared to their respective degree of contamination reveal a moderate degree of contamination, indicating a moderate anthropogenic pollution (Abhijit, 2018). Similar results were obtained by Dallou et al., (2018) in Betare-Oya.
Table 9: Contamination Degree.
	
	Cdeg
	mCdeg

	max
	21,1
	75,9

	min
	6,1
	14,3

	median
	10,1
	22,7

	mean
	11,0
	25,8

	std
	3,9
	11,6


Figure 7 depictss the contamination and the modified contamination degrees obtained in our area of study. The modified degree of contamination was used to assess the level of contamination by considering the simultaneous presence of numerous pollutants. The mCd is widely used in environmental studies to identify the levels of metal pollution accumulation. The mCd as proposed in the present study is based on integrating and averaging all the available analytical data for a set of soil samples. This modified method can therefore provide an integrated assessment of the overall enrichment and contamination impact of groups of pollutants in the soil. Values obtained for mCd in the study area displayed in the table 9 varied from14.3-75.9 indicating that soils in the Kambele site vary from very high to ultra-high contamination. Similar results were obtained by Dallou et al., (2018) in Batouri.  High values of mCd could be due to heavy rainfall, dilution and other run-off. Values obtained in the study area are less than those reported by Yang et al., (2014).

[bookmark: _Toc96658635]Figure 7: Contamination and modified contamination degree.
[bookmark: _Toc96658680]As soil contaminated with heavy metals can enter the human body through various exposure approaches Bade et al., (2013), highly toxic heavy metals in soil can cause serious ecological and health risks (Dong et al., 2010,). The excessive accumulation of heavy metals in agricultural soil can affect food quality and safety and further increase the morbidity of severe diseases, such as cancer, leukemia, and kidney or liver damage (Khan et al.,  2011). The potential ecological risk from the studied six heavy metals was evaluated using the Hakanson potential ecological risk index, shown in the table 10.
Table 10: Potential Ecological Risk.
	
	Ef
	RI

	
	Cu
	Pb
	Zn
	Ni
	Cr
	As
	

	max
	53,9
	28,4
	1,5
	48,2
	10,2
	46,2
	127,5

	min
	2,1
	0,0
	0,0
	0,0
	0,0
	0,0
	26,7

	median
	29,0
	1,2
	0,2
	8,3
	1,6
	0,0
	48,4

	mean
	30,3
	4,1
	0,2
	11,9
	1,9
	5,5
	53,8

	std
	11,0
	6,2
	0,4
	12,9
	2,0
	10,9
	21,8



The potential ecological risk index   values for the single heavy metal pollution in the study area varied generally from slight to medium degree of contamination. Values for copper varied from 2.1-53.9 indicating slight to medium pollution degree. Values obtained for Zinc were extremely low indicating little or no pollution due to this heavy metal. Values obtained in the Kambele mining site for Cu are greater than those obtained by Wang et al., ( 2019) in China but less than those obtained by Weihua et al., (2010). According to the six heavy metals in the mining site, Ef values arrayed in a decreasing order as follows Ef (Cu), Ef (Ni), Ef (As), Ef (Pb), Ef (Cr) and  Ef (Zn).
Potential toxicity response index for various heavy metals in the soil in our mining site varied from 26.7- 127.5. Six of the 30 samples had RI values less than 40 indicating very slight toxicity. Out of the 30 samples collected in our study area, only 2 samples had values greater than 80. These units of soil in the mining site indicates strong toxicity. This could be due to the high discharge of waste from the mining companies at these points. Appropriate engineering measures and ecological measures should be taken to control the concentrations of soil heavy metals, and it is also necessary to conduct ecological restoration for the polluted area.  The rest of the samples fell in the medium toxicity class. These observations are in accordance with those reported by Jiang et al., (2014). However, the mean value of RI in the Kambele mining site is less than those indicated by Weihua et al., (2010). Figure 8 displays the trend in potential ecological risk factor calculated for the 30 samples.

