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      Abstract


      Heavy metals and metalloids, some of which are extremely beneficial for the survival of humans, flora and fauna can have devastating effects on same and the environment. Bioaccumulation and bio-magnification two methods via which metals and metalloids are assimilated into food chains as well as dermal and ingestion exposure to heavy metals and metalloids are believed by many residents in the Obuasi Municipality as leading public health threats to peasant farmers, their spouses and children. Risk assessment for three scenarios viz children, adult males and adult females were investigated using Average Daily Intake, Hazard Quotient and Hazard Index for ingestion and dermal exposure to metals and metalloids in soils at reclaimed sites backfilled with waste materials. Risk attributed to consuming staples namely Zea mays, Manihot esculenta and Musa paradisiaca cultivated at treatment (reclaimed) sites backfilled with waste materials and their corresponding control sites in the Obuasi Municipality were also ascertained using single/comprehensive contamination indices approaches and the soil-to-crop bio-concentration factor. Non-carcinogenic risk was absent from all three scenarios, adult male and female dermal absorption and children dermal absorption for arsenic with reference to agricultural use of the soil. Slight carcinogenic risks was observed for children at two treatment sites Nhyiaeso (1.28 × 10-4) and Sansu (1.08 × 10-4). Soil to cassava, soil to corn and soil to plantain transfer and bioaccumulation of studied metals in crops was low for all studied sites.
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      Introduction


      With gold mining and environmental degradation being bedfellows, irrespective of the ownership, scale of operations or the continent that hosts a gold mine, gold exploitation always has varying detrimental effects on the environment, ecosystems services and human health [1]. Gold mining activities usually result in the release of heavy metals and metalloids leading to hydrobionts toxicity [2] and the destruction of habitats of aquatic birds, fish, aquatic mammals and aquatic invertebrates [3]. The colliery effluents from gold mining activities, which is rich in coarse and fine particles, darken surface water bodies which impacts on hydrobionts numbers and variety [4]. Additionally, staple crops, food-chains and food-webs have been contaminated in several regions of the world by arsenic, cadmium, mercury and chromium as a result of man's affinity for gold and his resolve to get it at whatever cost [1,5,6].


      Ghana, the eight hand second largest gold producer in the world and Africaa respectively has made huge economic gains from gold since it was first mined in 1471b to present albeit at massive environmental and public health cost as pertains in several regions of the world. For a country known in the pre-independence era as Gold Coast due to commercial quantities of gold across the length and breadth of the country, massive damage to its forest, rivers, scenic views and ecosystems by activities of gold miners should not at all be surprising.

      aMinerals Commission of Ghana, 2017. bMinerals Commission Ghana 2010. 

      Heavy metals and metalloids pollution attributable to gold mining being a menacing public health dilemma ostensibly owing to bio-accumulation, bio-magnification and toxicity [7,8] has been a highly contentious subject with Ghana's law courts ordering investigation into perceived mining related contamination of farm produce in certain instances. With arsenic reported extensively in literature as chemical that causes permanent genetic change (mutagen), disturbs the development of an embryo (tetragen) and causes cancer [9], ascertaining its impacts on farmers and their households, with respect to ingestion and dermal contact in an arsenopyrite rich host gold mining community will go a long way to allay the fears of residents. The study will add to the body of knowledge on dermal and ingestion risk exposure which remains a paucity in Ghana.


      With the contamination of soils in communities hosting gold mining operations being extremely high, the reliance on risk assessment for the clean-up of heavy metal and metalloid polluted soils cannot be over emphasized [10]. It is for this reason that a risk assessment of ingestion and dermal contact as a function of agricultural use of soil as well as an assessment based on soil to crop bioaccumulation which this study intends doing is relevant in the Ghanaian context.


