


Heavy metal pollution of agricultural soils and health implications at Korsimoro market gardening sites

Abstract
In order to assess pollution, health risks to humans, and quantitatively determine the sources of heavy metal inputs into cultivated soils, a total of 41 soil samples were collected in the Korsimoro market gardening area between March 2022 and April 2022. Various indices, including the geoaccumulation index (Igeo) and the potential ecological risk index (RI), were used to analyze pollution levels caused by heavy metals. Health risk assessments defined by the US Environmental Protection Agency were applied to analyze risks to human health and identify sources of heavy metals.
The results showed that the average concentrations of Ni, Cd, Co, Mn, Se, and Hg exceeded the limits set by the WHO/FAO, with the exception of Cu, As, Pb, Zn, and Cr. The geoaccumulation index (Igéo) indicates very high soil pollution caused by Cd (11.91), Co (5.09), Se (6.61) and Hg (6.71), zero pollution levels for Ni (0.86), Pb (-0.37), Zn (0.10) and Mn (0.68), and moderate pollution levels associated with Cu (1.30), As (1.88) and Cr (1.06). The potential ecological risk index showed that the majority of heavy metals contributed to a very high level of potential ecological risk (RI= 189082.76). This pollution therefore reveals a very high level of contamination associated with anthropogenic activities.
According to the results of the health risk assessment, the carcinogenic and non-carcinogenic risks to human health associated with heavy metals far exceed the threshold for significant risk. 
This study improves our understanding of heavy metal pollution levels in the soils of the study area and also serves as a reference for attributing sources of pollution in other regions.
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Introduction 
In emerging countries like Burkina Faso, population growth leads to increased demand for food. This increase is accompanied by an increase in organic waste production. These include sludge from wastewater treatment plants, domestic wastewater, industrial effluents, and various agro-industrial byproducts. To address this issue, farmers use not only mineral and chemical fertilizers, but also household waste to improve the fertility of soils, which are often characterized by a low organic matter content.[1]. The continued application of organic matter could have the following consequences: accumulation of ETMs in the surface horizons of agricultural soil, transfer to deeper layers and groundwater resources [2]. Regardless of the compartments affected, knowledge of the fate of ETMs in a given ecosystem makes it possible to anticipate risks and adapt solutions[3].
In the municipality of Korsimoro, agriculture employs nearly 90% of the working population, and vegetable production was estimated at 6,327.5 tons in 2021. Vegetable farming is mainly practiced around the dam, which has an estimated water capacity of approximately 4,687,900 m3. [4,5]. The use of phosphate fertilizers and the discharge of toxic waste from artisanal gold processing facilities into agricultural soils can lead to the contamination of vegetable crops and pose an environmental problem. Some of these trace metals (TM) are essential to the life of organisms, both microscopic and macroscopic [6]. Thus, too low a concentration can lead to deficiency symptoms. However, when present in excessive amounts, they pose a risk of toxicity. Other ETMs, on the other hand, are not essential and cause proven toxicity, even at very low doses (As, Cd, Cr, Hg, and Pb)[7]. Knowledge of the origin of heavy metal pollution is a priority in many environmental studies. The accumulation of heavy metals in agricultural soils poses a growing risk of food contamination and a potential risk to human health [8].
The contamination of soil, plants, and water resources by heavy metals is a major environmental and public health issue. Previous research conducted in the market gardening areas of Ouagadougou and Loumbila has highlighted a significant deterioration in soil quality, as well as high concentrations of Cr, Mn, Ni, and Hg in irrigation water, exceeding established guideline values[9]. A significant accumulation of chromium has also been observed in vegetable crops, particularly tomatoes. [10].
These observations confirm the existence of a risk of metal pollutants being transferred throughout the food chain, directly exposing consumer populations. In addition, the accumulation of heavy metals in soils threatens fertility, disrupts the bioavailability of essential nutrients, and compromises the sustainability of agricultural production systems. From a socio-economic perspective, it also hinders food security and producers' incomes by reducing the marketability of horticultural products and limiting access to certain markets subject to strict health standards.
In light of these challenges, it appears essential to conduct further studies in vegetable-growing areas in order to better characterize the extent and mechanisms of contamination, identify the sources responsible, and propose appropriate strategies for sustainable soil and water resource management.
2. Materials and methods
2.1 Presentation of the study area
The study area is located in the Centre-Nord region, within the province of Sanmatenga. The municipality of Korsimoro covers an area of approximately 667 km².[11], is one of eleven municipalities in the province. Its economy is based mainly on agriculture, livestock farming, and gold panning. However, the rapid development of mining activities has led to the uncontrolled establishment of gold processing sites near market gardens and the banks of the dam, which was originally intended for agricultural irrigation.
2.2 Sampling 
Soil samples were collected between March 2022 and April 2023 from market gardening sites identified around the Korsimoro dam. This period corresponds to the second harvest phase, which ensures that no pesticides or fertilizers have been applied. This is a crucial factor in that we will not be analyzing the fertilizers used or the pesticides. A total of 41 soil samples were taken from the 0-20 cm surface horizon using a helical auger. It should be noted that each sample is a composite sample taken from a rectangular plot 5 m long and 2 m wide, i.e., an area of 10 m2, which corresponds to 0.1% of a hectare (ha)[5]. At each point, 1 kg of soil was collected and placed in a clean, clearly labeled plastic bag and taken to the BUMIGEB laboratory for analysis. The samples were numbered P1 to P41.	Comment by Microsoft: Add sample card
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Figure 1: location of the study area