[bookmark: _Toc96658636]Figure 8: Potential ecological risk
[bookmark: _Toc96658790]Contamination Security Index is used for ecological risk assessment of heavy metal pollution in soil. It incorporates two-tier threshold levels of sediment quality guideline values, one below which adverse effects rarely occur (ERL-effects range low) and another above which adverse effects are likely to exist (ERM-effects range median). Values for CSI obtained in our area of study are recorded in table 11. CSI values obtained in the Kambele mining site shows a decreasing trend of Cu, Ni, Cr, Pb, Zn and As. Contamination Security Index values for copper ranged from 2.94-979.58 which is in the extreme severity of contamination category. These high values could be due to the fact that it does not travel very far after being released, its speciation and other geochemical characteristics in soil (Ezeh et al., 2011). These high values indicate a strong anthropogenic source. Activities such as excavation of soil during mining processes could be responsible for the high availability of copper in the study site. CSI values for Ni varied between 0-113.65 which falls under the range of extreme severity of contamination. Contamination severity index obtained for Pb displayed a moderate severity of contamination while values obtained for Cr were categorized as high severity of contamination. In general soils in the Kamnbele Mining site fall within the range of moderate to extreme severity of contamination. Contamination severity index values obtained for Zn and As were  all less than 0.5 in the 30 samples collected indicating that these soils are uncontaminated with respect to these 2 metals. The mean values for CSI recorded in the Kambele mining zone are greater than those obatined by Nsikak et al., (2018) in Guinea.
[bookmark: _Toc96658791]Multielement Contamination (MEC) values obtained in the study area is depicted in the table 11.  In general the soil displays a multielement contamination which ranges from 1.01-3.51. These values are greater than one indicating anthropogenic source of contamination by the heavy metals. This is in accordance with the enrichment factors obtained in the study area.
[bookmark: _Toc96658792]Table 11: CSI, MEC and ExF.
	
	ExF
	MEC
	CSI

	
	
	
	Cu
	Pb
	Zn
	Ni
	Cr
	As

	Maximum
	52,72
	3,51
	979,58
	1,06
	0,43
	113,65
	3,89
	0,41

	Min
	0,97
	1,01
	2,94
	0,00
	0,00
	0,00
	0,00
	0,00

	Mean
	10,71
	1,83
	351,67
	0,25
	0,13
	15,76
	1,04
	0,07

	Median
	9,17
	1,69
	287,90
	0,19
	0,13
	4,92
	0,96
	0,00

	Std
	9,52
	0,65
	228,23
	0,27
	0,11
	25,62
	0,71
	0,12


Exposure Factor (ExF) is very useful to assess when in a given study area the greatest heavy metal loads are located. The values obtained ranged from the soil displays a multi element contamination which ranges from 0.97-52.72. as displyed in table 11 .The highest value was obtained at point E28. Figure 9 shows the variation in exposure and multielement contamination factors and contamination security index.

[bookmark: _Toc96658637]Figure 9: Contamination security index, exposure and multielement contamination factors.
[bookmark: _Toc96658793]3.4 Statistical analysis
Soil heavy metals mainly come from soil parent materials and human activities, which PCA can determine (Yu et al., 2016). The projection of Cr, Mn, Fe, Ni, Cu, Zn, As and Pb on the F1 and F2 planes shows principal component 1 explains 49,93% of the data variance and principal component 2 accounts for 22.90%. A first association of variables can be observed which constitutes Cu, Cr, Pb and As. These variables correlate positively with the the F2 factor plane and negatively with the F1 factor plane. A second set composed of Ni and As correlates negatively with the 2 factor planes. Figure 10 displays the projected chemical parameter.
[image: ]
[bookmark: _Toc96658638]Figure 10: Circle of correlation of PCA on soil chemical parameters
[bookmark: _Toc96658797]3.5 Spatial Analysis 
Contour maps have long been used for environmental studies because of the visualization of pollution (Rohde et al., 2015). The surfer software was used to produce kriged maps to show the spatial dispersion of the heavy metals As, Cu, Mn, Pb and Ni. Arsenic distribution in kambele is uneven. There are areas of high concentrations with values above the background value for arsenic concentration in soil. It is important to note that only one sample had concentrations exceeding the IASS guideline value (30). Figure 11 shows the spatial dispersion of Arsenic in the study area.
[image: As]
[bookmark: _Toc96658639]Figure 11: Spatial dispersion of arsenic in Kambele.
Variation of copper followed an irregular trend. Copper concentration in the study area shows very high dispersion varying from 18-484ppm. Copper concentrations were all above the WHO limit (100), IASS limit (5100) as well as above the geochemical background value (45). The blue colour shows less concentration as compared to purple and pink colours which are areas of very high concentrations as displayed in figure 12.