      Materials and Methods


      Study area


      The Obuasi Municipality was created out of the former Adansi West District with Legislative Instrument L. I. 1795 and executive instruments E. I. 15 as the legal basis. The Municipality of sixty-three (63) Communities is situated between latitudes 5.35 °N and 5.65 °N and longitudes 6.35 °N and 6.90 °N and hosts the Obuasi Gold Mine, now Anglo Gold Ashanti in Obuasi its administrative capital (GSS 2014). The Obuasi Municipality, which spans an area of about 162.4 km², is located in the southern section of the Ashanti Region. The Municipality shares precincts to the west with Amansie Central District, to the east and south with Adansi South and to the north with Adansi North Districtc,d (Figure 1).

      c[Online] Available from: http://www.ghanadistricts.com/

      d2010 Population and Housing Census, District Analytical Report. 
       

      
        [image: ] Figure 1: Map of study area showing sampling locations. View Figure 1

      


      The climate is of the semi-equatorial type with a double rainfall regime. Mean annual rainfall ranges between 1250 mm and 1750 mm. Mean annual temperature is 25.5 ℃ and relative humidity is 75% - 80% in the wet season (GMET 2014). The vegetation is predominantly degraded semi-deciduous forest. The forest consists of limited species of hard wood, which are harvested as lumbere,f. Several communities in the Obuasi Municipality prefer to consume water from boreholes or hand dug wells due to the popular belief that the water flowing through taps is often contaminated with heavy metals associated with miningf.

      eGhana Statistical Services (GSS).

      fDistrict Profile Obuasi Municipality. 

      Soil sampling and analysis


      Eighteen (18) soil samples from eight (8) holes from four (5) locations (Figure 1) within a 20 km radius of the study area used for farming by local residents were collected using a combination of hand-auger, and power-auger methods to a maximum depth of 40 cm due to the ability of cassava tubers one of the stable crops under investigation to grow to a depth of 40 cm in the soil. The collected soil samples (treatment and control) were bagged in a plastic containers labelled and analysed for arsenic, chromium, cadmium, copper and mercury using X-ray Fluorescence (XRF) as described by [11] at a temporary field laboratory in Obuasi. The labelled bagged samples were stored in a cool box and transported to the accredited laboratory of Maxxam in Canada where samples were again analysed by inductively coupled plasma mass spectrometry (ICP-MS)g following aqua-regia digestion for quality-control purposes.

      gICP-MS is a type of mass spectrometry capable of detecting metal concentrations as low as one part in 1015. 

      Crop sampling and analysis


      A total of 21 vegetation samples (including duplicates) were collected from the rehabilitated footprint areas and control sites (Figure 1). Each sample consisted of individually collected vegetation matter of Manihot esculenta (cassava root), Zea mays (corn) and Musa paradisiaca (plantain) staple crops within the Obuasi Municipality from within a 20 m radius. In order to get district-level background values, control samples were purchased at a local market. Manihot esculenta, Zea mays and Musa paradisiaca samples were weighed, dried, re-weighed and crushed prior to shipping to Maxxam in Canada for analysis of metals and metalloid by ICP-MS following digestion in a 1:1:1 mixture of ultrapure (ARISTAR) nitric, hydrochloric and perchloric acids at a solid: solution ratio of 20:1.


      All analyses of soil and vegetation were performed in conjunction with a range of standard QA/QC measures ostensibly to enable the calculation of sampling variance, analytical variance and instrumental accuracy/precision. The QA/QC measures used included regular verification of instrument calibration against independent standards; regular measurement of blank samples; regular measurement of laboratory control samples; consistently measuring duplicate samples and regular measurement of spiked matrix samples and matrix certified reference materials. Other QA/QC measures used were collecting and analyzing field duplicate samples at a frequency of 5% of total samples, analyzing certified NIST reference standards, and repeating analysis of samples at a frequency of 1 in 20 analyses.