2.3. Sample preparation and analysis 
The samples taken were placed at room temperature in the laboratory and exposed to sunlight, then homogenized and placed in an oven at 105°C for 24 hours. Each sample was then crushed and sieved using a 2 mm mesh sieve. The sieved material was then ground to obtain a very fine powder with a diameter of 63 microns using a certified SAULAS sieve. Mineralization was carried out with 0.5 g of sample by adding 7.5 ml of 35% concentrated hydrochloric acid (HCl) and 2.5 ml of 70% concentrated nitric acid (HNO3) on a hot plate and cooled to ambient air. Thus, the necessary quantity of each sample was taken and sent to ICP/MS for heavy metal analysis. 
The analysis focused mainly on manganese (Mn), nickel (Ni), chromium (Cr), copper (Cu), lead (Pb), cadmium (Cd), cobalt (Co), arsenic (As), zinc (Zn), mercury (Hg), and selenium (Se).

2.4.  Determination of the geoaccumulation index (Igéo)
The intensity of soil pollution by heavy metals was assessed using the geoaccumulation index (Igéo). Its principle is based on comparing measured values with reference values such as the average elemental content of the Earth's crust. The Igéo allows contamination to be estimated by comparing pre-industrial and recent metal concentrations [12]. This method, which was used by [13] Since the late 1960s, it has been applied to several trace metal studies in Europe. It can also be applied to the assessment of soil contamination. It is calculated using the following equation: 

(1)

Where Igeo = geoaccumulation index; log2 = logarithm base 2; i = element considered. 
 Ci= concentration measured in the sample; Bi = geochemical background; k = 1.5: geochemical background exaggeration factor, whose function is to take into account natural fluctuations in the geochemical background. A scale of values with six classes has been defined according to the intensity of pollution[13,14] . 
Table 1: Pollution scale associated with Igeo values
	[bookmark: _Hlk149642688]Values
	Pollution level

	Igéo< 0
	Unpolluted

	0 ≤ 𝐼géo < 1
	Not polluted to moderately polluted

	1 ≤ 𝐼géo < 2
	Moderately polluted

	2 ≤ 𝐼géo < 3
	Moderately polluted to heavily polluted

	3 ≤ 𝐼géo < 4
	Heavily polluted

	4 ≤ 𝐼géo < 5
	Highly polluted to extremely polluted

	𝐼géo ≥ 5
	Extremely polluted




2.5 Determination of ecological risk factors ()
The ecological risk factor (Er) defined by Hakanson is used to determine the level of contamination in soils and sediments that may pose a problem.
This ecological risk factor also makes it possible to estimate, on a large scale, the environmental risk associated with metals and their biological toxicity, as has been demonstrated in numerous studies.
This factor depends on the contamination factor and the toxic response factor (Tr), as estimated by Hakanson [15] according to the following equation:

