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Abbreviations  
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As Arsenic 
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GDP Gross Domestic Product 

GM Geometric mean 
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Preface 

Contamination of the environment by polycyclic aromatic hydrocarbons (PAHs) and heavy 

metals/metalloids are a serious problems worldwide because of their toxicity, 

carcinogenicities and persistence in the environment (Lim et al., 2008; Senthil Kumar et al., 

2008; Wei and Yang, 2010; Varol, 2011; Yaylalı–Abanuz, 2011; Mireles et al., 2012; 

Flowers et al., 2002; Thorsen et al., 2004; Cornelissen et al., 2006). PAHs and metals occur 

widely in the environment and although formed by natural processes, are frequently produced 

as a result of anthropogenic activities such as industrialization, mining, smelting, combustion, 

vehicular emissions and are elevated around major cities/city centres (Ravindra et al., 2008; 

Manoli et al., 2000; Yang et al., 2013; Liu et al., 2013). In many countries including USA, 

China and Japan human exposure to PAHs and metals have been associated with cancers, 

cardiovascular diseases, chromosomal aberrations, translocations, Itai-Itai disease (Orjuela 

et al., 2012; Xu et al., 2010; Fan et al., 2012; Grandjean et al., 2010; Ikeda et al. 2004). 

     The Agency for Toxic substance and Disease Registry (ATSDR, 2013) has classified 

various metals and PAHs among the top 10 most hazardous substances with health risk 

implications including carcinogenicity. In humans and animals, PAHs are metabolized by 

cytochrome P450 enzymes and excreted in urine, feces or bile. One of the major metabolites 

is monohydroxylated PAH (OH-PAHs) (Burczynski et al., 1998). Studies have also shown 

that PAH metabolites have strong correlation with atherosclerosis and cardiovascular 

diseases (Xu et al., 2010). 

     Similarly, high Pb levels in blood have been associated with various health problems 

including death (Blacksmith Institute, 2011). Recently, residents of Michigan, USA, were 

exposed to Pb through drinking with an increase in children’s blood Pb levels (Hanna-Attisha 

et al., 2016). In 2010, more than 400 hundred children died and hundreds confirmed to be at 

risk due to high levels of Pb exposure in Zamfara State, Nigeria (Blacksmith Institute, 2011).  



9 

 

Additionally, (May 2016), ex-gold miners in Johannesburg, South Africa reported having 

contracted silicosis, an incurable lung disease, after years of working in the mines (BBC 

News; http://www.bbc.com/news/world-africa-36285033).  

     The economic and population growth rates in Africa including Ghana have seen 

tremendous increase over the past few years with continuous increase in Gross Domestic 

Product (GDP) (Ghana Statistical Services, 2010). The growing rate of industrialization is 

gradually leading to contamination and deterioration of the environment, and pollution is 

likely to reach disturbing levels (Bortey-Sam et al., 2014; Walsh, 2000; Olaifa et al., 2004). 

     In Ghana, Kumasi (6°40′N 1°37′W) is one of the most industrialized and economically 

significant cities and has been subjected to heavy anthropogenic influences as a result of 

rapid economic development and urbanization. The human population has drastically 

increased, the number of cars has doubled during the past decade and many gas stations are 

located in this region leading to greater fuel combustion rate. These could lead to more fuel 

leakages, smoke production from exhaust of automobiles and high levels of PAHs in the 

environment. In addition, garbage, paper, cloth and wood are burnt in open environments in 

Kumasi (Bortey-Sam et al., 2014) and all these are potential sources of contamination with 

PAHs (Ravindra et al., 2008). Domestic emissions of PAHs are from the use of traditional 

fuels such as charcoal (i.e. using coke ovens to convert wood into charcoal) and crop residues 

for cooking, water heating, etc. (Bortey-Sam et al., 2014). In Kumasi, contamination of 

particulate matter (PM10), soils and livers of wild rats with PAHs have been documented 

(Bortey-Sam et al., 2013; 2014; 2015; 2015b), however, there is no epidemiological study to 

assess the risk to humans. 

     Like many countries, mining is a major backbone of Ghana’s economy. However, this 

activity has caused lots of environmental problems in parts of Ghana including Tarkwa 

(05°18′00″N; 01°59′00″W). Despite several mine spillages, complaints from residents about 

possible environmental contamination and health concerns, there has been no comprehensive 

study to assess the risks due to metal exposure in Tarkwa. According to the District Medical 

http://www.bbc.com/news/world-africa-36285033
https://tools.wmflabs.org/geohack/geohack.php?pagename=Kumasi&params=6_40_N_1_37_W_type:city(2069350)_region:GH
http://tools.wmflabs.org/geohack/geohack.php?pagename=Tarkwa&params=05_18_00_N_01_59_00_W_type:city
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Officer of Health, mining in Ghana has caused various diseases including: vector–borne 

diseases such as malaria, schistomiasis and onchocerciasis; respiratory tract diseases, 

especially pulmonary tuberculosis (TB), and silicosis; skin diseases; eye diseases, especially 

acute conjunctivitis; and mental cases (Akabzaa and Darimani, 2001). 

In these regards, my thesis focuses on assessing the risks due to PAHs and metal exposure in 

Kumasi and Tarkwa. 

     In Chapter 1 of section 1, I used cattle urine as a biological indicator to assess the levels 

of PAH contamination in urban (Offinso) and rural (Kumasi) sites in Ghana  

(Bortey-Sam et al. 2016. Excretion of polycyclic aromatic hydrocarbon metabolites (OH-

PAHs) in cattle urine in Ghana. Environmental Pollution, in press). 

     In Chapter 2, I determined the health risk due to PAHs exposure to Kumasi residents 

(Bortey-Sam et al. 2016. Oxidative stress due to exposure to polycyclic aromatic 

hydrocarbons (PAHs) in residents of Kumasi, Ghana. Environmental International, ready 

for submission). 

     In Chapter 1 of section 2, I assessed the ecological risks of metals in agricultural soils in 

Tarkwa.  

(Bortey-Sam et al. 2015. Ecological risk of heavy metals and a metalloid in agricultural soils 

in Tarkwa, Ghana. International Journal of Environmental Research and Public Health, 

12(8): 8811-8827). 

     Chapter 2 of section 2 focuses on risks due to heavy metal and metalloid exposure to 

Tarkwa residents through borehole drinking water.  

(Bortey-Sam et al. 2015. Health risk assessment of heavy metals and metalloid in drinking 

water from communities near gold mines in Tarkwa, Ghana. Environmental Monitoring and 

Assessment, 187(7): 1-12). 
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     Section 2, chapter 3; as a follow up, I focused on determining the accumulation of heavy 

metals and metalloid in foodstuffs from agricultural soils around Tarkwa area, and associated 

human health risks through consumption.  

(Bortey-Sam et al. 2015. Accumulation of heavy metals and metalloid in foodstuffs from 

agricultural soils around Tarkwa area in Ghana, and associated human health risks. 

International Journal of Environmental Research and Public Health, 12(9): 11448-11465). 

     In chapter 4 of section 2, I assessed the human health risks from metals and metalloid 

via consumption of food animals near gold mines in Tarkwa, Ghana by estimating the daily 

intakes and target hazard quotients (THQs).  

(Bortey-Sam et al. 2015. Human health risks from metals and metalloid via consumption of 

food animals near gold mines in Tarkwa, Ghana: Estimation of the daily intakes and target 

hazard quotients (THQs). Ecotoxicology and Environmental Safety, 111: 160-167). 

     Finally, since rats continuously pick food and water from the ground which could be 

contaminated with metals, I studied the accumulation of metals in livers and kidneys of wild 

rats around gold-mining communities in Tarkwa (Chapter 5 of section 2). 

(Bortey-Sam et al. 2016. Heavy metals and metalloid accumulation in livers and kidneys of 

wild rats around gold-mining communities in Tarkwa, Ghana. Journal of Environmental 

Chemistry and Ecotoxicology, in press)  

Expected Outcome/Results 

     This study is expected to deliver preliminary data, provide baseline information on the 

risk of PAHs and metal exposure in Kumasi and Tarkwa, Ghana. The outcome will provide 

valuable information contributing to the concept of “One Health” i.e. to attain optimal health 

for people, animals and the environment. Results will also provide valuable and baseline 

information for the Environmental Protection Agency, Ghana, the Ghana Health Service and 

other environmental policy makers in Ghana to review the environmental quality guidelines. 
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General introduction  

     Polycyclic aromatic hydrocarbons (PAHs) are a group of carcinogenic, genotoxic and 

ubiquitous semivolatile organic compounds (SVOCs) (IARC, 2006). Although natural 

processes are potential sources of PAHs, these compounds are mostly associated with 

anthropogenic activities such as combustion of fuels or wood or industrial/vehicular 

emissions. High levels are generally observed in densely populated areas, posing adverse 

effects on human health. Exposure to PAHs is mainly by inhalation of contaminated air or 

ingestion of soil, food and drinking contaminated water (Barranco et al. 2004; Dissanayake 

et al. 2004). Due to health concerns, great efforts have been devoted to the study of PAHs in 

cities in recent years. Human cancers such as skin, lung, and bladder cancers have been 

associated with PAHs (Flowers et al. 2002; Thorsen et al. 2004; Cornelissen et al. 2006; 

Mastral and Callén 2000; Magi et al. 2002; Szolar et al. 2002; Schubert et al. 2003). 

     Based on fuel leakages, smoke production from vehicles, growth in industrialization, 

burning of paper, wood and cloth in open environment, and the frequent use coke ovens to 

convert wood in charcoal, previous studies assessed the levels, sources and potential risks of 

22 PAHs in particulate matter (PM10) and soils in Kumasi (Source: Masters degree thesis 

of Bortey-Sam Nesta from Kwame Nkrumah University of Science and Technology 

(KNUST), Ghana, and Bortey-Sam et al. 2014; 2015). 

     The concentrations of 22 individual PAHs (AccuStandard, New Haven, USA) including 

16 USEPA priority pollutants (naphthalene (Nap), acenaphthylene (Acl) acenaphthene (Ace), 

fluorene (Fle), phenanthrene (Phe), anthracene (Ant), fluoranthene (Flu), pyrene (Pyr), 

benz[a]anthracene (BaA), chrysene (Chr), benzo[b]fluoranthene (BbF), 

benzo[k]fluoranthene (BkF), benzo[a]pyrene (BaP), indeno[1,2,3–cd]pyrene (IDP), 

dibenz[a,h]anthracene (DBahA), benzo[g,h,i]perylene (BghiP), perylene (Peryl), 

benzo[e]pyrene (BeP), methylene phenanthrene (Methy–Phe), 1–methyl phenanthrene (Me–

Phe) and retene (Ret)) were measured in each PM10 and soil samples. 
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Levels, sources and potential risks of PAHs in PM10 in Kumasi, Ghana 

     Since PAHs are ubiquitous in the environment and human and animal exposure could be 

through breathing contaminated air, Bortey-Sam et al. (2015) collected 32 particulate matter 

(PM10) samples from pristine site (Kwame Nkrumah University of Science and Technology, 

KNUST) and the city centre of Kumasi 1) to determine the concentrations of 21 PAHs; 2) to 

identify the possible sources of these PAHs; and 3) to determine the toxic potential and 

possible health risk implications associated with them. 

     From the 21 PAHs analyzed, the more volatile compounds (Nap, Acl, Ace and Fle) were 

not discussed at each sampling location because these lower ring molecules are present in the 

gas phase, especially at high ambient temperatures (20–38°C), which was observed 

throughout the sampling period. Moreover, their (Nap, Acl, Ace and Fle) concentrations were 

either undetected or low, which was also observed in studies by Oanh et al. (2000) and Salam 

et al. (2011). 

     The sum of concentrations of 17 PAHs (Σ17 PAHs) in air samples (PM10) in KNUST 

ranged from 0.51–16 ng/m3 with mean and median values of 3.3 ± 3.3 and 2.6 ng/m3 

respectively. Meanwhile, Σ17 PAHs in air samples in city centre (CC) ranged from 19–38 

ng/m3 with mean and median concentrations of 30 ± 4.9 and 30 ng/m3, respectively.  

The mean concentration of Σ17 PAHs in CC was 9 times greater than in KNUST. This could 

be attributed to the fact that sampling in CC was performed in a traffic area suffering high 

exhaust emission and oil seep from vehicles, and hosting handicraft and small industrial 

activities (e.g., corn milling). 

 

Most abundant PAHs in air in KNUST and CC 

     The most abundant PAHs in air (PM10) in KNUST were Phe (21%), BghiP (16%), Ret 

(15%), and Pyr (11%) (Table 1). Chr was the least abundant with concentration below 
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detection limit in almost all samples (Table 1). Ret (one of the most abundant PAHs in air in 

KNUST) is a molecular marker of wood combustion (Shen et al. 2012). PAHs profile 

developed by Harrison et al. (1996) and Ho et al. (2002b) on the types of emission sources 

suggested that Phe and Pyr in KNUST were typical diesel vehicle markers whereas BghiP, 

the 2nd most abundant, was indicative of gasoline vehicle emission.  

Table 1: Abundance of PAHs in air samples in KNUST and CC 

  KNUST CC  

PAHs  Ring No. % Abundance % Abundance p value 

Phenanthrene 3 21 2.6 0.56 

Anthracene 3 3.6 0.91 0.15 

Methylene phenanthrene 4 3.3 0.20 0.67 

1–methyl phenanthrene 3 1.2 0.03 0.29 

Fluoranthene 4 8.1 1.3 0.07 

Pyrene 4 11 1.7 0.30 

Retene 3 15 1.2 0.64 

Benz[a]anthracene 4 1.5 0.96 0.001 

Chrysene 4 0.0 0.49 0.001 

Benzo[b+j+k]fluoranthene 5 0.9 11 0.001 

Benzo[e]pyrene 5 1.5 14 0.001 

Benzo[a]pyrene 5 0.6 12 0.001 

Perylene 5 1.2 3.1 0.001 

Dibenz[a,h]anthracene 5 6.9 1.6 0.001 

Indeno[1,2,3–cd]pyrene 6 7.8 19 0.001 

Benzo[g,h,i]perylene 6 16 29 0.001 

Bold values: means data are statistically significant (ANOVA) 

(Source: Data for this figure was obtained from Masters degree thesis of Bortey-Sam Nesta 

and Bortey-Sam et al. 2015a) 

     As shown in Table 1, air samples in KNUST were dominated by 3–(44%), 6–(24%), 4–

(21%), and 5–ring PAHs (11%). Because only PAHs in the particulate phase were collected, 

it is expected that some of these 3–ring PAHs will also be in the gas phase and concentrations 

could be underestimated, especially in KNUST, where 3–ring PAHs showed high 

contribution. During combustion at low temperatures, the low molecular weight (LMW) 

PAH compounds (˂ 4 rings) are abundant (Lake et al. 1979), whilst at high temperature 
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combustion the high molecular weight (HMW) PAH compounds (≥ 4 rings) are dominant 

(Laflamme and Hites 1978). According to that, ~55% of PAHs in KNUST were released by 

high temperature combustion sources. 