      Risk assessment and characterization


      Exposure assessment


      In order to minimize uncertainties generated by demographics, environmental differences and varying characteristics of human beings during the assessment [12,13] data on body weight and life expectancy at birth were obtained from field measurement and Ghana Health Services. For data gaps such as the ingestion rate of soil, exposed skin surface area, soil adherence, dermal absorption factor, slope factor, oral reference dose and unit conversion factor for which localized Ghanaian data were not available, data was curled from the United States Environmental Protection Agency and literature.


      Receptor selection


      Heavy metal exposure to receptors namely farmers, their spouses and their children were considered in the (agricultural) exposure scenario because more than twenty-two percent (22.3%) of households in the Obuasi Municipality have agriculture as their source of livelihoodh. Children were included in the receptors due to the practice in Ghana where the children of farmers often play on farms whilst their parents work. The children especially the toddlers have a habit of inserting every object they lay hands on in their mouth thus putting them at risk.

      h2010 Population and Housing Census, District Analytical Report. 

      Determination of Average Daily Intake (ADI)


      The daily exposure doses of arsenic, cadmium and chromium which represents the mean quantity of arsenic, cadmium and chromium per kilogram body weight an individual might take in daily, often averaged over the duration of exposure extended time period via ingestion, and dermal contact were determined and expressed as units of contaminating body exposed per unit of body mass and day [13,14]. The exposure equations recommended by the United States, Environmental Protection Agency [10] and the Contaminated Land Exposure Assessment (CLEA) by the United Kingdom Environmental Protection Agency was adapted.


      
       ADI Ι = (CS×SIR×CF×FI×EF×ED) BW×AT                                       (1)


      Where: ADII = Average daily intake ingestion (mgkg-1 day-1).


      CS = Concentration of heavy metals and metalloid at the exposure point (mgkg-1).


      SIR = Soil ingestion rate: 100 mg soil day-1 for adults & 200 mg soil day-1 for children in the age range 1-6 years [15].


      CF = Unit conversion factor of 10-6 kg mg-1.


      FI = Dimensionless ingestion factor (1) [14].


      EF = Exposure frequency of 255 days year-1 (based on farming season in Obuasi, Ghana).


      ED = Exposure duration of 25 years [15].


      BW = Body weight of adults and children 70 kg and 16 Kg respectively (field measurement).


      AT (Average Time in days) = ED × 365 days for non-carcinogens [15].


      AT (Average Time in days) = LT × 365 = 22,776 days, for carcinogens [15].


      LT = Life Expectancy at birth of 62.4 years in Ghana (UN, 2017)i.


      
       ADI D = CS×SA×CF×AF×ABS×EF×ED BW×AT                          (2) 


      Where: ADID = Average daily intake of heavy metals via the dermal route (mgkg-1 day-1).


      AF = Adherence factor (0.2 mg/cm²day-1).


      ABS = Dermal absorption factor (0.03 unit less).


      AT (average time in days) = LT × 365: 22,776 days, for carcinogens.


      EF = Exposure frequency of 255 days year-1 for adults and children.


      ED = Exposure duration of 25 years [15].


      CF = Unit conversion factor of 10-6 kg mg-1.


      CF = Unit conversion factor of 10-6 kg mg-1.


      AT (Average Time in days) = LT × 365 = 22,776 days, for carcinogens.


      LT = Life Expectancy at birth of 62.4 years in Ghana (UN, 2017)i

      ihttp://www.un.org/en/development/desa/population/publications/pdf/mortality/World-Mortality-2017-Data-Booklet.pdf 

      SA = Exposed skin surface area (0.122 m2) for male adults feet and hands (0.1055 m2) female adults feet and hands and (0.121 m2) for children feet, arms, legs and hands [15].


      BW = Body weight of adults and children at 70 kg and 16 Kg respectively (field measurement).