      (2)

The toxic response factor (Tr) values for trace metals such as arsenic (As), cadmium (Cd), copper (Cu), nickel (Ni), and lead (Pb) are 10, 30, 5, 5, and 5, respectively [16]. Ecological risk factors were classified into five categories, as shown in Table 2 [17] .
Table 2: Classes of the ecological risk factor for heavy metals pollution.
	

	Interpretation of class

	

	Low potential ecologique risk

	

	Moderate probable ecological risk

	

	Considerable possible ecological risk

	

	High potential ecological risk

	

	Very higy ecological risk



2.6 Determination of potential ecological risk (RI)
The potential ecological risk index is used to measure ecological risks. It is an effective and widely used parameter for assessing soil pollution. It illustrates the damage caused by heavy metals. It takes into account the ecological risk factor (Er), which indicates the level of contamination of soil and sediments that poses an ecological problem. [15,18]. The RI values obtained from equation 3 can be used to identify the level of potential ecological risk due to pollution from all identified and present ETMs in the soil [15,17,19].

	
 Table 3: Classes of the potential ecological risk factor for heavy metals pollution(3)

	

	Interpretation of class

	

	Low contaminated

	

	moderately contaminated

	

	considerably contaminated

	

	highly contaminated



2.7 Carcinogenic and Non-Carcinogenic risk assessment
In our study, we focused on the level of exposure risk that could particularly affect adults aged 18 years and older.
First, the average daily intake associated with the ingestion of heavy metals contained in soil samples was estimated using equation 4.


(4)

Where ADIing represents the average daily intake of heavy metals ingested from the soil, expressed in mg/kg/day; C is the concentration of the heavy metal (mg/kg for soil ); IRing (mg/day) is the ingestion rate; EF (days/year) is the frequency of exposure; ED is the duration of exposure in years; BW is the body weight of the exposed individual (kg); AT is the period of time over which the dose is averaged (in days); CF is the conversion factor (kg/mg).
Secondly, the average daily intake related to the inhalation of heavy metals via soil particles was calculated using equation 5

	
(5)

Where ADIinh represents the average daily intake of heavy metals inhaled by the target population (children and adults, expressed in mg/kg/day); CS is the concentration of heavy metals in the soil (in mg/kg); IRair is the inhalation rate (m³/day); PEF is the particulate emission factor (m³/kg).
Finally, the average daily intake associated with dermal contact with soil was estimated using equation 6.

	
(6)

Where ADIderm represents the dose of exposure through skin contact, expressed in mg/kg/day;
CS is the concentration of heavy metal in the soil (mg/kg); SA is the exposed skin area (in cm²); FE is the fraction of dermal exposure to soil; AF is the soil adhesion factor to skin (mg/cm²); and ABS is the fraction of the applied dose that is absorbed through the skin.
Table 4 : Exposure parameters used for the assessment of health risk [20,21]
	Parameter
	Media
	Unit
	Child
	Adult
	References

	Body weight (BW)
	All
	kg
	15
	70
	(DEA, 2010)

	Exposure frequency (EF)
	All
	days/year
	350
	350
	(DEA, 2010)

	Exposure duration (ED)
	All
	Years
	6
	30
	(DEA, 2010)

	Ingestion rate (IRing)
	Soil
	mg/day
	200
	100
	(DEA, 2010)

	Inhalation rate (IRinh)
	Soil
	m3/day
	10
	20
	(DEA, 2010)

	Skin surface area (SA)
	Soil
	cm2
	2100
	5800
	(DEA, 2010)

	Soil adherence factor (AF)
	Soil
	mg/cm2
	0.2
	0.07
	(DEA, 2010)

	Dermal absorption factor (ABS)
	Soil
	None
	0.1
	0.1
	(DEA, 2010)