     The most abundant PAHs in air in CC were BghiP, IDP, BeP and BaP (HMW PAHs) 

(Table 1, p < 0.01). Their abundances were 29%, 19%, 14%, and 12% respectively (Table 1). 

Me–Phe was the least abundant PAH there (0.01 ± 0.04 ng/m3). This pathway has been 

reported as indicative of vehicle emission (Harrison et al. 1996; Oanh et al. 2000; Jamhari et 

al. 2014). 

    Moreover, in CC the PAHs profile was dominated by 6–(48%) (p < 0.01), 5–(42%) (p < 

0.01), 3–(5%) (p > 0.01), and 4–ring PAHs (4.5%) (p < 0.01) (Table 1). The high percentage 

of HMW PAHs (95%) confirmed high temperature processes, such as combustion of fuels in 

engines, as prevailing sources (Mostert et al. 2010; Tobiszewski and Namiesnik 2012). 

     PCA was applied to PAHs profiles in KNUST and CC. The PCA revealed that the first 

principal component (component 1) accounted for 47% of the variation while component 2 

accounted for 19% (Fig. 1). As observed from the score plot (Fig. 1a), there was a clear 

separation between the two sampling sites (K and C). That could depend on the high levels 

of PAHs in CC compared to KNUST. From the loading plot (Fig. 1b), most of the PAHs 

(both LMW and HMW) were highly associated/clustered on one side of the component. 

Another interesting feature observed along the component (Fig. 1) was the clear separation 

between LMW and HMW PAHs, (Fig. 1b) with the HMW PAHs highly distributed in the 

CC of Kumasi (Fig. 1). 
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Fig. 1 Distribution patterns of PAHs in PM10 in KNUST and CC characterized by PCA; (a) score plot (b) loading plot  

(K: pristine site; C: city centre; LMW: low molecular weight PAHs; HMW: high molecular weight PAHs)  

(Source: Data for this figure was obtained from Masters degree thesis of Bortey-Sam Nesta and Bortey-Sam et al. 2015a) 
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Levels of BaP in air in KNUST and CC 

     The component of PAHs which is typically of greatest interest in terms of potential cancer 

hazard is BaP. This compound had been known to exhibit a high carcinogenic activity in 

animals and has been listed as a proven human carcinogen (WHO, 2000). Concentrations of 

BaP in air in KNUST ranged from below detection (from most sampling dates) to 0.08 ng/m3. 

The mean ± SD and median concentrations of BaP in KNUST were 0.02 ± 0.03 and 0.01 

ng/m3 respectively (Table 2). Since no environmental standard is available for Ghana, the 

United Kingdom (UK), Swedish Standards and European Legislation were adopted to assess 

the quality of air. The UK air quality standards, Swedish guideline and European Legislation, 

values for BaP are equal 0.25, 0.1 and 1 ng/m3 (for the total content in the PM10 fraction 

averaged over a calendar year), respectively (Dimashki et al. 2001; Bostrom et al. 2002; 

Directive 2004/107/EC). 
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Table 2: Mean concentrations, standard deviations of PAHs (ng/m3), BaP equivalence 

(BaPeq) in air in KNUST and CC 

PAHs          Sampling Sites                    BaPeq   

 KNUST (n = 20) CC (n = 12) KNUST CC 

 Mean ± SD  Mean ± SD TEF × Mean conc. TEF × Mean conc. 

Phe 0.70 ± 0.49 0.79 ± 0.38 7.0E–04 7.9E–04 

Ant 0.12 ± 0.27* 0.27 ± 0.31* 1.2E–03 2.7E–03 

Flu 0.27 ± 0.19* 0.39 ± 0.14* 2.7E–04 3.9E–04 

Pyr 0.39 ± 0.35* 0.50 ± 0.16 3.9E–04 5.0E–04 

BaAa 0.05 ± 0.02 0.29 ± 0.08 5.0E–03 3.0E–02 

Chra 0.01 ± 0.01 0.15 ± 0.06 5.0E–05 1.5E–03 

BbFa + BjF +BkFa 0.03 ± 0.02 3.2 ± 0.98 3.0E–03 3.2E–01 

BeP 0.05 ± 0.05* 4.1 ± 1.1 5.0E–04 4.0E–02 

BaPa 0.02 ± 0.03* 3.7 ± 1.1 2.0E–02 3.7E+00 

Peryl 0.04 ± 0.05* 0.94 ± 0.32 4.0E–05 9.4E–04 

DBahAa 0.23 ± 0.12* 0.50 ± 0.16 2.3E–01 5.0E–01 

IDPa 0.26 ± 0.35* 5.8 ± 1.2* 3.0E–02 5.8E–01 

BghiP 0.53 ± 1.1* 8.6 ± 2.3 1.0E–02 9.0E–02 

∑carc PAHs 0.6 ± 0.5                    14 ± 3.6  0.28 5.2 

∑16 USEPA PAHs 3.0 ± 3.5                    25 ± 7.9  0.30 5.3 

∑14 PAHs 2.7 ± 3.0                    29 ± 8.7  0.30 5.3 

PAHs Carca: BaA, Chr, BkF, BbF, BaP, DBahA and IDP according to IARC (2006); Bold: 

indicates the 16 USEPA priority PAHs; *: indicates statistical significance with p value 

less than 0.05 (Shapiro–Wilks test for normality); n: number of samples 

(Source: Data for this figure was obtained from Masters degree thesis of Bortey-Sam Nesta 

and Bortey-Sam et al. 2015a) 

     The mean concentration of BaP in air in KNUST (0.02 ± 0.03 ng/m3) was 5, 12, and 50 

times below the BaP standard set by the Swedish, UK, and European Legislation, 

respectively. Similarly, individual concentrations of BaP in air in KNUST were all below the 

recommended guideline values. Low concentrations of BaP and Σ17 PAHs were recorded in 

air in KNUST because the sampling site was located within an area with low vehicular 

movement, low industrial and human activities and therefore PAHs from point sources were 

negligible.  
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    BaP was the fourth most abundant PAH in air in CC (p < 0.01) and concentration ranged 

from 1.6–5.6 ng/m3. The mean concentration of BaP in CC (3.7 ± 1.1 ng/m3) was 187 times 

higher than in KNUST (0.02 ± 0.03 ng/m3). The BaP concentrations in CC was 37, 15, and 

4 times higher, respectively, than the air quality standards of Sweden, UK, and European 

Legislation. Therefore, the CC air was classified as heavily polluted.  

 

Determination of sources of PAHs in air 

Chemical mass balance (CMB) model 

     In general, the source contributions were similar at the two sites. For instance, the exhaust 

contributions from diesel and gasoline engines were high in both cases. 15.3% of PAHs in 

KNUST was contribution from coal related sources i.e. coke oven and 84.7% from traffic 

related sources (Fig. 2). Of this 84.7%, 42.5% were emissions from diesel engines and the 

other 42.2% from roadway traffic (Fig. 2).  

     Similarly 85% of PAHs in CC were from traffic related sources out of which 78.4% was 

contribution from gasoline engines and 6.3% from roadway traffic (Fig. 3). The overall CMB 

results clearly showed that gasoline and diesel engines were the two major sources of PAHs 

in air (PM10) in the Kumasi metropolis.  
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Fig. 2 Chemical mass balance source apportionment of PAHs in air (PM10) in KNUST 

(Source: Data for this figure was obtained from Masters degree thesis of Bortey-Sam Nesta 

and Bortey-Sam et al. 2015a). 

 

 

 

Fig. 3 Chemical mass balance source apportionment of PAHs in air (PM10) in CC 

(Source: Data for this figure was obtained from Masters degree thesis of Bortey-Sam Nesta 

and Bortey-Sam et al. 2015a). 
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Air toxicity assessment (CC) 

     In Kumasi (CC), PAHs including human carcinogenic compounds (BaA, BbF, BkF, BaP, 

Chr, DBahA, and IDP) (IARC, 2006) were at high concentrations (Tables 1 and 2). The mean 

concentrations of these compounds were IDP (5.8 ± 1.2), BaP (3.7 ± 1.1), BbF + BjF + BkF 

(3.2 ± 0.98), DBahA (0.5 ±0.16) BaA (0.29 ± 0.08) and Chr (0.15 ± 0.06) ng/m3 (Table 2). 

     WHO (2000) stated that the BaP equivalent concentration producing an excess lifetime 

cancer risk of 1/10,000 is approximately 1.2 ng/m3. The mean concentrations of BaP alone 

in CC (3.7 ± 1.1 ng/m3) exceeded this threshold. The toxic equivalent concentration (BaPeq) 

of carcinogenic PAHs in air was 0.3 ngBaPeq/m3 in KNUST and 5.2 ngBaPeq/m3 in CC 

(Table 2). Thus BaPeqs in CC were, on the average, 18 times higher than in KNUST. 

According to BaPeqs of individual PAHs, BaP was the predominant contributor to toxicity 

in CC. To assess the health risk to humans, adults and children were assumed to be exposed 

to airborne PAHs through inhaling PM10. The estimates were made by considering lifetime 

average daily dose (LADD) and the corresponding increamental lifetime cancer risk (ILCR). 

    The LADD for PAH ranged from 2.5E–9 to 2.1E–6 for adults (average 4.4E–7) and 6.9E–

8 to 5.8E–6 for children (average 1.3E–6) (Table 3). According to that, ILCR associated to 

carcinogenic PAHs (IARC 2006) ranged from 2.2E–10 to 5.4E–6 (adults) and 6.1E–10 to 

1.5E–5 (children). The mean ILCR for adults (1.2E–6) and children (3.3E–6) (Table 3) were 

within the acceptable limit of 10–6 to 10–4 as acknowledged by regulatory agencies (USEPA 

2005a).  
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Table 5: LADD and ILCR of PAHs in air in CC  

 LADD  ILCR  

PAHs Adult Child Adult Child 

Phe 1.9E–07 5.3E–07   

Ant 6.6E–08 1.8E–07   

Methy–Phe 1.5E–08 4.2E–08   

Me–Phe 2.5E–09 6.9E–09   

Flu 9.4E–08 2.6E–07   

Pyr 1.2E–07 3.4E–07   

Ret 8.6E–08 2.4E–07   

BaA 6.9E–08 1.9E–07 4.2E–08 1.2E–07 

Chr 3.5E–08 9.9E–08 2.2E–10 6.1E–10 

BbF + BjF +BkF 7.6E–07 2.1E–06 4.6E–08 1.3E–07 

BeP 9.8E–07 2.8E–06   

BaP 8.9E–07 2.5E–06 5.4E–06 1.5E–05 

Peryl 2.3E–07 6.3E–07   

DBahA 1.2E–07 3.3E–07 7.2E–07 2.0E–06 

IDP 1.4E–06 3.9E–06 8.4E–07 2.4E–06 

BghiP 2.1E–06 5.8E–06   

∑ PAHs 7.1E–06 2.0E–05   

Minimum 2.5E–09 6.9E–09   

Maximum 2.1E–06 5.8E–06   

Average 4.4E–07 1.3E–06 1.2E–06 3.3E–06 

Bold: indicates 16 USEPA priority PAHs 

(Source: Data for this figure was obtained from Masters degree thesis of Bortey-Sam Nesta 

and Bortey-Sam et al. 2015a) 
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Occurrence, distribution, sources and toxic potential of PAHs in Kumasi soils 

     Based on the levels and high concentrations of BaP in PM10 and because some PAHs are 

known to settle in soil, Bortey-Sam et al. (2014) collected 129 soils from 36 communities in 

Kumasi: to determine the concentrations of 22 PAHs including the 16 that are listed by the 

United States Environmental Protection Agency (USEPA) as priority pollutants in surface 

soil samples from the Kumasi metropolis; to identify the possible sources of PAHs in surface 

soils from the Kumasi metropolis; to develop distribution maps of PAHs throughout the city 

using Geographic Information System (GIS) and; to evaluate the extent of pollution and toxic 

potential of PAHs in soils from Kumasi. 

 

Concentrations/distributions of PAHs in soils in Kumasi 

     The mean concentrations of total PAHs in 129 soils from 36 communities in the Kumasi 

metropolis ranged from 14.78 at Ahinsan (a community) to 2,084 ng/g dw at Adum (around 

city centre), with mean value 442.5 ± 527.2 ng/g dw. Kurtosis, skewness and K–S tests for 

normality showed a significant variation in the concentrations of PAHs in surface soils from 

the communities for all the measured analytes (Z value ˃ 1.96; p ˂ 0.01). 

     PAHs concentrations spread throughout the communities with the highest concentrations 

exhibited in the city centre. Higher levels of BaP and sum of 16 USEPA priority pollutants 

were observed from the city centre of Kumasi, and this could be due to the high or heavy 

vehicular load, congestion and combustion rate within the region. In the surface soils from 

Kumasi, Flu recorded the highest PAH concentration followed by its isomeric Pyr, 

interestingly these two showed the same distribution pattern (p ˂ 0.01) with extremely high 

concentrations in communities such as Suame, Mbrom, Adum, Suntreso, Romanhill and 

Sofoline. Suame exhibited the highest for both Flu and Pyr at concentrations of 381.3 ± 54.57 

and 355.1 ± 49.42 ng/g dw, respectively. The distribution for BaA is not extremely different 

from the 2 mentioned above, since very high concentrations were also recorded at the same 
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sampling communities as Flu and Pyr. The distributions of BbF + BkF, BeP and BaP with 

same molecular weight were nearly identical and higher concentrations were recorded in 

Romanhill and Adum (city centre). 