      Determination of Hazard Quotient (HQ)


      Risk characterization was done by calculating Hazard Quotient (HQ), the ratio of the potential exposure to As, Cd and Cr and the level at which no adverse effects are expected [16]. Relative bio-accessibility (RBA) the ratio of bio-accessible arsenic to the total arsenic content in the soil [13] was used in equation (3) to ensure the actual HQ was estimated with the bio-accessible arsenic obtained from the Physiologically Based Extraction Test (PBET) since not all the arsenic in the ingested soil was bio-accessible for both adults and children in scenario 1. If the value of Hazard Quotient (HQ) is unity or less than one, (HQ ≤ 1) it is considered an acceptable level [17] and thus the heavy metals under investigation posed no health risk to the residents of the Obuasi Municipality. A HQ greater than one (HQ ≥ 1) indicates a relatively high non-carcinogenic risk with reference to human health (USEPA, 2001; USEPA, 2014) [16,17]. RfDoA, RfDoCr, and RfDoCd represent oral reference doses of arsenic, chromium and cadmium with values of 3.0E_4 mgkg-1 day-1, 3.0E_3 mgkg-1 day-1 and 5.0E_4 mgkg-1 day-1 respectively [18].


      
       HQ= ADI×RBA RfDo                                                                                        (3) 


      Carcinogenic risk


      Risk characterization was done for arsenic by calculating the Carcinogenic Risk (CR), the "probability of contracting cancer over the course of a lifetime, assuming continuous exposure" [16]. By using the oral reference dose (3.0E_4 mgkg-1 day-1) and oral slope factor (1.5 mgkg-1 day_1) of arsenic. Carcinogenic Risk (CR) in the Obuasi Municipality was estimated by determining the incremental probability of individuals developing cancer over a long period due to exposure to arsenic a potential cancer causing substance [16]. Relative Bio-accessibility (RBA) was used in an equation proposed by [13,19] since the total soil arsenic content was not absolutely bio-accessible [20].


      
       CR=CDI×RBA×SFo                                                                            (4) 


      Hazard index


      Hazard Index (HI) the sum of the Hazard Quotients for multiple substances was obtained by summing the HQ values of As, Cd and Cr. A Hazard Index less than or equal to unity (HI ≤ 1) the target value for non-carcinogenic risk is an indication of unlikely chances of non-carcinogenic health impacts over a lifetime of exposure in the Obuasi Municipality. An HI greater than 1 (HI ≥ 1) does not necessarily connote the likelihood of adverse impacts [13,16,21].


      
       HI= ∑ i=1 n HQ i                                                                                                      (4) 


      Single and comprehensive contamination index


      The single contamination and comprehensive contamination index methods were used to evaluate the risks associated with consuming Manihot esculenta (cassava roots), Zea mays (corn) and Musa paradisiaca (plantain) cultivated on reclaimed mining sites. Single contamination index used to ascertain the tangible quantitative information of pollutants is being used in recent assessments with reference to the degree of heavy metal pollution. The single contamination index calculated as the ratio of the measured concentration of heavy metal in the ith functional area to the background contamination value of heavy metal [22] was calculated from data of laboratory analysis for corn, cassava and plantain based on the formula 6.


      
       Ii= Ci Si                                                                                                                 (6) 


      Where:


      Ii = The single contamination index of contamination in the ith functional area.


      Ci = The measured concentration of contamination in the ith functional area.


      Si = The background contamination value of heavy metal.


      The interpretation of the results based on the grading standard of single contamination index is shown in Table 1.


      
        Table 1: Evaluation grading standards of the single contamination index. View Table 1

      


      The comprehensive contamination index which brings out the cumulative effect of different heavy metals by not only using extreme values in its calculation but also gives information on the quality of the environment based on weighted multi-factors [23] was calculated for corn, cassava and plantain based on the formula 7.


      
       Icom= [ ( I imax ) 2 + ( I imean ) 2 2 ] 1/2                                                               (7) 


      I = Comprehensive contamination index.


      Iimax= Maximum value in the single contamination index.