	Dermal exposure ratio (FE)
	Soil
	None
	0.61
	0.61
	(USEPA, 2004)

	Particulate emission factor (PEF)
	Soil
	m3/kg
	1.3E+9
	1.3E+9
	(DEA, 2010)

	Conversion factor (CF)
	Soil
	kg/mg
	10-6
	10-6
	(USEPA, 2004)

	Averaging time AT Non-carcinogenic
	Soil
	Days
	365*ED
	365*ED
	(DEA, 2010)

	Averaging time AT Carcinogenic
	Soil
	Days
	365*70
	365*70
	(DEA, 2010)



2.7.1 Estimation of non-carcinogenic risks (HQ and HI)
Non-carcinogenic and carcinogenic risks due to soil ingestion, inhalation, and skin contact were calculated using average daily intake values. A hazard quotient (HQ) is used to express the non-carcinogenic health risk according to USEPA recommendations. [22,23]. For each chemical and each route of exposure, the hazard quotient is calculated as follows [24–26] :

                                                                                                                                                     (7)

ADIk : average daily dose according to exposure route k (oral, inhalation, skin contact) and
RfDk: reference dose for exposure route k.
For n heavy metals, the non-carcinogenic effect on the population results from the sum of all hazard quotients (HQ) caused by each heavy metal individually. This is considered another term called the hazard index (HI) defined in the USEPA document. [27]. The mathematical relationship of this parameter is defined by the following equation:

                                                                                             (8)

When HI < 1, it is unlikely that the target population (children and adults) will be exposed to a non-carcinogenic risk, but if HI > 1, non-carcinogenic effects are likely for the target population.
The reference dose RfDk for each exposure route represents the maximum amount of pollutants ingested per unit of time and weight that will not cause adverse reactions in humans; HI is the total non-carcinogenic risk of a certain pollutant through multiple exposure routes. When HQk or HI ≤ 1, the risk is insignificant, while if HQk or HI > 1, there is a non-carcinogenic risk.
2.7.2 Carcinogenic risk assessment
Carcinogenic risks are estimated by calculating the incremental probability that an individual will develop cancer during their lifetime due to exposure to the carcinogen. The slope factor (CSF) converts the estimated daily intake of a toxin, averaged over a lifetime of exposure, directly into the incremental risk of developing cancer in an individual [28].
Carcinogenic risks are estimated as an additional probability that an individual will develop cancer during their lifetime because of lifetime exposure to carcinogenic metals. The equation for calculating the cancer risk (CR) for each route of exposure over a lifetime is as follows:(9)


                                                            
[bookmark: _Toc177154081][bookmark: _Toc198060317]In this equation, CSFk is the carcinogenicity slope factor (mg kg−1 day−1) as given in Table 5. If several carcinogenic metals are present, the cancer risks of all chemicals and exposure routes are added together [27,29]. The RfDk and CSFk values for non-food ingestion, dermal contact, and inhalation of a few heavy metals are also shown in the table below:





Table 5: RfD and CSF dose references [25,28,30] 
	
	As
	Cd
	Cr
	Cu
	Ni
	Pb
	Zn
	Mn
	Hg

	RfDing
	3,00E-04
	1.00E-03
	3,00E-03
	4,00E-02
	2,00E-02
	3,50E-03
	3,00E-01
	2,40E-2
	3,00E-04

	RfDder
	1,23E-04
	1.00E-05
	6,00E-05
	1,20E-02
	5,40E-03
	5,25E-04
	6,00E-02
	2,40E-2
	3,00E-04

	RfDinh
	-
	1.00E-05
	2,86E-05
	4,02E-02
	9,00E-05
	3,50E-03
	-
	1,43E-3
	8,60E-05

	CSFing
	1,50E+00
	5,00E-01-
	5,00E-01
	-
	1,7E+00
	8,50E-04
	-
	
	

	CSFder
	3,66E+00
	-
	
	-
	-
	4,25E+01
	-
	
	

	CSFinh
	1,51E+00
	6,30E+00
	4,20E+01
	-
	8,40E-01
	-
	-
	
	