     BaP was the 6th most abundant PAH determined in soils from the study area. The mean 

concentrations of BaP in Kumasi soil ranged from 0.5939 ± 0.3284 (Ahinsan) to 259.5 ± 

38.37 ng/g dw (Adum). However, the mean value of BaP throughout the 36 communities 

was 32.59 ± 51.90 ng/g dw. Kurtosis and K–S normality tests indicated a significant variation 

in the distribution of BaP through the communities (p ˂ 0.01). 

 

Source identification CMB model 

      CMB model was also applied for source identification per each sampled community and 

the source profiles used were classified as either coal related (power plant, residential or coke 

oven) or traffic related (gasoline engine, diesel engine or traffic tunnel). In general, the 

contributions appeared similar in most cases. Fuel contributions from diesel and gasoline 

engines were dominant from the most polluted sites in Kumasi.  

     In Adum, the largest apportioned contributor was gasoline engine recording 42%, 25% 

from diesel engines and 33% of the total PAHs sources was from coke oven. From Romanhill, 

the CMB data showed that 81% of the PAHs sources were from fuel combustion, and 

gasoline engines accounted for 39% of the total and the rest was from diesel engines (42%). 

Also in Mbrom, the source of PAHs was attributed to fuel combustion. This accounted for 

72% of the sources and diesel engines was dominant with 46% of the total. From Fig. 4, 70% 

of PAHs in the surface soils from Suame was from diesel (36%) and gasoline (34%) engines. 

There was no difference in source contributions from Suntreso as 84% of the total 

contribution was attributed to gasoline engines.  
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     The overall CMB results clearly showed that gasoline and diesel engines were the two 

major sources of PAHs in soil samples from the most contaminated communities in the 

Kumasi metropolis. These results are in agreement with the known PAH sources at this 

location. That is, PAHs input in the Kumasi metropolis was significantly influenced by fuel 

combustion (diesel and gasoline engines) as was also indicated by the diagnostic ratio 

methods (Bortey-Sam et al. 2014). 
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Fig. 4. Chemical mass balance model for sources of PAHs in surface soils from the severely polluted communities in the 

Kumasi Metropolis  

(Source: Data for this figure was obtained from Masters degree thesis of Bortey-Sam Nesta and Bortey-Sam et al. 2014). 
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Kumasi soil toxicity assessment 

     Maliszewska–Kordybach (1996) has classified pollution levels of PAHs in soils into 4 

categories based on the 16 USEPA priority pollutants, namely unpolluted (˂ 200 ng/g), 

weakly polluted (200–600 ng/g), polluted (600–1000 ng/g) and severely polluted (˃ 1000 

ng/g). By this classification, 51% of soil samples from the communities in this study were 

considered unpolluted with PAHs (˂ 200 ng/g). The least polluted community was Ahinsan. 

About 30% of the communities had their soils weakly polluted with PAHs while 5% of the 

communities in the study area were polluted with PAHs. The severely polluted communities 

representing 14% of the communities were Adum, Mbrom, Suame, Romanhill and Suntreso.  

     The mean concentrations of total PAHs (16 USEPA PAHs) recorded from these severely 

polluted communities were 1,708 (Adum), 1,441 (Mbrom), 1,435 (Suame), 1,379 

(Romanhill) and 1,045 ng/g dw (Suntreso) respectively. The high levels of PAHs in soil from 

these communities could come from the high vehicular traffic and the high human population 

who may use firewood or charcoal for domestic heating. The high concentrations of total 

PAHs in the surface soils from these severely polluted communities could pose high 

environmental and human health risks (Ping et al. 2007). The study indicated that in these 

communities (Adum, Romanhill, Mbrom, Suame and Suntreso), levels of PAHs compounds 

including the human carcinogenic compounds (BaA, BbF, BkF, BaP, DBahA, Chr and IDP) 

(IARC, 2006) were high. 

     Health risk assessment of carcinogenic PAHs cannot be related only to overall 

concentration. Rather, each PAH has a different carcinogenic potential. Health risk 

assessment associated with PAHs uptake is often estimated on the basis of the BaP 

concentrations. BaP is the highest carcinogenic contributor in almost every study (Halek et 

al. 2008). The development and establishment of a toxicity equivalency factors (TEFs) are 

used in the assessment of mixtures containing PAHs. The TEFs were used to quantify the 

carcinogenic potential of other PAHs relative to BaP and to estimate benzo[a]pyrene–

equivalent concentration (BaPeq) (Nadal et al. 2004). The list of TEFs (Table 6) compiled 
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by Tsai et al. (2004) was adopted to calculate BaPeq. Therefore, the carcinogenic potencies 

of individual PAHs have to be considered by multiplying their concentration with the 

appropriate TEF.  

     The Toxicity Equivalent Concentrations (TEQ’s) which are the sum of average BaPeq 

concentration in soil, TEQ = ∑(C × TEF), from KNUST Botanical Gardens (pristine) and 5 

most polluted communities were 1.245 BaPeq ng/g and 188.2 BaPeq ng/g respectively (Table 

6). These implies that carcinogenic potency of PAHs load in these 5 severely polluted 

communities were higher (approximately 150 times higher than from KNUST Botanical 

Garden) and BaP contributed 70% of the total toxicity level. 
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Table 6: List of TEF and total Benzo(a)Pyrene–equivalent concentration (BaPeq). 

List of TEF values was compiled by Tsai et al. (2004) 

(Source: Data for this figure was obtained from Masters degree thesis of Bortey-Sam Nesta 

and Bortey-Sam et al. 2014) 

 

 

 

 

 

 

 

 

 

 

PAHs TEF values   BaPeq ng/g    BaPeq ng/g  

  
KNUST 

mean ± SD 

5 polluted communities 

mean ± SD 
KNUST 

  5 most polluted         

communities 

BaP 1 0.85 ± 0.82 132 ± 80 0.85    132 

DBahA 1 0.10 ± 0.12 13 ± 4.1 0.10    13 

BbF+BkF 0.1 1.5 ± 1.3 141 ± 96 0.16    14 

BaA 0.1 0.33 ± 0.09 135 ± 44 0.033    14 

IDP 0.1 0.68 ± 0.43 113 ± 55 0.068    11 

Chr 0.01 0.42 ± 0.22 71 ± 19 0.0042    0.71 

Nap 0.001 1.0 ± 0.28 9.2 ± 6.0 0.0010    0.0092 

Ace 0.001 0.02 ± 0.01 7.9 ± 9.8 0.000020    0.0079 

BghiP 0.01 0.62 ± 0.94 128 ± 57 0.0062    1.3 

BeP 0.01 1.3 ± 1.1 129 ± 91 0.013    1.3 

Pyr 0.001 1.4 ± 0.46 235 ± 74 0.0014    0.24 

Flu 0.001 1.1 ± 0.43 258 ± 77 0.0011    0.26 

Ant 0.01 0.18 ± 0.14 24 ± 9.6 0.0018    0.24 

Phe 0.001 1.4 ± 0.24 112 ± 64 0.0014    0.11 

Peryl 0.001 0.83 ± 0.65 44 ± 26 0.00083    0.040 

Fle 0.001 0.23 ± 0.04 5.6 ± 3.4 0.00023    0.0056 

Acl 0.001 0.12 ± 0.03 12 ± 5.3 0.00012    0.012 

Sum    1.2    188 
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Exposure levels of PAHs in wild rats in Kumasi 

     Due to the toxic potential of PAHs in PM10 and soils in Kumasi and especially the city 

centre, rats were used as sentinels to measure the environmental pollution state because they 

are mammals that share many processes with humans and are appropriate for use to answer 

many research questions. They tend to pick up food and water from the ground which could 

be contaminated with PAHs. The objective was therefore to determine the exposure levels of 

wild rats in Kumasi to 16 USEPA PAHs.  

     Of the 16 PAHs analysed, 6 were detected in rat livers. Ten PAHs, namely Acl, Fle, BaA, 

Chr, BbF, BkF, BaP, IP, DBahA, and BghiP, were not detected in any of the samples. The 6 

compounds detected were considered for ∑PAHs. The ∑PAH concentrations in liver ranged 

from 0.05 in Bomso (a community) to 1.64 ng/g dw in the city centre, respectively. The 

minimum (0.05 ng/g dw) and maximum (1.64 ng/g dw) concentration of ∑PAHs were both 

in female rats that weighed ~42 and 300 g, respectively.  

     The abundance of PAHs (ng/g ww) in livers of wild rats collected decreased in the order: 

Phe (0.51 ± 0.08) > Pyr (0.39 ± 0.20) > Ace (0.19 ± 0.01) > Nap (0.15 ± 0.01) > Flu (0.11 ± 

0.11) and > Ant (0.07 ± 0.07). The levels of Phe and Pyr were significantly higher than other 

PAHs. Nap and Flu were detected in 80% and 78% of the samples, respectively. In surface 

soils in Kumasi, Pyr was the second most abundant PAH (Bortey-Sam et al. 2014), and rats 

could have been exposed (to Pyr and other PAHs) from the soil through dermal contact or 

through ingestion during feeding or drinking. 
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DISCLAIMER: (Under recommendation of Supervisors in the Laboratory of 

Toxicology, Hokkaido University, Japan, the general introduction including figures and 

tables of Section 1 were solely obtained from thesis by Nesta Bortey-Sam submitted in 

partial fulfilment of a Master of Science degree in Environmental Chemistry from the 

Kwame Nkrumah University of Science and Technology, Ghana; and published data: 

Bortey-Sam et al. 2013; 2014; 2015a; 2015b). 
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Chapter 1 

Excretion of polycyclic aromatic hydrocarbon metabolites  

(OH-PAHs) in cattle urine in Ghana 
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Introduction 

     Polycyclic aromatic hydrocarbons (PAHs) are pollutants formed during incomplete 

combustion of organic materials. They are found in vehicle exhaust, wood and cigarette smoke, 

and also in grilled foods. Human and animal exposure to PAHs occur mainly through inhalation 

of contaminated air or ingestion of soil, food and/or drinking contaminated water (Barranco et 

al., 2004; Dissanayake and Galloway, 2004).  

     According to the Agency for Toxic Substances and Disease Registry’s (ATSDR, 2013) 

priority list of hazardous chemicals, PAHs were classified as the 9th most hazardous chemical. 

In humans and animals, PAHs are metabolized by cytochrome P450 enzymes and excreted in 

urine. One of the major metabolites is monohydroxylated PAH (OH-PAHs) (Burczynski et al., 

1998) and urinary levels of 1-hydroxypyrene has been used as biomarker of PAHs exposure 

(Bouchard and Viau, 1999; Jongeneelen, 2001).  

     However, since ratios of different PAHs may vary depending on the source and personal 

enzymatic capacity, concentration profiles of multiple OH-PAHs biomarkers are necessary and 

required to assess the environmental exposure risk. Urinary metabolites of naphthalene, fluorene 

and phenanthrene are also commonly used as biomarkers to assess the exposure level and 

environmental risk (Li et al., 2008; Fan et al., 2012; 2012b).  

     The assessment of health risk to humans exposed to PAHs is primarily based on results from 

animal studies, which indicated that PAHs can produce carcinogenic and mutagenic effects. 

Recent studies also indicated that some PAH metabolites have strong correlation with 

atherosclerosis and cardiovascular diseases (Xu et al., 2010), and exposure of rats and mice to 

naphthalene caused nasal and bronchiolar tumors, respectively (NTP, 1992; 2000). 

     As a developing country, the economic and population growth rates in Ghana have seen 

tremendous increases over the past few years. The growing rate of industrialization is 

gradually leading to contamination and deterioration of the environment and pollution is 

likely to reach disturbing levels (Bortey-Sam et al., 2014). Studies by Bortey-Sam et al. 
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(2013; 2014; 2015) in particulate matter (PM10) and soils indicated that the city centre of 

Kumasi, Ghana has been polluted with PAHs when compared with recommended levels, and 

fuel and wood/grass combustion were the dominant sources. The total benzo(a)pyrene 

equivalent concentration and estimated carcinogenicity of PAHs in PM10 and soil from the 

city centre was approximately 18 and 150 times higher, respectively, as compared to a 

pristine site. Rats were therefore used as sentinels to measure the environmental pollution 

state, and higher levels of PAHs were detected in the livers of wild rats in the city centre of 

Kumasi. Naphthalene was detected in 80% of those samples, and levels of phenanthrene and 

pyrene (the first and second most abundant, respectively) were significantly higher than other 

PAHs measured (Bortey-Sam et al., 2015b). 

     Based on the high levels and cancer potency of PAHs in PM10, soils and the levels found 

in livers of wild rats (Bortey-Sam et al. 2013; 2014; 2015; 2015b), cattle urine was collected 

because cattle is known to excrete large amount of PAH metabolites due to high intake of 

the parent compound through feed or inhalation (Saengtienchai et al., 2014). PAHs in the 

atmosphere are known to settle in soil (Rey-Salgueiro et al. 2008) and this could increase the 

levels of exposure in Kumasi, Ghana, because these free-range cattle also pick food and/or 

water from the ground. Urinary levels of PAHs could be widely used as biological indicator 

of exposure (Jongeneelen, 2001), and there is limited/no data from literature that addresses 

the excretory levels of OH-PAHs in cattle in Ghana. The objectives of the present study were 

therefore: to determine the concentrations of OH-PAHs in cattle urine in Kumasi (urban) and 

Offinso (rural), Ghana; find the association between urinary OH-PAHs concentrations and 

sex; and to estimate cattle’s exposure to PAHs from the different sites. 
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Materials and methods 

Sampling  

     In August 2014, urine samples of healthy cattle (West African Shorthorn) were randomly 

collected from 5 communities in Kumasi and Offinso, both in the Ashanti Region of Ghana. 