[image: C:\Users\Otia yvette\Desktop\OTIA\2021 memoire\Cu.jpg]
[bookmark: _Toc96658640]Figure 12: Spatial dispersion of Copper.
 Iron is one of the most abundant elements in the earth’s crust. The geology of Kambele shows that soils in this area are highly ferralitic accounting for the high concentrations in the study area as displayed by figure 13.
[image: C:\Users\Otia yvette\Desktop\OTIA\2021 memoire\Fe.jpg]
[bookmark: _Toc96658641]Figure 13: Spatial dispersion of iron
Spatial distribution of manganese shows that concentrations vary from 0 to 770ppm. These observations show that some of the soil samples are greatly above the IASS permissible limit (500) red colour in the figure 14, above the geochemical background (600) pink, purple and below the WHO permissible limit for industrial soils as displayed in figure 14.
[image: C:\Users\Otia yvette\Desktop\OTIA\2021 memoire\Mn.jpg]
[bookmark: _Toc96658642]Figure 14: Dispersion of Manganese in Kambele.
Lead varied very slightly in some parts of the study area and greatly in others. Generally, lead concentrations were below the WHO and IASS permissible limits. Figure 15 shows spatial dispersion of lead in Kambele study area.
[image: C:\Users\Otia yvette\Desktop\OTIA\2021 memoire\Pb.jpg]
[bookmark: _Toc96658643]Figure 15: Dispersion of Lead.
Figure 16 depicts the distribution of zinc in the study area. Areas of very high concentrations can be seen in red, purple and pink while areas of mild concentrations are represented in blue and green.
[image: C:\Users\Otia yvette\Desktop\OTIA\2021 memoire\Zn.jpg]
[bookmark: _Toc96658644]Figure 16: Zinc spatial dispersion.

CONCLUSION 
This work focused on the physico-chemical characterisation of soil in the Kambele mining site. Physical parameters showed that, the pH in our study area ranged between 5.12 and 6.22 which is in the acidic scale of pH. These values suggests that, soil in the Kambele mining site is not the best for agricultural activities. Soil Organic matter was high at some points and low at others. High values of soil organic matter accounts for high concentration of heavy metals. Chemical parameters Zn, Pb and Mn were the only heavy metals amongst the selected heavy metals studied in the zone whose average concentrations were below the WHO permissible limit. Assessment of soil heavy metals by the use of pollution indices revealed that the soil in the Kambele mining site is contaminated and polluted to some extent depending on the index calculated. Statistical and spatial analysis showed that, soil in the mining site show great discrepancy with high dispersion of the various analysed parameters. The matrix of correlation shows that the elements are interrelated although there is a possibility of great dispersion. Principal component analysis revealed that projection of Cr, Mn, Fe, Ni, Cu, Zn, As and Pb on the F1 and F2 planes shows principal component 1 explains 49.93% of the data variance and principal component 2 accounts for 22.90%. Kriged maps produced indicated high and low concentrations of heavy metals in our study area. This reveals high dispersion and mobility of these metals on the site. The soil in the zone is contaminated and it’s a call for concern due to the fact that vegetables and crops cultivated on heavy metals polluted sites can take up heavy metals (if pollutant bioavailability is high) greater than the maximum permissible limits and consequently may induce serious public health implications. 
[bookmark: _Toc96658813]
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PI  value 



Cdeg	9.9832989196766437	8.4667497248022006	8.4990436565187473	7.1620192953216382	8.1680721083591337	6.9977528484692133	11.782315638141355	16.336392908906884	13.382035757257018	9.8225668333333331	9.4806471381016628	12.344018173890611	9.4046844876160982	11.601400562091504	10.886312483832128	15.214818248392474	10.122319594771241	6.0891023486412106	10.253990758169936	14.098231810444284	10.14794222775264	6.1238884444444448	15.787490384072928	7.9902062514619887	12.7695510877193	6.2201055555555556	21.06272090746474	21.075714024423807	10.384479871794873	8.2655122222222221	mCdeg	14.258053636363638	23.86239909090909	18.124589090909094	17.049396818181819	20.67688590909091	15.986443636363639	18.242561818181816	20.853399090909093	27.258095909090912	32.160870454545453	17.536812272727271	20.634800454545452	22.598011818181821	20.032338181818183	37.244075454545452	30.027842272727266	33.008839999999999	24.771370909090908	28.494276363636367	31.949389545454547	25.828636818181817	22.775966363636368	22.170166363636362	36.061945454545459	22.482045000000003	23.558669545454549	15.908037727272728	75.92069681818181	37.453009545454549	16.906729545454546	Sampling Points