      Iimean= Average value in the single contamination index of each contamination.


      The interpretation of the results based on the grading standard of comprehensive contamination index is shown in Table 2.


      
        Table 2: Evaluation grading standards of the comprehensive contamination index. View Table 2

      


      Bioconcentration factor


      The bioconcentration factor (BCF), which describes the transfer of heavy metal(loid)s from soil to crops, was calculated as the individual ratios between the concentrations of arsenic, cadmium, chromium, mercury and copper in corn, cassava and plantain cultivated on rehabilitated pits to dumps of a gold mining firm participating in the AKOBEN Programme based on dry weight [24].


      
       BCF= Concentrationofheavymetalincrop Concentrationofheavymetalinsoil                                (8) 


      Results


      Adults and children ingestion exposure for arsenic


      Adults and children ingestion exposure for arsenic


      Data for Table 3 is presented as scenarios 1 and 2 for adults and children concerning soil ingestion for reclaimed sites and their respective controls sites namely, Adubriem, T3, T1, Nhyiaeso and Sansu. Average daily intake ADII in mgkg-1 day-1 represents the average daily intake of heavy metals from soil ingestion, hazard quotient (HQ) represents the non-carcinogenic hazards. An HQ < 1 is an acceptable level for arsenic while an HQ > 1 indicates a relatively high non-carcinogenic risk with reference to human health. A Carcinogenic risks (CR) exceeding 1E-04 is unacceptable, risks less than 1E-06 poses an insignificant health risk, and risks in the range 1E-04 and 1E-06 is acceptable for arsenic. The highest average daily intake (ADI) of arsenic for both adults (2.94E-04 mgkg-1 day-1) and children (2.50E-03 mgkg-1 day-1) with reference to ingestion was recorded at T1.


      
        Table 3: Arsenic ingestion exposure/Risk characterization for adults & children. View Table 3

      


      Males, females and children dermal exposure for arsenic


      Table 4 shows scenarios 1, 2 and 3 for children, adult males and females for dermal absorption of soil at reclaimed sites and their respective controls sites. A Hazard Quotient (HQ) < 1 is an acceptable level for arsenic while an HQ > 1 indicates a non-carcinogenic risk for human health. A Carcinogenic risks (CR) exceeding 1E-04 is unacceptable, risks less than 1E-06 poses an insignificant health risk, and risks in the range 1E-04 and 1E-06 is acceptable for arsenic. Highest average daily intake (ADI) of arsenic in the order children (4.48E-04) > males (2.15E-05) > females (1.85E-05) was recorded at T1.


      
        Table 4: Arsenic dermal exposure and risk characterization for adults & children. View Table 4

      


      Metal risk for corn, cassava and plantain (Bio-centration Factor)


      Table 5 shows bio-concentration factors for the transfer of arsenic, cadmium, cobalt, chromium, copper and mercury at rehabilitated pits at Adubriem (Ad), T1 and rehabilitated dumps at Nhyiaeso (Nhy) and Sansu (San). BCFCd = Bio-concentration factor for soil to crop arsenic, BCFCo = Bio-concentration factor for soil to crop cobalt, BCFCd = Bio-concentration factor for soil to crop cadmium, BCFCr = Bio-concentration factor for soil to crop chromium, BCFHg = Bio-concentration factor for soil to crop mercury and BCFCu= Bio-concentration factor for soil to crop copper. Bio-concentration factors less than or equal to one (BCF ≤ 1) is an indication of absorbability but non accumulation of heavy metals and metalloid by plants whilst a bio-concentration factor greater than one (BCF > 1) indicates the accumulation of metal(loid)s by plants.


      
        Table 5: Bio-concentration factor soil-crop for staple crops at rehabilitated mined sites.