Offinso is about 33 km from the city centre of Kumasi (Fig. 1). Samples were collected from 

Oforikrom and Santasi in Kumasi (urban), which are 5.1 and 3.5 km from the city centre, 

respectively (Fig. 1), where previous studies reported high levels of PAHs in PM10, soils 

and livers of wild rats (Bortey-Sam et al., 2013; 2014; 2015; 2015b). On the other hand, the 

three sites in Offinso (Twumasen Estate, Saboa and Kokote) selected for cattle urine 

sampling (Fig. 1) are in rural and agricultural areas where bush burning is rampant and the 

use and sometimes abuse of pesticides such as carbaryl (1-naphthyl-N-methylcarbamate), 

which could be metabolized to 1-hydroxy naphthalene, was possible (Meeker et al., 2007; 

Orjuela et al., 2012).  

     In addition, due to the lack of background urine and interferences during OH-PAHs 

quantification, 500 mL of cattle urine (blank stock) was collected from Hokkaido University 

School farm. Hokkaido University is a public university located in Sapporo, Japan, and 

because of the low vehicular movement and industrial activities around the farm, PAHs 

exposure from point sources were assumed to be negligible. However, because cattle could 

be exposed to PAHs through feed and/or inhalation, the sample collected was measured 

several times to confirm levels of OH-PAHs. 
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Fig. 1 Map showing cattle urine sampling locations in the Ashanti Region, Ghana (yellow pins indicate sampled locations and 

red pin indicate city centre in Kumasi) 
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      From the sample sites in Ghana, spot urine (n = 95; with 30 males and 65 females) were 

collected, transferred into labelled corning tubes (Corning Incorporated, New York, USA) 

and stored at –20 oC in the Department of Chemistry, Kwame Nkrumah University Science 

and Technology (KNUST), Ghana. Of the 5 sites, only ages of some cattle in 2 sites 

(Twumasen Estate and Saboa) were obtained from the herdsmen. The average ages (ranges) 

of cattle were 2.9 ± 1.0 years (1-4.5years) in Twumasen Estate and 4.2 ± 2.9 years (1-12 

years) in Saboa, respectively. Samples were later transported to the Laboratory of Toxicology, 

Graduate School of Veterinary Medicine, Hokkaido University, Japan where they were 

stored at –30 oC until analysis (quarantine number for importing is 26 douken 383).  

 

Sample extraction and analysis  

     Twenty microlitres each of β-glucuronidase (bovine liver, type B-1; 1240 U/mg; Sigma 

Aldrich) and arylsulfatase (limpets Type V; 34 units/mg; Sigma Aldrich) enzymes, and 5 mL 

of 0.1 M sodium acetate buffer (pH 5.6) were added to 5 mL urine sample after spiking with 

three PAH internal standards (13C6-2-OHFluorene, 3-OHPhenanthrene-d9, and 13C6-

1OHPyrene). The pH of samples were adjusted to 5.5 using 1 M acetic acid (Wako Pure 

Chemicals, Osaka, Japan) and incubated overnight at 37°C. The samples were diluted with 

4 mL of Milli-Q water and extracted twice (liquid-liquid extraction) with 10 mL each of n-

pentane (Kanto Chemical Corp., Tokyo, Japan) by shaking for 1 h. To reduce the interference 

of sulfur metabolites, the combined extracts were washed with 2 mL of 1 N AgNO3 solution 

(Wako Pure Chemicals, Osaka, Japan), concentrated to 50-100 µL, redissolved to 0.5 mL 

using methanol and filtered (0.20 µm DISMIC-13JP membrane filter, ADVANTEC, Toyo 

Roshi Kaisha Ltd., Japan) prior to instrumental analysis. All sample preparation steps were 

performed in darkness (by covering tubes completely with aluminum foil) to avoid possible 

photodegradation of target analytes. A total of 13 OH-PAHs; 2-hydroxynaphthalene (2-

OHNap), 2-hydroxyfluorene (2-OHFlu), 3-hydroxyfluorene (3-OHFlu), 9-hydroxyfluorene 

(9-OHFlu), 1-hydroxyphenanthrene (1-OHPhe), 2-hydroxyphenanthrene (2-OHPhe), 3-
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hydroxyphenanthrene (3-OHPhe), 4-hydroxyphenanthrene (4-OHPhe), 9-

hydroxyphenanthrene (9-OHPhe), 1-hydroxypyrene (1-OHPyr), 6-hydroxychrysene (6-

OHChry), 3-hydroxybenzo(e)pyrene (3-OHBeP) and 9-hydroxybenzo(a)pyrene (9-OHBaP), 

were analyzed in each sample. The standards (purity ≥ 98%) were purchased from 

Cambridge Isotope Laboratories Inc. (Andover, MA, USA) and Toronto Research Chemical 

Inc. (Brisbane Road, North York, Canada). Difficulties were often associated with the 

separation of 1-OHPhe and 9-OHPhe, for this reason, the sum of these isomers was used as 

an abbreviation, 1-9-OHPhe. Similarly, 2-3-OHFlu was used as sum of 2-OHFlu and 3-

OHFlu. All results were adjusted by specific gravity and expressed in ng/mL.  

     A Shimadzu 8030 triple quadrupole mass spectrometer, upgraded to 8040 with UF lens, 

(ESI MS-MS; Shimadzu, Kyoto, Japan), equipped with a Prominence UFLC system 

(Shimadzu, Kyoto, Japan) was used for analysis. Chromatographic separation was achieved 

using an Agilent Eclipse PAH column (150 mm × 2.1 mm, 3.5 μm). The mobile phases were 

methanol:water (2:3, v:v) (A) and methanol (B), pumped at a flow rate of 250 μL/min. The 

mobile phase gradient was maintained as follows: 0.0−2.0 min, 5% B; 2.0−20 min, 40% B; 

20−25 min, 40% B; 25−30 min, 95% B; 30−35 min, 95% B; 35−35.01 min, 5% B. Target 

compounds were determined by multiple-reaction monitoring (MRM) in the negative 

ionization mode. 

 

Specific gravity (SG) of cattle urine  

     To compensate for variations in urine dilution, urinary OH-PAH concentrations were 

adjusted by specific gravity (SG). Urinary SG was measured by a hand refractometer (ATAGO, 

PAL-095, Tokyo, Japan). Obtained mean and ranges of SG in urine of cattle in Oforikrom 

(1.013; [1.004-1.029]), Santasi (1.035; [1.03-1.041]), Twumasen Estate (1.035; [1.028-1.04]), 

Saboa (1.036; [1.026-1.049]) and Kokote (1.037; [1.029-1.042]) were used to adjust urinary OH-

PAHs concentrations as illustrated by Nermell et al (2008). The correction formula applied to 

each urine concentration was as follows:  
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SG _corrected concentration = urinary OH − PAH concentration × 
(SGtarget − 1.0)

(SGsample − 1.0)
 

Where, SGtarget is the mean specific gravity of cattle urine per community; SGsample is the specific 

gravity of a particular sample.  

 

Quality control and quality assurance  

     A mixture of three 13C-isotopically labelled OH-PAHs (13C6-2-OHFlu, 3-OHPhe-d9, 

and 13C6-1-OHPyr) was spiked into urine samples as internal standard prior to sample 

preparation and extraction. 13C6-2-OHFlu was used for quantification of metabolite of 

naphthalene and three metabolites of fluorene. 3-OHPhe-d9 was used for quantification of 

the five metabolites of phenanthrene and 13C6-1-OHPyr was used for quantification of 

1OHPyr, 6-OHChry, 3-OHBeP and 9-OHBaP.  

     Quantitation was performed using internal standard method (five–point calibration; 1, 5, 

10, 50 and 100 ng/mL), and average correlation coefficients (r2) for the calibration curves in 

cattle urine were greater or equal to 0.99. The standard solutions (spiked with internal 

standards) for the calibration curves were prepared in urine in order to normalize differences 

in interferences between standards and samples. Concentrations of OH-PAHs in urine sample 

used for this purpose were below the limits of detection (LOD) and differences between this 

and sample concentration was used in this study. Analytical methods were checked for 

precision and accuracy. Limits of quantification (LOQs) were calculated based on 10SD/S 

(SD is the standard deviation of the response of seven replicate standard solution 

measurements and S is the slope of the calibration curve). LOQs (ng/mL) of OH-PAHs were, 

0.29 (2-OHNap), 0.24 (2-3-OHFlu), 0.60 (9-OHFlu), 0.23 (2-OHPhe), 0.71 (1-9-OHPhe), 

1.16 (3-OHPhe), 0.15 (4-OHPhe), 0.87 (1-OHPyr), 0.73 (6-OHChry), 0.54 (3-OHBeP) and 

0.32 (9-OHBeP), respectively. Internal standard recoveries (13C6-2OHFlu, 3-OHPhe-d9, 

and 13C6-1-OHPyr) ranged from 89 ± 5.8–96 ± 11.4% (Table 1). 
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Table 1: Quality assurance and control (QA/QC) for OH-PAHs analysis in cattle urine 

Compound  name  
LOD 

(ng/mL) 

LOQ  

(ng/mL)  

ISTD 

Recovery (%)  

Spiked solvent 

blanks (%)  

Matrix 

spikes (%) 

2-OHNaphthelene  0.0898  0.295      

9-OHFluorene  0.181 0.603     

2-3-OHFluorene  0.0745 0.248      

13C6-2-OHFluorene     94 96  96 

1-9-OHPhenanthrene  0.214 0.714      

2-OHPhenanthrene  0.0696  0.232     

3-OHPhenanthrene  0.348 1.16      

4-OHPhenanthrene  0.0437  0.145      

3-OHPhenanthrene-d9     96 98  95 

1-OHPyrene  0.259  0.865      

13C6-1-OHPyrene     89 92  85 

6-OHChrysene  0.220  0.733       

3-OHBenzo(e)Pyrene  0.162  0.542     

9-OHBenzo(a)Pyrene  0.0959 0.319      

Italicized compounds are internal standards (ISTD); LOD: Limit of detection; LOQ: Limit 

of quantification 

     For every batch of 10 samples, a solvent blank, a spiked solvent blank (internal standards 

spiked into solvent), a matrix spike (internal standards spiked into blank urine), and duplicate 

sample were analyzed. The average recoveries in spiked solvents blanks ranged from 92 ± 4.6–

98 ± 8.3%, and that for matrix spikes was 85 ± 9.1–96 ± 7.1%. Blanks were run periodically and 

contained no detectable amount of target analyte. The coefficients of variation of OH-PAH in 

duplicate samples were less than 15%.  
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Data analysis  

     Data analysis was performed using IBM SPSS v 20 for windows (SPSS Inc., Illinois, USA). 

Kolmogorov–Smirnov (K–S) and Shapiro-Wilks tests were used to determine the normality of 

data and were considered statistically significant if p value was less than 0.05. Concentrations 

of OH-PAH below their respective LOQs were replaced with a value of LOQ/2. Geometric mean 

concentrations were used to represent the central tendency of OHPAH in this study (Wayne, 

1999). ANOVA and Tukey analyses of log transformed data were used to compare 

concentrations of OH-PAH in cattle urine from the study areas and differences were considered 

statistically significant with p value ˂ 0.05. Student’s T-Test was also used to compare 

distribution of OH-PAHs between male and female cattle; and, urban and rural sites.  
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Results and discussion 

Excretory levels of OH-PAH in cattle urine  

     As shown in Table 2, there was no significant difference (p > 0.05) between urinary OH-

PAHs concentrations in cattle from urban and rural sites except for 2-OHPhe and 4-OHPhe. 

Data for 3-OHPhe was not included because concentrations from urban sites and 2 rural sites 

were below the LOQ (Table 3). The significant differences (p ˂ 0.05) could indicate differences 

in cattle’s exposure to PAHs from urban and rural sites. Table 3 shows the distribution of OH-

PAHs in cattle urine from the 5 sample sites.  
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Table 2: Specific gravity adjusted urinary OH-PAHs concentrations (ng/mL) in cattle from urban and rural sites in Kumasi 

and Offinso, Ghana 

Site n  2-OHNap 2-3-OHFlu 2-OHPhe 1-9-OHPhe 4-OHPhe 1-OHPyr 

Urban 17 GMSG ± SD  2.29 ± 3.40a 0.919 ± 0.462a 0.245 ± 0.171a 1.96 ± 1.14a 1.09 ± 0.841a 1.52 ± 0.873a 

Rural 78 GMSG ± SD  2.91 ± 6.37a 1.24 ± 1.97a 0.552 ± 0.598b 2.03 ± 1.17a 1.88 ± 2.01b 1.27 ± 0.824a 

n: number of samples; GMSG: geometric mean concentration adjusted by specific gravity; SD: standard deviation; different 

letters (a and b) within a column indicate significant differences (Student’s T-Test; p ˂ 0.05) 
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Table 3: Specific gravity adjusted OH-PAHs concentrations (ng/mL) in cattle urine 

Sample site n Location  2-OHNap 2-3-OHFlu 1-9-OHPhe 2-OHPhe 3-OHPhe 4-OHPhe 1-OHPyr 

Oforikrom 8 urban GMSG ± SD 4.15 ± 4.37b 0.99 ± 0.62b 1.67 ± 1.21b 0.17 ± 0.10c nd 0.73 ± 0.41c 1.37 ± 1.18ab 

           

Santasi 9 urban GMSG ± SD 0.61 ± 0.23cd 0.75 ± 0.35b 2.26 ± 1.14ab 0.32 ± 0.20bc  nd 1.14 ± 0.33bc 1.33 ± 0.80ab 

           

Twumasen Estate 31 rural GMSG ± SD 0.69 ± 0.57d 0.31 ± 0.13c 1.73 ± 0.58ab 0.29 ± 0.26c nd 1.50 ± 0.86b 0.99 ± 0.73b 

           

Saboa 40 rural GMSG ± SD 1.24 ± 0.67c 0.80 ± 0.79b 2.07 ± 1.43ab 0.41 ± 0.16b  nd 1.27 ± 0.91bc 1.16 ± 0.74b 

           

Kokote 7 rural GMSG ± SD 21.9 ± 6.51a 6.74 ± 1.41a 3.12 ± 0.79a 2.26 ± 0.51a 2.1±0.57 7.49 ± 1.73a 2.29 ± 1.28a 

n: number of samples; nd: below limits of quantification (LOQ); different letter (a, b, c and d) within a column indicate 

significant difference (p ˂ 0.05) among communities; GMSG: geometric mean concentration adjusted by specific gravity; SD: 

standard deviation 
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From the results, 2-OHNap, 2-3-OHFlu, 1-9-OHPhe, 2-OHPhe, 3-OHPhe, 4-OHPhe and 1-

OHPyr were detected. 9-OHFlu and the high molecular weight, HMW (≥ 4 rings) PAHs (6-

OHChry, 3-OHB(e)P and 9-OHB(a)P) were, however, not detected in the cattle urine and 

could be due to low detection sensitivity (Campo et al., 2008) and/or because the HMW 

PAHs, such as BaP, are mainly excreted through feces (Burgaz et al. 1992; Li et al., 2008). 