The total cancer risk (TCR) resulting from lifetime exposure to each heavy metal [30] for an individual is calculated for the different routes of exposure using the following equation:


(10)

This equation allows us to determine the incremental probability of developing cancer due to lifetime exposure to heavy metals.
According to the technical guidelines for assessing the risks of contaminated sites published by the Chinese government, in general [31] :
[bookmark: _Hlk172717757]If TCR ≤ 10⁻⁶, or CRk ≤10⁻⁶, this indicates that there is no carcinogenic risk for people exposed at various sites.
If 10⁻⁶ ≤ TCR <10⁻⁴ or 10⁻⁶ ≤ CRk < 10⁻⁴, this indicates an acceptable carcinogenic risk for exposed populations. Pollutants in this risk range do not cause health hazards or adverse effects to exposed individuals [31,32] ;
If TCR ≥ 1×10−4, this represents a higher carcinogenic risk to the human body throughout life.
3. Results and discussion
3.1 Heavy metal concentrations at the study site
The average concentrations of trace metals (TM) measured in the soils of the study area are presented in Table 6.




Table 6: Average concentration (mg/kg) of heavy metals
	ETM
	Ni
	Cu
	As
	Cd
	Pb
	Cr
	Co
	Zn
	Mn
	Se
	Hg

	Mean
	56,44
	54,19
	11,28
	588,33
	19,81
	120,91
	598,75
	88,82
	1281,79
	12,14
	22,32

	Min
	17,42
	33,15
	7,33
	543,21
	15,43
	38,55
	409,84
	60,51
	1023,89
	11,07
	3,26

	Max
	102,83
	74,90
	16,34
	652,72
	23,51
	189,95
	754,18
	250,74
	1796,09
	13,20
	91,34

	Standard deviation
	24,28
	12,52
	2,15
	31,78
	2,12
	49,01
	94,32
	40,11
	212,46
	0,60
	33,61

	Limit
	50
	100
	40
	2
	100
	150
	2
	300
	270
	10
	1



The average values obtained (mg·kg⁻¹) for nickel (Ni), copper (Cu), arsenic (As), cadmium (Cd), lead (Pb), chromium (Cr), cobalt (Co), zinc (Zn), manganese (Mn), selenium (Se), and mercury (Hg) are 56.44; 54.19; 11.28; 588.33; 19.81; 120.91; 598.75; 88.82; 1281.79; 12.14 and 22.32, respectively. 
These average concentrations exceed the limits defined by the WHO/FAO, as shown in Table 6, except for copper, arsenic, lead, chromium, and zinc. This trend corroborates the observations of Tougma et al. (2023).[11], which also revealed increased accumulation of metals in soils in the study area located near artisanal gold processing sitesThese results confirm the hypothesis that artisanal gold processing sites are a potential source of heavy metal enrichment in the surrounding soil environment, in line with the conclusions of Yalgado et al. (2023).[33].
[bookmark: _Hlk149835687]The decreasing order of soil contamination by heavy metals is as follows: [Mn > [Co] > [Cd] > [Cr] > [Zn] > [Ni] > [Cu] >[Hg] > [Pb] > [As] > [Se]. 
3.2 Geoaccumulation Index (Igéo)
The results of the geoAccumulation Index calculation obtained from equation 1 are presented in Table 7 below.
Table 7: Average values of the geoAccumulation Index
	ETM
	Ni
	Cu
	As
	Cd
	Pb
	Cr
	Co
	Zn
	Mn
	Se
	Hg

	Mean
	[bookmark: _Hlk206493306]0,86
	[bookmark: _Hlk206493528]1,30
	[bookmark: _Hlk206493552]1,88
	[bookmark: _Hlk206493003]11,91
	[bookmark: _Hlk206493348]-0,37
	[bookmark: _Hlk206493586]1,06
	[bookmark: _Hlk206493025]5,09
	[bookmark: _Hlk206493376]0,10
	[bookmark: _Hlk206493405]0,68
	[bookmark: _Hlk206493042]6,61
	[bookmark: _Hlk206493061]6,71