        All treatment sites (reclaimed) are backfilled Pits or waste dumps with waste material dumped adjacent to the pit used for backfilling.View Table 5

      


      Metals and metalloid risk for staple crops in Obuasi (Contamination Index)


      Table 6 shows Single Contamination Index (ɪ) and Comprehensive Contamination Index (ɪCom) of arsenic, cadmium, chromium, lead and mercury for cassava, corn and plantain cultivated at rehabilitated pits namely Adubriem (Ad), T1 and rehabilitated dumps at Nhyiaeso (Nhy) and Sansu (San) and their respective controls from sites not under AKOBEN Programme monitoring. ɪCd, ɪAs, ɪCr, ɪHg, ɪPb and ɪCom are Single Contamination Index for metals. cadmium, arsenic, chromium, mercury and lead. ɪCom is the Comprehensive Contamination Index for a combination of cadmium, arsenic, chromium, mercury and lead. ɪCom < 1 indicates uncontaminated corn, cassava and plantain, 1 < ɪCom ≤ 2 represents lightly contaminated corn, cassava and plantain, 2 < ɪCom ≤ 3 represents medium contaminated corn, cassava and plantain and ɪCom > 3 represents severely contaminated corn, cassava and plantain.


      
        Table 6: Risk assessment for staple crops cultivated on rehabilitated mined sites. View Table 6

      


      Discussions


      Bioaccumulation of arsenic in Manihot esculenta, Zea mays and and Musa paradisiaca


      There was no soil-to-plant bioaccumulation with reference to arsenic in all the analysed Manihot esculenta, Zea mays and Musa paradisiaca from all reclaimed sites (Table 5). A bio-concentration factor of ≤ 1 is an indication that Manihot esculenta only absorbs but does not accumulate arsenic [25]. The high arsenic concentration in soils, Adubriem (343 ppm), Nhyiaeso (529 ppm), T1 (736 ppm) and Sansu (353 ppm) all exceeding the Dutcht IVL (Table 7) could be attributed to arsenic levels in the Obuasi Municipality being among the highest in the world, due to arsenic's association with arsenopyrite rich gold-bearing ores [26-28].


      
        Table 7: Mean soil heavy metals and metalloid concentrations. View Table 7

      


      The low bioaccumulation and subsequent non bioavailability of arsenic in Manihot esculenta cultivated on the rehabilitated pits and dumps could be attributed to the fact that arsenatej the form in which plants take up arsenic from the soil is quickly reduced to arsenitek by the plants and channelled into media external to the plant or transported to shoots [29,30].

      jArsenic (arsenate) is an analogue to phosphorous (phosphate) and its uptake in plants is similar to that of phosphate a macronutrient in many respects even though arsenate has no known use in plants.

      kArsenite is any compound containing an arsenic oxoanion where arsenic has oxidation state +3. 

      Bioaccumulation of metals in Zea mays, Manihot esculenta and Musa paradisiaca


      The heavy metals, cadmium, mercury, and lead present in agricultural soils at the reclaimed sites were also present in Musa paradisiaca, Zea mays and Manihot esculenta harvested from these sites. Bio-concentration factors shown in (Table 5) calculated for the transfer of elements from soil to Zea mays at Adubriem were in the decreasing order of Cd (0.1) > Cu (0.07) > Hg (0.04) > Cd (0.02) > Co (0.009) and for T1 Cu (0.58) > Cd (0.333) > Hg (0.05) > Cr (0.027) > Co (0.001). The Adubriem and T1 sites had a bio-concentration factor (BCF) of ≤ 1 a confirmation of the low bioavailability of cadmium, mercury, chromium, cobalt and copper in corn.


      The significantly low bioavailability of mercury in the corn cultivated at both the rehabilitated pit and dump at Adubriem and T1 could be attributed to the fact that the roots of Zea mays acted as a barrier to the uptake of mercury [31-33]. The mercury content in Zea mays, which was 10-12.5 times lower than the WHO maximum permitted concentration of mercury (< 0.5 ppm) in cereals could be attributed to the significant role the foliar of Zea mays, played in the uptake of mercury from the air [33,34].