     Specific gravity adjusted geometric mean concentrations (GMSG) showed that 2-OHNap 

(2.77 ± 5.91 ng/mL; p ˂ 0.01) was the most abundant OH-PAH in cattle urine from all study 

sites  followed by 1-9-OHPhe (2.02 ± 1.16 ng/mL) > 4-OHPhe (1.74 ± 1.87 ng/mL) > 1-

OHPyr (1.22 ± 0.87 ng/mL) > 2-3-OHFlu (1.08 ± 1.75 ng/mL) > 2-OHPhe (0.489 ± 0.555 

ng/mL) > and 3-OHPhe (0.278 ± 0.553 ng/mL) (Fig. 2).  

 

Fig. 2 Geometric mean concentrations (adjusted by specific gravity) of OH-PAHs in cattle 

urine from 5 sample sites in Kumasi and Offinso, Ghana  

     The GMSG concentration (ng/mL) of the sum of OH-PAHs (2-OHNap, 2-3-OHFlu, 1-

9OHPhe, 2-OHPhe, 3-OHPhe, 4-OHPhe and 1-OHPyr) decreased in the order, Kokote (44.7 

± 10.4) > Oforikrom (7.87 ± 7.41) > Saboa (6.98 ± 3.86) > Santasi (6.68 ± 2.701) > and 

Twumasen Estate (5.23 ± 1.55). High urinary concentrations of 2-OHNap, 2-3-OHFlu, 2-

OHPhe, 3-OHPhe and 4-OHPhe were detected in Kokote (Table 3) indicating high exposure 

of cattle to the parent PAHs within the sample site. Kokote is a rural area filled with many 
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farmlands, with high agricultural and burning activities compared to the other sites, and the 

levels of OH-PAHs could mean that there were different or specific sources of PAHs 

exposure to cattle in the area. 

 

2-OHNaphthalene  

     The GMSG of 2-OHNap in cattle urine in Kokote (21.9 ± 6.51 ng/mL) was significantly 

higher (p ˂ 0.05) compared to the other sites followed by Oforikrom (4.15 ± 4.37 ng/mL)  

(Table 3). However, the least GMSG concentration for 2-OHNap was recorded in Santasi 

(0.61 ± 0.23 ng/mL). Kokote is mainly an agricultural area with many farmlands, and the use 

and sometimes abuse of pesticides containing naphthalene was possible. Although 1-OHNap 

could be derived from both naphthalene and carbaryl, 2-OHNap is derived only from 

naphthalene (Orjuela et al., 2012). The high levels of 2-OHNap could be due to exposure 

through ingestion and/or inhalation, although it has been proposed as a biomarker of 

inhalation (Kim et al. 2000). Naphthalene is ubiquitous in ambient air with high volumes in 

vehicular traffic, cigarette smoke (ATSDR, 2005) and is elevated when mothballs or stoves 

burning biomass fuels are used (Griego et al., 2008; Riojas-Rodriguez et al., 2011). Urinary 

levels of 2-OHNap are markers of vehicular traffic (Li et al., 2010) and mothball exposure 

(Owa et al., 1993). Naphthalene is most likely the primary ingredient of mothballs in Ghana 

(Soghoian et al., 2012), and is frequently used to drive away insects both in and outdoors. 

These practices could contribute to 2-OHNap being the most abundant metabolite in cattle 

urine since exposure through ambient air was also possible because of its volatile nature. 
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1-OHPyrene  

     The highest GMSG concentrations of 1-OHPyr were detected in cattle in Kokote (2.29 ± 

1.28 ng/mL) and Oforikrom (1.37 ± 1.18 ng/mL). Levels in Kokote were significantly higher 

(p ˂ 0.05) compared to other sites except Oforikrom and Santasi (Table 3). GM 

concentrations (not adjusted by SG) of 1-OHPyr in this study (1.02 ng/mL [Twumasen 

Estate] to 2.41 ng/mL [Kokote]) were generally higher compared to study by Saengtienchai 

et al. (2014) using cattle from Japan and Thailand (non-adjusted). A study by Ferrari et al. 

(2002) on determination of 1-OHPyr in bovine urine from three farms located near rural and 

urban areas recorded non-adjusted average concentrations of 0.66 ng/mL (urban area); 1.52 

ng/mL (rural) and 5.09 ng/mL (highway). Similar to the present study, Ferrari et al. (2002) 

indicated higher levels of 1-OHPyr in rural areas compared to urban and suggested that other 

important sources besides traffic could contribute to the PAHs burden of animals. Results of 

non-adjusted 1-OHPyr concentrations from the present study was higher compared to study 

by Ferrari et al. (2002) except for levels recorded in cattle raised on farms located in the 

vicinity of a highway (5.09 ng/mL). 

     The levels in the present study could be due to vehicular activities or traffic. At high 

temperature combustion (that is during vehicular emissions) the HMW PAH compounds are 

dominant (Laflamme and Hites, 1978). Previous studies by Bortey-Sam et al. (2014; 2015) 

in PM10 and soils indicated pyrene as the eighth and second most abundant PAH in Kumasi, 

respectively, and combustion of fuel (74%) and wood/grass (23%) were the dominant sources 

in the region. In Ghana, some farms are generally located close to major roads with high 

vehicular activities or traffic (Tay and Biney, 2013), and exposure to domestic and grazing 

animals could be through inhalation, or picking food or water from the ground.  
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OHPhenanthrenes and OHFluorenes  

     The distribution of 2-OHPhe, 4-OHPhe and 2-3-OHFlu were significantly higher (p ˂ 

0.05) in Kokote than the other sites (Table 3). Urinary levels of 1-9-OHPhe in Kokote was, 

however, significantly higher (p ˂ 0.05) than levels found in Oforikrom. 3-OHPhe levels in 

cattle urine from all sites were below the LOQ except Kokote (Table 3). In this study, the 

most dominant OHPhe isomer from all sites was 1-9-OHPhe, which is similar to results 

obtained by Fan et al. (2012) in humans. However, in Kokote, 4-OHPhe was most abundant 

(Table 3). In human urine, Thai et al. (2016) and Levine et al. (2015) found 1-OHPhe as most 

dominant while Guo et al. 2013 also reported 3-OHPhe as the most dominant of four 

phenanthrene metabolites. These variations could be due to differences in metabolic pathway 

among species. The possible source of phenanthrene and fluorene exposure to cattle in 

Kokote could be due to inhalation during combustion at low temperatures such as wood or 

grass combustion since the low molecular weight, LMW (˂ 4 rings) PAH compounds are 

abundant during low temperature combustion (Lake et al., 1979). Because Kokote is mainly 

agricultural area with many farmlands, resident farmers frequently practice bush burning. 

Another possible source could be due to ingestion of soil or water since the cattle graze freely 

and the soil from which they pick food or water may be bound to PAHs from burning 

activities. Previous study by Tay and Biney (2013) indicated that agricultural soils in Accra, 

Ghana were dominated by LMW PAHs through which domestic animals could be exposed. 

PAHs tend to adsorb tightly to organic matter in soil rendering them less susceptible to 

biological and chemical degradation (Hatzinger et al., 1997) and in general, LMW PAHs are 

more water soluble than HMW PAHs (Nam et al., 2008).  
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Association between urinary OH-PAHs concentrations and sex  

     Gender differences have been used in various studies to predict differences in OH-PAHs 

concentrations in human (Sul et al. 2012; Levine et al., 2015; Bartolomé et al., 2015; CDC, 

2015). Study by Thai et al. (2016) in human urine showed no association between sex and 

urinary OH-PAHs concentrations. In this study, 2-OHNap was significantly higher (p ˂  0.05) 

in male cattle (GMSG = 4.43 ± 7.16 ng/mL) compared to females (GMSG = 2.01 ± 5.12 ng/mL) 

(Table 4). Kim et al. (2013) suggested that rates of intake, accumulation, and excretion of 

chemicals differ in male and female cattle, although ADME (absorption, distribution, 

metabolism, and excretion) data would be needed to support that assertion. Differences could 

also be due to different rearing systems from the various sites. 
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Table 4: Specific gravity adjusted urinary OH-PAHs concentrations (ng/mL) in male and female cattle in Kumasi and 

Offinso, Ghana  

Sex  2-OHNap 2-3-OHFlu 1-9-OHPhe 2-OHPhe 3-OHPhe 4-OHPhe 1-OHPyr ∑OHPAHs 

Male GMSG ± SD 4.43 ± 7.16a 1.36 ± 1.94a 1.71 ± 1.07a 0.534 ± 0.650a 0.364 ± 0.658a 1.91 ± 2.22a 1.19 ± 0.981 a 11.5 ± 14.6a 

          

Female  GMSG ± SD 2.01 ± 5.11b 0.950 ± 1.65 a 2.16 ± 1.18b 0.468 ± 0.510a 0.237 ± 0.499a 1.65 ± 1.69a 1.22 ± 0.827a 8.71 ± 10.0a 

GMSG: geometric mean concentration adjusted by specific gravity; SD: standard deviation; ∑OHPAHs: sum of OHPAHs; 

different letters (a and b) within a column indicate significant differences (Student’s T-Test; p ˂ 0.05)  
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     Several non pharmacogenetic factors such as age, gender, species, disease factors or 

exposure to environmental pollutants might contribute to the expression and regulation of 

hepatic P450 in man, laboratory species and domestic animals (Guengerich, 2002; Nebbia, 

2001). In a study by Dacasto et al. (2005), male piedmontese cattle showed significantly 

higher CYP3A-dependent drug metabolizing enzymes, erythromycin N-demethylase 

(ERDEM), ethylmorphine N-demethylation (ETDEM) and testosterone 6ß-hydroxylation 

(6ß-OHT), activities compared to females, with the exception of testosterone 2ß-hydroxylase, 

2ß-OHT, (whose enzymatic activity was yet lower in females). On the other hand, no gender-

difference was noticed in limousin cattle.  

     In human, Sul et al. (2012) observed significantly higher levels of urinary 2-OHNap in 

men than females, and suggested that gender were predictors of urinary 2-OHNap 

concentrations. 1-9-OHPhe on the other hand was significantly higher in female cattle (GMSG 

= 2.17 ± 1.18 ng/mL) than males (GMSG = 1.71 ± 1.07 ng/mL) (Table 4), while ∑OHPhes in 

women were low compared to men (Bartolomé et al., 2015). These differences could be due 

to variations in metabolism, levels and route of exposure to PAHs. The urinary levels of 1-

OHNap, 2-OHNap, ∑OHNap, 1-OHPhe, 9-OHPhe, ∑OHPhe, 1-OHPyr, and ∑OHPAHs 

among women were all significantly or marginally higher than those among men workers 

(Guo et al. 2014). In consistency, Guo et al. (2014) found that, when exposed to similar levels 

of PAHs, women had significantly higher micronuclei frequencies than men. Emerging 

evidence also indicates that women may be at greater risk of lung cancer than men, probably 

because the elevated activity of CYP1A1 enzymes in women can produce higher levels of 

DNA adducts, and women have lower DNA repair capacity than men (Mollerup et al., 2006; 

Uppstad et al., 2011).  
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Conclusions 

     Cattle urine samples were collected from both urban (Kumasi) and rural (Offinso) sites in 

the Ashanti Region, Ghana, and GMSG concentration of OH-PAHs indicated that, 2-OHNap 

was the most abundant followed by; 1-9-OHPhe > 4-OHPhe > 1-OHPyr > 2-3OHFlu > 2-

OHPhe > 3-OHPhe. The results of the present study showed that cattle in Kokote (rural area) 

were exposed to significantly higher levels of PAHs than the other sites, and naphthalene-

containing-mothballs might have contributed significantly to 2-OHNap levels detected in 

cattle urine. There was no significant difference between urinary OH-PAHs concentrations 

in cattle in urban and rural sites except for 2-OHPhe and 4-OHPhe. Similar to urban areas, 

rural sites could also be polluted with PAHs. Levels of 2-OHNap was significantly higher in 

male cattle compared to females, while the opposite was for 1-9-OHPhe. 
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Chapter 2 

Oxidative stress due to exposure to polycyclic aromatic 

hydrocarbons (PAHs) in residents of Kumasi, Ghana 
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Introduction 

     In chapter 1, cattle urine was used as a “biological indicator” to assess the human risk in 

Kumasi and high levels of urinary OH-PAHs were detected with 2-OHNap as the most 

abundant (Bortey-Sam et al., 2016). In this chapter, I focused on effects of PAHs exposure 

to Kumasi residents. In humans, PAHs are metabolized by cytochrome P450 enzymes to 

generate active semiquinones (Penning et al., 2007) which are free radical intermediates and 

can go through redox cycling and generate reactive oxygen species (ROS). The ROS can then 

cause oxidative modification of DNA and lipids in the body (Palackal et al. 2002). The DNA 

adduct, 8-hydroxy-2′-deoxyguanosine (8-OHdG), is a useful biomarker of DNA damage to 

assess human exposure to carcinogenic compounds and malondialdehyde (MDA) as an 

indicator for oxidative stress and lipid peroxidation (Basu and Marnett, 1983).  