Contamination Value



Ef	Cu	34.853020000000001	28.833642222222217	29.232735555555557	23.655328888888892	29.325087777777775	30.753246666666669	30.24531	27.349412222222224	25.954236666666667	37.23108666666667	38.289836666666666	46.25190666666667	28.817151111111109	15.158936666666667	16.45846222222222	22.24791888888889	12.940963333333332	2.0746233333333337	30.756545555555558	42.900845555555556	26.686456666666668	27.544011111111111	48.042877777777775	28.434550000000002	45.813234444444447	26.782106666666667	31.069882222222223	53.874252222222225	25.393526666666666	41.327561111111109	Ef	Pb	0	5.9275225000000002	3.3313449999999998	1.8939699999999999	7.1663500000000004	1.190855	9.3565725000000004	28.4316125	11.043122499999999	10.614347499999999	0	0	0	0.96819	8.8296475000000001	1.5016575000000001	1.1855525	4.0404249999999999	0	0.1053675	2.0542500000000002E-2	0	0	6.9495050000000003	0	0.41020500000000004	0	15.1000075	3.4473150000000001	0	Ef	Zn	0	0.55629221052631583	0.24978189473684209	0.12848694736842106	0.21300768421052632	0.14632157894736844	0.14560431578947367	7.0877789473684213E-2	0.16217894736842106	5.6267052631578947E-2	0	0.19195505263157894	0.45553610526315791	1.3669201052631577	1.464952	0.52424252631578949	0.20911115789473683	0	0.17006884210526316	0	0.17065042105263159	0.16183	0	0.40340526315789477	1.6061473684210528E-2	0.1984104210526316	0	0.13240284210526315	0.13808273684210526	0	Ef	Ni	0	7.310021323529412	3.4623772058823525	5.6340963235294117	5.3316125000000003	2.0120676470588235	0.22789044117647062	1.2206742647058824	15.694850000000001	17.891017647058824	0	0	9.7507036764705877	7.7589169117647057	28.463095588235294	22.402266176470587	36.294236029411763	33.316961029411765	20.166708088235296	16.237388235294119	13.515032352941176	8.939868382352941	0	11.014893382352941	0	11.3642	0	48.195905882352939	30.532918382352939	0	Ef	Cr	0	1.9887968888888887	1.1445188888888889	1.4618426666666668	1.5456586666666667	0.64209888888888889	0.8355002222222222	1.3749222222222222	1.6507611111111111	1.8075282222222222	0.50695999999999997	0.43250488888888888	1.37592	1.4451015555555558	2.436808222222222	1.6479895555555557	2.0336984444444446	1.2672484444444443	1.3253644444444443	1.7104080000000002	2.3911799999999999	2.5826466666666668	1.2301724444444444	7.1450617777777783	1.7946675555555556	2.2713075555555555	1.5632864444444445	10.154320888888888	2.0723913333333335	0	Ef	As	0	0	0	0	0	0	28.59465384615385	10.5365846153846	14.443292307692309	0	14.144723076923075	0	0	0	0	19.800953846153849	0	0	0	14.277423076923077	15.654153846153847	0	0	0	0	0	0	0	46.163115384615388	0	RI	RI	34.853020000000001	44.616275145166838	37.420758545063642	32.773724826453396	43.581716628654966	34.744589781561743	69.405531325342025	68.98408361400864	68.948441532838515	67.60024708857928	52.941519743589737	46.876366608187134	40.399310892844852	26.698065239250088	57.652965532679744	68.125028493384661	52.663561465084278	40.699257807189539	52.418686930340563	75.231432367772754	58.438015786814326	39.228356160130723	49.273050222222217	53.947415423288611	47.623963473684213	41.02622964327486	32.63316866666667	127.45688933556931	107.74734950381043	41.327561111111109	sampling points