	Max
	1,87
	1,80
	2,45
	12,06
	-0,12
	1,86
	5,44
	1,68
	1,18
	6,73
	10,09

	Min
	-0,69
	0,63
	1,29
	11,79
	-0,72
	-0,45
	4,56
	-0,37
	0,37
	6,47
	5,28

	Standard deviation
	0,70
	0,35
	0,28
	0,08
	0,16
	0,71
	0,24
	0,45
	0,23
	0,07
	1,77



The assessment of the level of pollution in the study area reveals all six (6) classes of Müller's Igeo [9]. These metals can be classified as:
- non-polluting metals (classes 0 and 1): These are Ni, Pb, Zn, and Mn;
- polluting metals (classes 2, 3, 5, 6): These are Cu, As, Cr, Cd, Se, and Hg. This empirical classification (into non-polluting and polluting elements) allows for both a quantitative and qualitative approach to the level of pollution in the soil samples. The mercury geoaccumulation index is at a relatively critical level and therefore suggests that particular attention should be paid to its highly persistent and non-biodegradable nature. These widely recognized toxic effects constitute a real environmental risk. The level of pollution caused by mercury is certainly linked to its use in gold processing.


3.3 Ecological risk factor and potential ecological risk
The individual potential ecological risk coefficient (Eᵣ) and the overall ecological risk index (RI) for heavy metals present in the soils of the study area are shown in Table 8.
Table 8: Average values of ecological risk factors and potential ecological risks
	ETM
	Er
	RI

	
	Ni
	Cu
	As
	Cd
	Pb
	Cr
	Zn
	Hg
	

	Mean
	15,09
	18,95
	56,39
	173037,30
	5,83
	6,91
	1,71
	15940,59
	[bookmark: _Hlk206493743]189082,76

	Min
	4,66
	11,59
	36,65
	159767,65
	4,54
	2,20
	1,16
	2328,57
	164415,80

	Max
	27,49
	26,19
	81,70
	191976,47
	6,91
	10,85
	4,82
	65242,86
	257293,24

	Standard deviation
	6,49
	4,38
	10,74
	9347,65
	0,62
	2,80
	0,77
	24006,73
	26209,44

	Risk level
	Low
	Low
	Moderate
	Very high
	Low
	Low
	Low
	Very high
	Very high



A comparative analysis of the Eᵣ values reveals the following descending order:  
Cd (173,037.30) > Hg (15,940.59) > As (56.39) > Cu (18.95) > Ni (15.09) > Cr (6.91) > Pb (5.83) > Zn (1.71).
Based on the assessment thresholds proposed by Hakanson (1980), the risk levels associated with each metal are as follows:
- Cadmium (Cd) poses a very high ecological risk.
- Mercury (Hg) is associated with a very high risk.
- Arsenic (As) is associated with a moderate ecological risk. 
- Other elements (Pb, Ni, Zn, Cu, Cr) pose a low ecological risk.
These results indicate that Cd and Hg are the main contributors to the potential ecological risk in the soils of the study area.
3.4 Health risk
3.4.1 Non-carcinogenic risks
The results relating to non-carcinogenic health risks to adults from exposure to heavy metals present in contaminated market garden soils are presented in Table 9.
Table 9: Average values for non-carcinogenic risks
	Non-carcinogenic risks