     Epidemiological studies have reported associations between PAHs exposure and urinary 

MDA and 8-OHdG in children, workers, as well as general population in several countries 

(Lee et al., 2012; Fan et al., 2012a; Kuang et al., 2013). 8-OHdG is very stable, excreted in 

urine without being metabolized (Valavanidis et al., 2009) and measurement could offer a 

specific and quantitative biomarker indicating oxidative DNA damage caused by ROS which 

is a risk factor for cancer and cardiovascular disease (Shen and Ong, 2000). 

     It is estimated that by 2020, cancer could kill 10.3 million people worldwide, with a 50 to 

75% increase in cancer mortality in sub-Saharan Africa (Ferley et al., 2004). The number of 

cancer cases in Ghana has drastically increased (WHO, 2010; 2011) and GLOBOCAN 

estimated 16,600 cases of cancer annually in Ghana, yielding an age standardized rate of 

109.5 cases per 100,000 persons (IARC GLOBOCAN, 2008). In addition, the rate of 

respiratory diseases doubled in Ghana from 2004-2008, and 6,500 Ghanaians died from air 

pollution/year (WHO, 2010; 2011); and PAHs could play a significant role. The commonest 

sites for cancers reported among both sexes in Kumasi were breast (24%), cervix uteri (20%), 

ovary (7.9%), liver (6.4%) and prostate (4.0%) (Laryea et al., 2014). PAHs have been shown 

to accumulate in breast tissues and led to breast cancer in humans (Korsh et al. 2015; 
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Mordukhovich et al., 2016; White et al., 2016). The estimated cancer incidence for 2012 in 

Kumasi was 11.9 per 100,000. Among males and females, the cancer incidences were 7.3 

and 15.7 per 100,000, respectively. The age-standardised incidence rates (ASR) for males 

was 10.9/100,000 and 22.4/100,000 for females (Laryea et al., 2014).  

     With the high cancer incidence and toxic potential of PAHs and its metabolites in Kumasi 

(Laryea et al., 2014; Bortey-Sam et al., 2014; 2015a; 2016), and due to the lack of 

epidemiological studies on the risks of PAHs exposure to Kumasi residents, the objectives 

of the present study were to: assess the possible health effects due to PAHs exposure to 

residents of Kumasi; find the association between urinary concentrations of OH-PAHs, MDA 

and 8-OHdG with age and sex. 
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Materials and methods 

Sampling 

     In January to February 2015, human urine samples (n = 190; 57 males and 133 females) 

were collected from 3 hospitals in Kumasi (Atonsu, Manhyia and Tafo hospitals), into 

labelled corning tubes (Corning Incorporated, New York, USA). Manhyia and Tafo hospitals 

are 5.1 and 3.5 km from the city centre of Kumasi, respectively (Fig. 1). Variations in 

temperature both annually and daily are quite small and the minimum temperature is around 

23°C (73°F) (Bortey-Sam et al., 2015a). The coldest/wettest season is June to September. 

     Due to the lack of background urine and interferences during OH-PAHs quantification, 

400 mL of human (children) urine (blank stock) was collected from 4 participants in 

residential areas of the Kwame Nkrumah University of Science and Technology (KNUST) 

campus to form a composite. KNUST is a public university located in Kumasi, Ghana, and 

because of the low vehicular movement, industrial and human activities, PAHs exposure 

from point sources were assumed to be negligible (Bortey-Sam et al., 2015a). However, 

because humans could be exposed to PAHs through feed and/or inhalation the sample 

collected was measured several times to confirm levels of OH-PAHs.  

    Participant’s information, including age, gender, body weight, height, place of residence, 

occupation, and personal lifestyle including smoker/non-smoker, were obtained through 

face-to-face interviews. Additionally, the presence or absence of symptoms of PAHs 

exposure such as persistent cough, persistent headache, asthma, wheeze, respiratory tract 

infection (RTI), tachycardia, rhinitis/nasal congestion or inflammation and dyspnea were 

recorded. The study was performed in accordance with the guidelines and approval of the 

Ethical/Institutional Review Board of Ghana Health Service (GHS) and Council for 

Scientific and Industrial Research (CSIR), Accra, Ghana, after informed consent was 

obtained from each participant. Parent(s) gave written or informed consent and completed 

questionnaires on behalf of their child/children. Samples collected were stored at –20oC in 

the Department of Chemistry, KNUST, Ghana and later transported to the Laboratory of 
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Toxicology, Graduate School of Veterinary Medicine, Hokkaido University, Japan, where 

they were stored at –30oC until analysis. 
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Fig. 1 Map showing human urine sampling locations in Kumasi, Ghana (yellow pins indicate city centre contaminated with 

PAHs; red pin indicate human urine sites; white pin indicate KNUST campus) 
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Sample extraction and analysis 

OH-PAHs 

     Extraction of OH-PAHs from human urine was done according to method described by 

Bortey-Sam et al. (2016). Briefly, 20 µL each of β-glucuronidase (bovine liver, type B-1; 

1240 U/mg; Sigma Aldrich) and arylsulfatase (limpets Type V; 34 units/mg; Sigma Aldrich) 

enzymes, and 5 mL of 0.1 M sodium acetate buffer (pH 5.6) were added to 5 mL urine sample 

after spiking with three PAH internal standards (13C6-2-OHFluorene, 3-OHPhenanthrene-

d9, and 13C6-1-OHPyrene). The pH of sample was adjusted to 5.5 using 1 M acetic acid 

(Wako Pure Chemicals, Osaka, Japan) and incubated overnight at 37 ◦C. The sample was 

diluted with 4 mL of Milli-Q water and extracted twice (liquid-liquid extraction) with 10 mL 

each of n-pentane (Kanto Chemical Corp., Tokyo, Japan) by shaking for 1 h. To reduce the 

interference of sulfur metabolites, the combined extracts were washed with 2 mL of 1 N 

AgNO3 solution (Wako Pure Chemicals, Osaka, Japan), concentrated to 50-100 µL, re-

dissolved to 0.5 mL using methanol and filtered (0.20 µm DISMIC-13JP membrane filter, 

ADVANTEC, Toyo Roshi Kaisha Ltd., Japan) prior to instrumental analysis. All sample 

preparation steps were performed in darkness (by covering tubes completely with aluminium 

foil) to avoid possible photodegradation of target analytes. A total of 13 OH-PAHs; 2-

hydroxynaphthalene (2-OHNap), 2-hydroxyfluorene (2-OHFlu), 3-hydroxyfluorene (3-

OHFlu), 9-hydroxyfluorene (9-OHFlu), 1-hydroxyphenanthrene (1-OHPhe), 2-

hydroxyphenanthrene (2-OHPhe), 3-hydroxyphenanthrene (3-OHPhe), 4-

hydroxyphenanthrene (4-OHPhe), 9-hydroxyphenanthrene (9-OHPhe), 1-hydroxypyrene (1-

OHPyr), 6-hydroxychrysene (6-OHChry), 3-hydroxybenzo(e)pyrene (3-OHBeP) and 9-

hydroxybenzo(a)pyrene (9-OHBaP), were analyzed in each sample. The standards (purity ≥ 

98%) were purchased from Cambridge Isotope Laboratories Inc. (Andover, MA, USA) and 

Toronto Research Chemical Inc. (Brisbane Road, North York, Canada). Difficulties were 

often associated with the separation of 1-OHPhe and 9-OHPhe, for this reason, the sum of 

these isomers was used as an abbreviation, 1-9-OHPhe. Similarly, 2-3-OHFlu was used as 
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sum of 2-OHFlu and 3-OHFlu. All results were adjusted by specific gravity and expressed 

in ng/mL. 

     A Shimadzu 8030 triple quadrupole mass spectrometer, upgraded to 8040 with UF lens, 

(ESI MS-MS; Shimadzu, Kyoto, Japan), equipped with a Prominence UFLC system 

(Shimadzu, Kyoto, Japan) was used for analysis. Chromatographic separation was achieved 

using an Agilent Eclipse PAH column (150 mm × 2.1 mm, 3.5 μm). The mobile phases were 

methanol:water (2:3, v:v) (A) and methanol (B), pumped at a flow rate of 250 μL/min. The 

mobile phase gradient was maintained as follows: 0.0−2.0 min, 5% B; 2.0−20 min, 40% B; 

20−25 min, 40% B; 25−30 min, 95% B; 30−35 min, 95% B; 35−35.01 min, 5% B. Target 

compounds were determined by multiple-reaction monitoring (MRM) in the negative 

ionization mode (Bortey-Sam et al., 2016).  

 

Malondialdehyde, MDA (Elisa kit) 

     Concentrations of urinary MDA were measured according to the manufacturer’s 

instructions using a UV-VIS Spectrophotometer (UV-2600 Shimadzu Corporation, Kyoto, 

Japan). Briefly, 250 uL of calibrator (0, 1, 2, 3 and 4 µM) or urine sample was added to 10 

uL of butylated hydroxytoluene (BHT) reagent in a vial. 250 uL each of acid reagent (1 M 

phosphoric acid) and 2-thiobarbituric acid (TBA) reagent were added and the mixture was 

vortexed vigorously then incubated at 60 0C for 1 hr. After centrifugation at 10000 x g for 2-

3 min, the reaction mixture was transferred into a cuvette and spectrum was recorded from 

400-700 nm. 3rd derivative analysis was performed at 514 nm.  

 

 

8-hydroxy-2-deoxy-guanosine (8-OHdG) 

     One millilitre aliquot of each urine sample was diluted with 2 ml of water (HPLC grade) 

after spiking with 25 ng/mL of the stable isotope labelled internal standard, (15N5) 8-OHdG. 
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The diluted sample was subjected to solid-phase extraction using Oasis HLB cartridge (3cc, 

60 mg; Waters Corporation, Milford, MA, USA) that had been primed with 1 mL each of 

methanol and water. After sample loading, the cartridge was sequentially washed with 3 mL 

of water. 8-OHdG was eluted with 3 mL of water: acetonitrile (1:1, v/v), and evaporated to 

near dryness under nitrogen gas. The residue was re-dissolved in 100 µL of water, and 10 µL 

was injected into the LC–MS/MS. Chromatographic separation of 8-OHdG and (15N5) 8-

OHdG in urine were performed using a Phenomenex Gemini 3u C18 110A column (150 mm 

× 2 mm i.d., 4 micron, Phenomenex, California, USA) with a guard column. Gradient elution 

was as follows: 0.0−1.0 min, 5% B; 1.01−3.00 min, 50% B; 3.01−6.00 min, 5% B. Target 

compounds were determined by MRM in negative ionization mode at a column temperature 

of 400C. Mobile phases A (0.1% formic acid) and B (100% methanol) were pumped at a flow 

rate of 250 μL/min.  

 

Specific gravity (SG) of human urine 

     To compensate for variations in urine dilution, urinary OH-PAH, MDA and 8-OHdG 

concentrations were adjusted by specific gravity (SG). Urinary SG was measured by a hand 

refractometer (ATAGO, PAL-095, Tokyo, Japan). Obtained mean and ranges of SG in urine 

of cattle in Atonsu hospital (1.019; [1.003-1.045]), Manhyia hospital (1.020; [1.002-1.039]), 

Tafo hospital (1.003; [1.028-1.044]), and KNUST campus (1.021; [1.011-1.029]) were used 

to adjust urinary OH-PAHs concentrations as illustrated by Nermell et al (2008). The 

correction formula applied to each urine concentration was as follows: 

SG _corrected concentration = urinary OH − PAH concentration ×  
(SGtarget − 1.0)

(SGsample − 1.0)
 

Where, SGtarget is the mean specific gravity of cattle urine per community; SGsample is the 

specific gravity of a particular sample. 
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Quality control and quality assurance 

OH-PAHs 

     A mixture of three 13C-isotopically labelled OH-PAHs (13C6-2-OHFlu, 3-OHPhe-d9, and 

13C6-1-OHPyr) was spiked into urine samples as internal standard prior to sample 

preparation and extraction. 13C6-2-OHFlu was used for quantification of metabolite of 

naphthalene and three metabolites of fluorene. 3-OHPhe-d9 was used for quantification of 

the five metabolites of phenanthrene and 13C6-1-OHPyr was used for quantification of 1-

OHPyr, 6-OHChry, 3-OHBeP and 9-OHBaP. 

     Quantitation was performed using internal standard method (five–point calibration; 1, 5, 

10, 50 and 100 ng/mL), and average correlation coefficients for the calibration curves in 

human urine were greater or equal to 0.99. The standard solutions (spiked with internal 

standards) for the calibration curves were prepared in urine in order to normalize differences 

in interferences between standards and samples. Concentrations of OH-PAHs in urine 

samples used for this purpose were below the limits of detection (LOD) and differences 

between this and sample concentration was used in this study. Analytical methods were 

checked for precision and accuracy. Limits of quantification (LOQs) were calculated based 

on 10SD/S (SD is the standard deviation of the response of seven replicate standard solution 

measurements and S is the slope of the calibration curve). LOQs (ng/mL) of OH-PAHs were, 

0.29 (2-OHNap), 0.24 (2-3-OHFlu), 0.60 (9-OHFlu), 0.23 (2-OHPhe), 0.71 (1-9-OHPhe), 

1.16 (3-OHPhe), 0.15 (4-OHPhe), 0.87 (1-OHPyr), 0.73 (6-OHChry), 0.54 (3-OHBeP) and 

0.32 (9-OHBeP), respectively. Internal standard recoveries (13C6-2-OHFlu, 3-OHPhe-d9, 

and 13C6-1-OHPyr) ranged from 92 ± 6.5–97 ± 10.3%.  
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     For every batch of 10 samples, a solvent blank, a spiked solvent blank (internal standards 

spiked into solvent), a matrix spike (internal standards spiked into blank urine), and duplicate 

samples were analyzed. The average recoveries in spiked solvents blanks ranged from 93 ± 

5.2 – 98 ± 7.6%, and that for matrix spikes was 90 ± 8.9 – 97 ± 6.4%. Blanks were run 

periodically and contained no detectable amount of target analyte. The coefficients of 

variation (CV) of OH-PAH in duplicate samples were less than 15%. 