factor value



ExF	0.97060400000000069	9.8548263427535652	5.4168696008705775	5.4253906052366982	7.9279746628430061	3.1602054416924679	7.8631404424863067	11.284222202243921	11.859123088394062	13.460385876915138	4.8273011794871792	4.9394686936572203	6.931907062779497	5.1464034363340483	14.650298446706888	11.439285654772302	11.332986915059141	6.2730311033182504	8.9425195708634337	13.197105642785319	12.057633648051123	10.39853666792358	7.8668647863247863	28.416101093474637	9.3910191318038692	9.7719312159244271	5.6253525982905987	52.716008270712607	17.802808592799874	2.265512222222223	MEC	1.6638831532794407	1.4111249541337001	1.4165072760864579	1.1936698825536063	1.361345351393189	1.1662921414115355	1.9637192730235593	2.7227321514844807	2.2303392928761698	1.6370944722222223	1.5801078563502771	2.0573363623151018	1.5674474146026831	1.933566760348584	1.8143854139720215	2.5358030413987458	1.6870532657952069	1.0148503914402018	1.7089984596949892	2.3497053017407139	1.6913237046254401	1.0206480740740742	2.6312483973454879	1.3317010419103315	2.1282585146198834	1.0366842592592593	3.5104534845774569	3.5126190040706344	1.7307466452991456	1.3775853703703704	CSI	Cu	412.9294098087023	284.0010774820995	291.79980871854582	192.45579527295806	293.61963517889728	322.48732901141284	312.06414108908217	255.93119664939013	230.88709862846028	470.53862777318659	497.40344146800214	723.44865893452379	283.68111191267519	81.01182704869764	94.941112528505528	170.66877501264634	59.832583654803351	2.9441555389554792	322.55558778812394	623.14423893388334	243.86872082208924	259.52765147991562	780.13619699147227	276.3087701770321	709.89099840196707	245.59095250648821	329.07212355494272	979.57746970450194	221.18824839343904	578.64326562748477	CSI	Pb	0	0.42157532967226879	0.31310195026505194	0.23515883914989369	0.46599677779893955	0.18619260295588644	0.53803881479773974	1.0644962621637677	0.58970439339902325	0.57681155120371486	0	0	0	0.16781964223398099	0.52130195990422068	0.2092107570814136	0.1857757896613017	0.34560977270220972	0	5.5304960122204753E-2	2.4418670272701802E-2	0	0	0.45845259164446578	0	0.10914998080878016	0	0.70605652001797625	0.31861993793407828	0	CSI	Zn	0	0.245901967813412	0.16163816868100112	0.11531824349792569	0.14900116497143567	0.12314369860173234	0.12283811118750533	8.5492655492655348E-2	0.12972623161216343	7.6144611214480087E-2	0	0.14131168178512904	0.22095230844579203	0.41539370680482557	0.43461327711125708	0.23815976563596189	0.14760547673249622	0	0.1328873443925952	0	0.13311758402422594	0.12958476202110866	0	0.2072214683879465	4.0651216710419762E-2	0.1437093884866546	0	0.11707903264119075	0.1195891157577231	0	CSI	Ni	0	4.0292056760508244	1.6013531194868929	2.8202949497469456	2.6275949320928302	0.98013849260848318	0.26791582848211642	0.68480951142224988	13.845972803786577	17.481412796311343	0	0	6.2303003076605039	4.3944063423293125	41.259211296627271	26.352992437723625	65.612296359994431	55.67598473594834	21.720124711041194	14.702584591188494	10.677738017405147	5.440220360880236	0	7.5802470006204965	0	7.9787684067936331	0	113.65218489949632	47.136905056673641	0	CSI	Cr	0	1.1032133753157569	0.81189721319501584	0.9272832197835712	0.95633112496194406	0.59970727796369294	0.68745645950707146	0.89659976271351205	0.99209856185824263	1.0442871620807654	0.53125755041922951	0.48995301121539014	0.89695548904180045	0.92141994800391092	1.2442394492757338	0.99116398205903755	1.117612499112449	0.85768564122625834	0.87882204931905905	1.0121069957829447	1.230103158321755	1.2891690313155599	0.84402624480525845	2.735319879899567	1.0400524258705639	1.1927535213129421	0.96237870695614314	3.8858007637888474	1.129965014255657	0	CSI	As	0	0	0	0	0	0	0.3129856515379521	0.18736433406102621	0.21990228489041078	0	0.217574122231248	0	0	0	0	0.25848525595859417	0	0	0	0.21861165978126632	0.22912459162743251	0	0	0	0	0	0	0	0.40511973161152648	0	Sampling points

Values
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