      The roots of the Zea mays cultivated on rehabilitated pits at Aduriem and T1 readily took up cadmium from soil and subsequently transferred to storage organs above ground level due to the high mobility of cadmium [35]. The cadmium uptake by Zea mays roots was however dependent on the availability and concentration of soil cadmium and not by plant demand since cadmium is not known to play any physiological role in corn [32,35]. The low bio-availability of cadmium (BCFCd ≤ 1) for Zea mays cultivated at Aduriem and T1 (Table 5) could therefore be attributed to the extremely low soil cadmium concentration of 0.1 ppm and 0.06 ppm respectively recorded at these site and the fact that Zea mays belongs to the family Gramineae a known shoot cadmium excluder [36]. Residents of the Obuasi Municipality are unlikely to suffer from the negative impacts associated with cadmium exposure via ingestion of Zea mays cultivated on rehabilitated pit and dump at Adubriem and T1.


      The low bio-concentration factor for chromium (0.02 and 0.026 for Adubrium and T1 rehabilitated pits) is an indication of the poor correlation that exist between Zea mays tissues chromium concentrations and soils chromium concentrations. The low bioavailability of chromium (soil to Zea mays BCFCr of ≤ 1) could be attributed to Zea mays (family Gramineae) not having the ability to accumulate chromium in its tissues. Plants belonging to the family Brassicaceae (e.g. cabbage) which even accumulate huge quantities of chromium, perhaps due to similarities in chemical composition of sulphate and chromate ions only accumulate a tiny fraction in edible parts of plants. Since humans need trace amounts of chromium an essential mineral that is not synthesized by the human bodyl, it must be obtained from food consumed by humans. The tiny fractions of chromium accumulated in edible parts of plants is just enough to meet the nutritional requirements for the human diet for which reason chromium is hardly toxic to plants [1,38]. The low bio-accumulation may also be attributed to the immobility of chromium in both soils and plants [39].

      lSee https://medlineplus.gov/ency/article/002418.htm for more on chromium in diet. 

      The low bio-accumulation of copper in crops cultivated on the rehabilitated pits and dumps can be attributed to the fact that copper is a micronutrient and thus required in small quantities by plants [40]. Soil to Zea mays, Manihot esculenta and Musa paradisiaca copper bio-concentration factors BFCCU. < 1 observed at Nhyiaeso, Sansu, Adubriem and T1 can be ascribed to the possession of an efficient homeostatic mechanism by the three crops. The crops used their efficient homeostatic mechanism for the regulation of copper levels thus making the Zea mays, Manihot esculenta and Musa paradisiaca relatively insensitive to the concentration of copper in the soil at the rehabilitated sites. Additionally the Zea mays, Manihot esculenta and Musa paradisiaca cultivated at the rehabilitated pits possessed a translocation barrier that ensured that excess copper from roots to shoots was regulated in their shoots to tolerable levels for livestock and humans [41,42].


      The contamination indices for arsenic, chromium and mercury were not calculated for plantain due to the absence of acceptable limits for these heavy metal(loid)s with reference to their concentrations in Musa paradisiaca. There is no risk associated with consuming Zea mays, Manihot esculenta and Musa paradisiaca from Adubriem, T1 and Nhyiaeso. There is however a light risk associated with cassava from the Sansu reclaimed site ɪCom = 1.13 (Table 6). 1 < ɪCom ≤ 2 is an indication of lightly contaminated Musa paradisiaca harvested from the Sansu reclaimed site. The low risk associated with the Sansu site can be attributed to the relatively high single contamination indices ɪCr = 1.54 for chromium and ɪA = 0.4 for arsenic respectively (Table 4).