 

MDA and 8-OHdG 

     Similarly, for 8-OHdG, (15N5) 8-OHdG was used as internal standard and spiked into 

urine samples prior to sample preparation and extraction. Quantification was performed using 

internal standard method (five–point calibration; 1, 5, 10, 50 and 100 ng/mL). The average 

correlation coefficients for the calibration curves were greater 0.99 for both MDA and 8-

OHdG. The LOQ for 8-OHdG was 0.6 ng/mL and average recovery ([15N5] 8-OHdG) was 

72 ± 9.8%. For every batch of 10 samples, spiked solvent blanks (8-OHdG only) and 

duplicate samples were analysed and average internal standard recovery for spiked solvents 

blanks was 104 ± 8.7%. The CV’s for duplicate samples were less than or equal to 10% 

(MDA and 8-OHdG). LOQ for MDA was 0.63 uM. 

 

Data analysis 

     Data analysis was performed using IBM SPSS v 20 for windows (SPSS Inc., Illinois, 

USA). Kolmogorov–Smirnov (K–S) and Shapiro-Wilks tests were used to determine the 

normality of data and were considered statistically significant if p value was less than 0.05. 

Concentrations of OH-PAH below their respective LOQs were replaced with a value of 

LOQ/2. Geometric mean concentrations (± geometric standard deviation) were used to 

represent the central tendency of OH-PAH in this study (Wayne, 1999). ANOVA and Tukey 

analyses of log transformed data were used to compare concentrations of OH-PAH in human 
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urine from the study areas and differences were considered statistically significant with p 

value ˂ 0.05. Pearson’s correlation of logged data was used to determine the association 

between OH-PAHs, MDA, 8-OHdG and age. Student’s T-Test was also used to compare 

distribution of OH-PAHs, MDA and 8-OHdG between male and female participants, and 

considered statistically significant if p value was less than 0.05. To examine the relationship 

between PAHs exposure and occurrence of asthma, respiratory symptoms, persistent cough 

and headache, odds ratios (ORs) were derived from the logistic regression models at 95% 

confidence interval (CI). Prior to OR calculation, receiver operating characteristic (ROC) 

was used to set the threshold values for each OH-PAH which could give most accurate 

discrimination between the positive and negative symptoms based on the questionnaire 

administered and the responses in a measurement of concentration of each OH-PAH. Logistic 

regression analysis was performed to acknowledge the association between the high exposure 

to each OH-PAH (over the threshold) and the number of clinical or respiratory symptoms. 

Statistical significance level of the tests was set at 0.05 and statistical analyses were 

performed JMP 10 statistical software (SAS Institute). 
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Results and discussion 

Urinary levels of OH-PAHs  

     As shown in Table 1, 2-OHNap, 2-3-OHFlu, 1-9-OHPhe, 2-OHPhe, 4-OHPhe and 1-

OHPyr were detected in human urine collected in Kumasi. Urinary 9-OHFlu and the high 

molecular weight, HMW (≥ 4 rings) PAHs (6-OHChry, 3-OHB(e)P and 9-OHB(a)P) were 

not detected. This trend could be due to low detection sensitivity and/or because the HMW 

PAHs, such as BaP, are mainly excreted through feces (Campo et al., 2008; Li et al., 2008).  

     K-S and S-W’s tests for normality showed a significant variation (p ˂ 0.01) in all urinary 

OH-PAHs measured. The detection frequencies (%) of urinary OH-PAHs and oxidative 

stress biomarkers in this study were 98 (2-OHNap), 87 (2-3-OHFlu), 77 (2-OHPhe), 43 (1-

9-OHPhe), 2 (3-OHPhe), 80 (4-OHPhe), 39 (1-OHPyr), 95 (MDA) and 59 (8-OHdG). 3-

OHPhe was not included in data and discussion because of the low detection frequency.  
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Table 1: Specific gravity adjusted OH-PAHs concentrations (ng/mL) in human urine 

Sample sites n  2-OHNap 2-3-OHFlu 2-OHPhe 1-9-OHPhe 4-OHPhe 1-OHPyr ΣOHPhe ΣOHPAHs MDA# 8-0HdG 

Atonsu hospital 82 GM 5.62a 0.521 b 0.181a 0.172ab 0.122a 0.145ab 0.647a 8.09a 0.958a 1.63a 

  GSD 4.24 3.99 3.86 3.77 5.63 4.64 2.84 3.35 2.26 2.26 

  Minimum  nd nd nd nd nd nd 0.103 0.511 nd nd 

  Maximum 117 8.88 2.81 2.65 2.70 2.49 7.73 120 7.56 14.4 

             

Manhyia hospital 51 GM 8.53a 1.06 a 0.170a 0.231a 0.204a 0.208a 0.899a 11.6a 0.736a 1.30a 

  GSD 3.97 3.48 4.76 4.30 4.17 4.16 2.70 3.50 2.09 2.62 

  Minimum  nd nd nd nd nd nd 0.162 1.16 nd nd 

  Maximum 224 6.54 2.27 4.04 7.19 4.54 14.2 230 8.38 7.94 

             

Tafo hospital 56 GM 5.95a 0.390bc 0.172a 0.128ab 0.131a 0.120ab 0.643a 8.05a 0.809a 1.91a 

  GSD 4.06 4.15 4.02 3.03 4.61 4.01 2.37 3.24 2.05 2.83 

  Minimum  nd nd nd nd nd nd 0.159 0.645 nd nd 

  Maximum 152 4.32 2.84 1.58 2.06 1.34 5.68 155 3.27 15.6 

n: number of samples; nd: below limits of quantification (LOQ); GM: geometric mean concentration adjusted by specific 

gravity; GSD: geometric standard deviation; # indicates concentrations in micro molar (uM); different letters (a, b, c and d) 

indicates significant differences (p ˂ 0.05) among sites
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The results of specific gravity adjusted geometric mean concentrations (GMSG ± GSD) 

showed that 2-OHNap (6.01 ± 4.21 ng/mL) was the most abundant urinary OH-PAH in 

humans from all study sites followed by 2-3-OHFlu (0.526 ± 4.16 ng/mL) > 2-OHPhe (0.171 

± 3.99 ng/mL) ≥ 1-9-OHPhe (0.160 ± 3.70 ng/mL) > 4-OHPhe (0.140 ± 4.79 ng/mL) and ≥ 

1-OHPyr (0.139 ± 4.44 ng/mL). The GMSG (± GSD) concentration (ng/mL) of the sum of 

OH-PAHs, ∑OHPAHs (2-OHNap, 2-3-OHFlu, 1-9-OHPhe, 2-OHPhe, 4-OHPhe and 1-

OHPyr) decreased in the order, Manhyia (11.6 ± 3.51) > Atonsu (8.09 ± 3.35) ≥ Tafo (8.06 

± 3.24) (Table 1). Participants who lived within high-traffic areas could be easily affected by 

traffic-related airborne PAHs (Fan et al., 2012a). 

 

Urinary 2-OHNaphthalene concentrations  

     The GMSG (± GSD) of urinary 2-OHNap in participants decreased in the order Manhyia 

(8.53 ± 3.97 ng/mL) > Tafo (5.95 ± 4.06 ng/mL) ≥ Atonsu (5.62 ± 4.24 ng/mL) (Table 1). 

Highest level of 2-OHNap (224 ng/mL) was detected in urine of a 26 year old female 

participant in Manhyia hospital who reported symptoms of persistent cough, headache, 

tachycardia, nasal congestion and inflammation, all of which are symptoms of naphthalene 

exposure. In a study by Bortey-Sam et al. (2016) urinary 2-OHNap was the most abundant 

OH-PAHs in cattle in Kumasi and Offinso, Ghana, and levels were attributed to vehicular 

emissions and use of naphthalene-containing-mothballs in water purification. The high levels 

in participants could be due to exposure through ingestion and/or inhalation, although 2-

OHNap has been proposed as a biomarker of inhalation (Kim et al., 2000). Naphthalene is 

ubiquitous in ambient air, contained in cigarrete smoke with high volumes in vehicular traffic 

(ATSDR, 2005) and is elevated in indoor air when mothballs or stoves burning biomass fuels 

or wood are used (Riojas-Rodriguez et al., 2011). Urinary levels of 2-OHNap are markers of 

vehicular traffic (Li et al., 2010) and mothball exposure (Owa et al., 1993) and correlate 

significantly with naphthalene vapour levels in personal air monitors (Li et al., 2010). 

Exposure could also be through consumption of water “purified” with naphthalene-

containing-mothballs. Naphthalene is the primary ingredient of mothballs in Ghana 
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(Soghoian et al., 2012), is frequently used in water purification (Soghoian et al., 2012), and 

drive away insects both in and outdoors (Bortey-Sam et al., 2016). In a study by Soghoian et 

al. (2012), 24% of lay person interviewed in a survey reported using ‘camphor’ (mothballs) 

routinely to purify water for drinking and bathing. Several people also gave specific recipes 

for making this ‘camphor water’ (mothballs), which they described as having a pleasing smell 

as well as internal cleansing abilities when used as a wash, gargle, drink or as an enema. 

Additionally, two physicians reported interviewing patients with haemolytic anaemia after 

ingestion of one or more whole ‘camphor’ mothballs to self-treat stomach ache, measles and 

diarrhoea. Exposure through ambient air is also possible because of its volatile nature as it is 

frequently used as insecticide and freshener in clothes.  

     Indoor exposure to naphthalene affects more than half of the world’s population and 

represents a potentially important environmental contributor to the global burden of disease 

(Jia and Batterman, 2010; Riojas-Rodriguez et al., 2011). Of the 190 urine samples collected, 

51% were above 5.8 ng/mL (SG adjusted) which was associated with chromosomal 

aberrations including translocation in children exposed to naphthalene, and are pre-cancerous 

changes in adults (Orjuela et al. 2012). 

 

Urinary 1-OHPyrene concentrations  

     1-OHPyr is the most commonly used OH-PAH biomarker and has been used to compare 

exposure to PAHs between occupational and non-occupational populations (Srogi, 2007). 

The GMSG (± GSD) of urinary 1-OHPyr detected were 0.208 ± 4.16 ng/mL (Manhyia), 0.145 

± 4.65 ng/mL, (Atonsu) and 0.120 ± 4.01 ng/mL (Tafo) (Table 1). The highest urinary 

concentration of 1-OHPyr (4.54 ng/mL) was from a 22 year old cyesis participant who visited 

Manhyia hospital. The levels in the present study could be due to exposure through vehicular 

activities or traffic. At high temperature combustion (that is during vehicular emissions) the 

HMW PAH compounds are dominant (Laflamme and Hites, 1978). In previous studies, 

pyrene was the eighth and second most abundant PAH in PM10 and soils, respectively, in 
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Kumasi and combustion of fuel was the dominant source (Bortey-Sam et al. 2013; 2014; 

2015a). Additionally, pyrene was the second most abundant in livers of wild rats in Kumasi 

(Bortey-Sam et al., 2015b). 

 

Urinary OHPhenanthrenes and OHFluorenes concentrations  

     The distribution of 2-OHPhe, 4-OHPhe and 1-9-OHPhe were not significantly different 

(p > 0.05) among participants from the hospitals (Table 1). 1-9 and 4-OH-Phes were most 

abundant (4.04 and 7.19 ng/mL, respectively) from a 22 year old participant who visited 

Manhyia hospital with ulcer and also complained of dyspnea. Urinary levels of 2-3-OHFlu 

in Manhyia hospital was significantly higher (p ˂ 0.05) than levels found in the other 

hospitals participants (Table 1). In terms of abundance, the GM concentrations of OHPhe 

isomers did not show any significant difference (p > 0.05) although the order was 2-OHPhe 

(0.171 ng/mL) ≥ 1-9-OHPhe (0.160 ng/mL) ≥ 4-OHPhe (0.140 ng/mL). In a study by Fan et 

al. (2012a), the most dominant OHPhe isomer was 1-9-OHPhe. Similarly, Thai et al. (2016) 

and Levine et al. (2015) found 1-OHPhe as most dominant while Guo et al. (2013) also 

reported 3-OHPhe as most dominant of four phenanthrene metabolites. These variations 

could be due to differences in metabolism or levels of exposure (Bortey-Sam et al., 2016).  

     The possible source of phenanthrene and fluorene exposure in Kumasi residents could be 

due to inhalation during combustion at low temperatures such as wood or grass combustion 

since the low molecular weight, LMW (˂ 4 rings) PAH compounds are abundant during low 

temperatures combustion (Lake et al., 1979). Residents in Ghana frequently practiced bush 

burning including wood/grass combustion, and exposure to phenanthrenes and fluorenes 

through these were possible. In PM10 and soils in Kumasi, wood/grass combustion was the 

second dominant source of PAHs after fuel combustion (Bortey-Sam et al., 2013; 2014; 

2015a). Additionally, in the livers of wild rats in Kumasi, phenanthrene was the most 

abundant and was significantly higher (p ˂ 0.05) than other PAHs measured (Bortey-Sam et 

al., 2015b). 
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Association between urinary concentrations of OH-PAHs, MDA, 8-OHdG with age 

     Gender and age differences have been used in various studies to predict differences in 

OH-PAHs concentrations in humans (Sul et al., 2012; Levine et al., 2015; Bartolomé et al., 

2015). As shown in Table 2, there was no association between urinary OH-PAHs 

concentrations and age, which is similar to studies by Thai et al. (2016). The non-linear 

relationship suggests adult-specific behaviours or exposure sources to PAHs that are not 

experienced by the other age groups (ABS, 2013). 
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Table 2: Correlation between urinary concentrations (ng/mL) of OH-PAHs, MDA, 8-OHdG and age of participants in Kumasi, 

Ghana 

 2-OHNap 2-3-OHFlu 2-OHPhe 1-9-OHPhe 4-OHPhe 1-OHPyr ΣOHPhe ΣOHPAHs MDA 8-0HdG Age (yrs)  

2-OHNap 1           

2-3-OHFlu 0.554** 1          

2-OHPhe 0.492** 0.634** 1         

1-9-OHPhe 0.432** 0.673** 0.741** 1        

3-OHPhe 0.164* 0.062 0.229** 0.239**        

4-OHPhe 0.424** 0.659** 0.623** 0.732** 1       

1-OHPyr 0.451** 0.524** 0.638** 0.695** 0.726** 1      

ΣOHPhe 0.503** 0.726** 0.879** 0.883** 0.854** 0.767** 1     

ΣOHPAHs 0.966** 0.674** 0.604** 0.552** 0.545** 0.546** 0.639** 1    

MDA 0.359** 0.223** 0.399** 0.200** 0.146* 0.136 0.216** 0.362** 1   

8-0HdG 0.120 0.119 0.074 0.062 0.149* 0.088 0.123 0.138 0.088 1  

Age (yrs) 0.159 0.158 0.163 0.087 0.074 0.051 0.132 0.189 0.009 0.138 1 
 * Indicates significance at p ˂ 0.05; ** Indicates significance at p ˂ 0.01
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     For example, in Ghana (WHO, 2006) like Australia (ABS, 2013), smoking rates were 

higher in adolescents (13-15%) and adults (≥ 15%) than among the other age groups. Because 

smoking is a major source of PAH exposure among non-occupationally exposed population 

(Srogi, 2007), different smoking rates by different age groups could have contributed to the 

age-dependent profile of OH-PAH concentrations seen in this study (Thai et al., 2016). Of 

the 141 participants who answered, 13 smoked while 128 including children did not, in this 

study. Additionally, according to NHANES 1999–2002 data, income level and to lesser 

extent education attainment, were significant determinants of urinary excretion of PAH 

metabolites (Suwan-ampai et al., 2009). 