	ETM
	HQingestion
	HQdermal
	HQinhalation
	HI

	Ni
	7,73E-03
	3,55E+03
	1,32E-04
	3,55E+03

	Cu
	3,71E-03
	1,53E+03
	2,84E-07
	1,53E+03

	As
	1,03E-01
	3,11E+04
	0,00E+00
	3,11E+04

	Cd
	1,61E+00
	2,00E+07
	1,24E-02
	2,00E+07

	Pb
	1,55E-02
	1,28E+04
	1,19E-06
	1,28E+04

	Cr
	1,10E-01
	6,84E+05
	8,91E-04
	6,84E+05

	Zn
	8,11E-04
	5,02E+02
	0,00E+00
	5,02E+02

	Mn
	1,46E-01
	1,81E+04
	1,89E-04
	1,81E+04

	Hg
	2,04E-01
	2,52E+04
	5,47E-05
	2,52E+04










According to the results, the HQ values recorded for the nine heavy metals (Table) via the skin route are greater than 1. These observations clearly indicate that skin contact with soil particles is the main route of exposure to heavy metals and therefore the main source of health risk for adults living in the study area. In contrast, the contributions of inhalation and non-food oral ingestion to the overall risk (HI) were found to be almost negligible, with HQinhalation and HQingestion values well below 1 (Table 9). This suggests that inhalation and oral ingestion of heavy metals have little or no health effect on adults living near the market gardening site.
The overall non-carcinogenic risk index (HI) for heavy metals in the study area was ranked in descending order as follows: Cd > Cr > As > Hg > Mn > Pb > Ni > Cu > Zn (Table 9), indicating that Cd(2.00E+07) poses the highest health risk to adults, while Zn(5.02E+02) poses the lowest risk.
3.4.2 Carcinogenic risks
The carcinogenic health risks calculated using equations 9 and 10, according to carcinogenic slope factors (SF), are presented in Table 10.
Table 10: Average values of carcinogenic risks
	Carcinogenic risks for adults

	ETM
	CRing
	CRder
	CRinh
	TCR

	Ni
	1,13E-04
	--
	4,28E-09
	1,13E-04

	Cu
	
	--
	--
	--

	As
	1,99E-05
	6,00E-06
	1,54E-09
	2,59E-05

	Cd
	3,45E-04
	--
	3,35E-07
	3,46E-04

	Pb
	1,98E-07
	1,22E-04
	--
	1,23E-04

	Cr
	7,10E-05
	--
	4,59E-07
	7,14E-05



According to USEPA standards, the carcinogenic risk values calculated for arsenic (As) and chromium (Cr) are less than 10⁻⁶, indicating no risk, while those for Ni, Cd, and Pb are greater than 10⁻⁴, thus constituting a carcinogenic risk throughout the exposure period. However, cadmium presents the highest carcinogenic risk, and oral ingestion is the main route of exposure. The TCR value (3.46E-04) is greater than 10⁻⁴, which is unacceptable. Thus, it can be concluded that in the study area, the relatively high concentrations of heavy metals may therefore induce cancer. In addition, the gradual accumulation of heavy metals in the surface layer of the soil, under the influence of various factors, may pose a carcinogenic risk in the study area. It is therefore necessary to maintain continuous monitoring of this issue.
Conclusion
In this study, we collected forty-one (41) soil samples between March 2022 and April 2022 from various points in the market gardening area. The average concentrations of Ni, Cu, As, Cd, Pb, Cr, Co, Zn, Mn, Se, and Hg are 56.44, 54.19, 11.28, 588.33, 19.81, 120.91, 598.75, 88.82, 1281.79, 12.14, and 22.32 mg/kg, respectively. Among these, the average values for Ni, Cd, Co, Mn, Se, and Hg exceed the soil pollution risk limit by 1.13, 294.16, 299.37, 4.74, 1.24, and 22.32 times, respectively. The geoaccumulation index (Igéo) values for Cd, Co, Se, and Hg indicate a very high level of pollution. The RI value shows that the sampling site has a very high potential ecological risk level.
The results showed that only nine heavy metals pose a severe non-carcinogenic risk, involving a probability of chronic effects in adults, particularly through the skin. The contributions of the metals studied are in descending order: Cd, Cr, As, Hg, Mn, Pb, Ni, Cu, Zn, with a total hazard index (HI) value greater than 1. 
Furthermore, total exposure to heavy metals could pose a very high carcinogenic risk to adults living in the study area, with total cancer risk (TCR) values of 6.78×10-4. 
The most effective strategy for reducing exposure risk remains limiting skin contact and self-protection (wearing boots when working in the fields). Finally, further investigation into appropriate processes, regulations on the use of toxic substances for gold processing, and long-term monitoring to identify sources are necessary.
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