      Carcinogenic risk of arsenic at the study area


      Ingestion of soil by adults and children (Agriculture Use)


      Due to the absence of slope factors for cadmium and chromium, carcinogenic risk (CR) was determined for arsenic only. In scenarios 1 (adult soil ingestion agriculture use) and 2 (children soil ingestion agriculture use), the developmental stage of the individuals (adult or child) was extremely important in determining the average daily intake (ADI) of soil as a result of their different ingestion rates [15]. Whilst adults are reported to ingest a daily average of 100 mg soil day-1, children (1-6 years) ingest soil at the rate of 200 mg soil day-1 [15].


      Four (4) rehabilitated sites namely Adubriem, T1, Sansu and Nhyiaeso had carcinogenic risk attributable to arsenic through the ingestion of soil for adults within the acceptable range of 1E-04 and 1E-06 (Table 3) while T3 had a carcinogenic risk 2.56E-07 (Table 3) an indication of no significant health effects [13,21]. Two (2) out of five (5) rehabilitated sites namely Sansu and Nhyiaeso had carcinogenic risk attributable to arsenic through the ingestion of soil for children being unacceptable with carcinogenic risks exceeding 1E-04. With children being the most susceptibility to heavy metals, children (1-6 years) in the Obuasi Municipality who ingest soil at the rate of 200 mg soil day-1 could suffer from cancers of the bladder, lungs, kidney, and skin [13,43,44].


      Dermal absorption children, adult males and adult females (Agriculture Use)


      Carcinogenic Risk (CR) of arsenic attributable to dermal contact of soil because of agriculture was calculated taking in consideration gender (adult males, adult females) and developmental stage (adult or child). This was done to ensure that the variations in exposed skin surface area available for dermal contact in adult males (0.122 m2) feet and hands, (0.1055 m2) female adults feet and hands and (0.121 m2) for children feet, arms, legs and hands [15] were not over represented. The Carcinogenic Risk values for scenario three (3) Adults male dermal absorption, scenario four (4) Adults female dermal absorption and scenario five (5) Children dermal absorption were less than 1E-04 (Table 2) for which reason CR is considered acceptable with no likely health impacts attributable to arsenic in the Obuasi Municipality [13,21].


      Non-carcinogenic risk of arsenic at the study area


      Ingestion of soil by adults and children (Agriculture Use)


      None of the treatment sites (Adubriem, T1, T3, Nhyiaeso and Sansu) had a non-carcinogenic risk associated with ingesting arsenic contaminated soils for both adult and children as all Hazard Quotient values were less than one (HQ < 1) (Table 3) [17]. Non-carcinogenic risk was also absent for the dermal absorption scenarios 3, 4 and 5 (Table 4) HQ < 1 as reported by [13]. This could largely be attributed to the oxidation of the oxide material (soil) used for the backfilling of these sites. In a scenario where the HI values are less than one (HI < 1), the exposed population in the Obuasi Municipality will not suffer from adverse health effects associated with the cumulative impacts of arsenic, cadmium and chromium. In a scenario where the HI values exceed one (HI >1), the exposed population in the Obuasi Municipality are likely to suffer adverse health effects associated with the cumulative effects of arsenic, cadmium and chromium [45].


      Conclusions


      The non-carcinogenic risks associated with any of the reclaimed sites with regards to agricultural use for children and adults were absent but the carcinogenic risk attributable to arsenic which was associated with two reclaimed sites for children aged 1-6 years was noticeably present. This risk was present because of the geology of the study area, which is extremely abundant in arsenopyrite albeit made much accessible by mining activities. Results for bioaccumulation factor, soil-to-crop bioconcentration factor, single and comprehensive contamination indices confirmed the non-bioavailability of heavy metal(loid)s in Zea mays, Manihot esculenta and Musa paradisiaca cultivated on reclaimed mined sites at the study area. The much dreaded transfer of the studied heavy metal(loids) through the consumption of staple crops cultivated on reclaimed mined sites in the study area may at best be described as a misconception borne out of the debilitating effects of heavy metals.
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