     Among the various age groups (Table 3), there was no significant difference in all 

measured urinary concentrations of OH-PAHs MDA and 8-OHdG except for 1-9-OHPhe 

which was significantly higher (p ˂ 0.05) in age group 61-85 compared to 41-60. The 

∑OHPAHs, although not significant, was highest in age groups 21-85, with MDA and 8-

OHdG highest in age groups 21-60 (Table 3). The lower concentrations at this age (3-20 

years) could reflect lower exposure to PAHs and thus potentially reduce the health effects 

among the group as suggested by Perera et al. (2014). This results is consistent with the 2012 

Cancer Summary data from the Kumasi Cancer Registry (KsCR) (Population-based cancer 

registry, PBCR), where the incidence rate of cancer in Kumasi is stable or low from 0-19 

years, and gradually increases with age and the peak incidence being at ages 40-64 (males) 

and 30-69 (females), then decreases around age 70 (KsCR (Population-based cancer registry 

2012; Laryea et al., 2014).  

     Similarly, in a study by Thai et al. (2016), urinary concentrations of OH-PAHs were low 

in infants (0-4), children (5-14) and the elderly (over 60 years) than in adolescents and adults 

(15-59 years). 
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Table 3: Age differences in urinary concentrations (ng/mL) of OH-PAHs, MDA, and 8-OHdG among participants in Kumasi, 

Ghana 

Age groups  n 2-OHNap 2-3-OHFlu 2-OHPhe 1-9-OHPhe 4-OHPhe 1-OHPyr ΣOHPhe ΣOHPAHs MDA# 8-0HdG 

Ages 3-20 GM 36 4.99a 0.501a 0.145a 0.134ab 0.113a 0.141a 0.576a 6.94a 0.813a 1.01a 

 GSD  3.84 3.75 3.81 3.93 3.38 3.31 2.61 3.32 4.23 1.99 

 Minimum  0.709 nd nd nd nd nd 0.137 1.16 nd 0.206 

 Maximum  62.6 3.46 1.08 1.42 0.922 0.922 3.46 63.1 8.38 2.01 

             

Ages 21-40 GM 94 5.28a 0.552a 0.170a 0.174ab 0.147a 0.143a 0.716a 7.69a 0.914a 1.83a 

 GSD  4.04 4.61 4.16 3.93 5.72 5.53 2.88 3.33 2.01 2.52 

 Minimum  nd nd nd nd nd nd 0.102 0.511 nd nd 

 Maximum  224 8.88 2.81 4.04 7.19 4.54 14.2 230 7.56 12.9 

             

Ages 41-60 GM 29 9.88a 0.652a 0.251a 0.125b 0.114a 0.137a 0.654a 12.8a 0.928a 2.29a 

 GSD  4.97 2.83 3.04 3.73 5.30 3.23 2.31 3.50 1.97 2.93 

 Minimum  nd nd nd nd nd nd 0.137 0.644 nd nd 

 Maximum  152 2.85 2.84 0.575 0.772 0.622 5.68 155 6.59 15.6 

             

Ages 61-85 GM 31 9.10a 0.745a 0.240a 0.369a 0.216a 0.224a 1.03a 12.7a 0.751a 0.959a 

 GSD  4.96 4.56 4.18 3.16 5.73 4.40 3.07 4.20 1.58 1.53 

 Minimum  nd nd nd nd nd nd 0.182 0.549 nd nd 

 Maximum  117 6.54 1.67 2.02 2.49 2.49 5.24 125 1.45 1.81 

n: number of samples; nd: below limit of quantification; GM: geometric mean concentration adjusted by specific gravity; GSD: 

geometric standard deviation; # indicates concentrations in micro molar (uM); different letters (a, b, c and d) indicates significant 

differences (p ˂ 0.05) among age groups 
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Association between urinary concentrations of OH-PAHs, MDA, 8-OHdG with sex 

     For sex differences, significantly higher (p ˂ 0.05) urinary concentrations of OH-PAHs 

(2-OHNap, 2-3-OHFlu, 1-9-OHPhe, 4-OHPhe, 1-OHPyr, ∑OHPhe and ∑OHPAHs) were 

observed in females compared to males (Table 4). Although gender variation for 8-OHdG 

agreed with the fact that micronuclei rate (an indicator of genetic damage) was higher for 

females (Yang et al. 2015), urinary concentrations of MDA and 8-OHdG in this study were 

higher (p > 0.05) in male participants than females (Table 4). The differences could be 

impacted by many factors, including lifestyle/behaviours not captured in this study or 

differences in genetic factors impacting metabolism of these compounds, such as 

polymorphism in acetylators genes (Levine et al., 2015; Al-Daghri et al., 2013; Hansen et al., 

2008). In addition to other exposure sources, this could be due to the fact that the daily 

tobacco smoking, which contains other contaminants other than PAHs, was 4 times higher 

in males (7) than females (1.7) (WHO, 2011) and percent of tobacco use in persons 15 years 

of age or older in Ghana was 13 times higher in males (9.5) than females (0.7) (WHO, 2010). 

Females could also be exposed to higher levels of PAHs because they usually burned 

firewood/charcoal for cooking and/or cooked (fried, grilled, smoked, etc.) for their families. 

These activities have been associated with PAHs exposure in previous studies (Motorykin et 

al., 2015). 

     2-OHNap was 3 times higher in females than males (Table 4). This trend is similar to 

studies by Orjuela et al. (2012) and Guo et al. (2014), in which the urinary levels of 1-OHNap, 

2-OHNap, ∑OHNap, 1-OHPhe, 9-OHPhe, ∑OHPhe, 1-OHPyr, and ∑OHPAHs were all 

significantly or marginally higher among women than men workers. However, a study by 

Thai et al. (2016) in human urine showed no association between sex and urinary OH-PAHs 

concentrations. When exposed to similar levels of PAHs, women had significantly higher 

micronuclei frequencies than men (Guo et al., 2014). Emerging evidence also indicates that 

women may be at greater risk of lung cancer than men, because the elevated activity of 

CYP1A1 enzymes in women can produce higher levels of DNA adducts, and women have 

lower DNA repair capacity than men (Mollerup et al., 2006; Uppstad et al., 2011). In contrast, 
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Sul et al. (2012) and Bartolomé et al. (2015) observed significantly higher levels of urinary 

2-OHNap and ∑OHPhes, respectively, in men than females, and suggested that gender were 

predictors of urinary 2-OHNap concentrations (Sul et al., 2012). These differences could be 

due to variations in levels and route of exposure to PAHs. Additionally, several non-

pharmacogenetic factors such as age, gender, disease factors or exposure to environmental 

pollutants might contribute to the expression and regulation of hepatic P450 in human 

(Guengerich, 2002; Nebbia, 2001).

 

 

 

 



77 

 

Table 4: Distribution of SG adjusted urinary OHPAHs, MDA and 8-OHdG concentrations (ng/mL) in males and females in 

Kumasi, Ghana 

Sex  n 2-OHNap 2-3-OHFlu 2-OHPhe 1-9-OHPhe 4-OHPhe 1-OHPyr ΣOHPhe ΣOHPAHs MDA# 8-0HdG 

Males Geo mean 57 3.09 a 0.320a 0.140a 0.114a 0.0998a 0.0932a 0.522a 4.65a 0.933a 1.78a 

 Geo SD  3.55 4.01 3.45 3.89 4.38 4.30 2.44 2.88 2.74 2.63 

 Minimum   nd nd nd nd nd nd 0.102 0.549 nd nd 

 Maximum  73.6 4.81 1.89 1.58 2.49 2.49 5.24 75.0 8.38 12.9 

             

Females Geo mean 133 8.27 b 0.666b 0.188a 0.188b 0.165b 0.169b 0.774b 11.1b 0.808a 1.58a 

 Geo SD  4.08 4.01 4.23 3.51 4.90 4.36 2.66 3.37 2.08 2.46 

 Minimum   nd nd nd nd nd nd 0.137 0.511 nd nd 

 Maximum  224 8.88 2.84 4.04 7.19 4.54 14.2 230 7.56 15.6 

n: number of samples; nd: below limit of quantification; GM: geometric mean concentration adjusted by specific gravity; GSD: 

geometric standard deviation; different letters (a and b) indicate significant differences (Student’s T-Test; p ˂ 0.05); # indicates 

concentrations in micro molar (uM) 
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Association between PAHs exposure and respiratory/clinical symptoms 

     Based on ROC, threshold values obtained were used to determine the odds ratio (OR) 

(Table 5). Odds ratio (OR) analysis was used to find/predict the association between PAHs 

exposure and occurrence of respiratory symptoms, asthma, persistent cough and headache. 

As shown in Table 5, exposure to PAHs (naphthalene, fluorene and phenanthrene) at 

concentrations above the threshold significantly increases the odds of occurrence of 

persistent cough (OR = 2.5, CI: 1.33-4.70), persistent headache (OR = 1.89, CI: 1.66-3.36), 

RTI (OR = 46.2, CI: 2.88-742), tachycardia (OR = 3.65, CI: 1.50-8.88) and dyspnea (OR = 

4.11, CI: 1.75-9.65) among Kumasi residents. Additionally, in both sexes, the results showed 

a significant relationship (p ˂ 0.05) between naphthalene exposure and occurrence of 

tachycardia (OR = 3.36, CI: 1.39-8.1), dyspnea (OR = 3.07, CI: 1.27-7.43), persistent cough 

(OR = 2.68, CI: 1.43-5.05) and persistent headache (OR = 1.82, CI: 1.02-3.26) (Table 5). 2-

OHNap concentration over 16.6 ng/mL increased the occurrence of asthma in both sexes 

though there was no significant association (OR = 5.11; CI: 0.82-31.5).  

Gender differences revealed that, in females, occurrence of persistent headache (OR = 2.51, 

CI: 1.04-4.29) and dyspnea (OR = 3.30, CI: 1.21-8.99) at urinary 2-OHNap concentrations 

above the respective thresholds were significantly higher (p ˂ 0.05) than males (Table 5). 

However, occurrence of persistent cough in males are more associated with urinary 2-OHNap 

concentrations above 8.39 ng/mL (OR = 4.44, CI: 1.05-18.6) compared with females (OR = 

2.39, CI: 1.11-5.04). 

 

     Living in high-traffic areas and/or exposure to diesel exhaust particles have been 

associated with increased respiratory symptoms and impaired lung function in humans 

(Dockery et al. 1989; Rudell et al. 1996; Gehring et al. 2002; Wyler et al. 2000; Northridge 

et al. 1999). The high occurrences and odds of respiratory symptoms, asthma, persistent 

cough and headache among Kumasi residents could be due to high exposure to PAHs from 

fuel, wood/grass combustion and also exposure through the use of naphthalene-containing-

mothballs in drinking water purification, treatment of various ailment, drive away insects 

and/or freshener in clothes.
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Table 5: OR (95% CI) for the presence or absence of clinical/respiratory symptoms in Kumasi residents due to PAHs exposure  

   Both sexes   Male    Female    

OHPAH Clinical symptom Threshold  OR  CI CI p value OR  CI CI p value OR CI CI p value 

2-OHNap Persistent cough 8.39 2.68 1.43 5.05 0.0018 4.44 1.05 18.6 0.03 2.368 1.11 5.04 0.02 

 Persistent headache 7.55 1.82 1.02 3.26 0.04 0.461 0.149 1.42 0.17 2.5115 1.04 4.29 0.03 

 Asthma 16.5 5.11 0.82 31.5 0.05     3.355 0.538 20.9 0.17 

 Wheezing 7.08 1.18 0.07 19.2 0.9     0   0.10 

 Respiratory tract infection 3.11    0.22     20.33 1.42 290.6 0.002 

 Upper respiratory congestion 8.88 0.31 0.03 2.71 0.26 2.61 0.213 31.9 0.43 0   0.08 

 Tachycardia 14.1 3.36 1.39 8.1 0.004 8.83 0.61 127 0.06 2.176 0.828 5.718 0.10 

 Rhinitis/NCI 3.11         2.715 0.507 14.54 0.22 

 Dyspnea 6.6 3.07 1.27 7.43 0.0098 2.38 0.51 11.06 0.25 3.308 1.217 8.99 0.01 

∑OHPhes Persistent cough 1.16 2.09 1.09 4 0.023 0.73 0.219 2.43 0.60 2.03 0.958 4.298 0.06 

 Persistent headache 1.17 1.46 0.785 2.73 0.228 5.05 0.924 27.6 0.04 0.5368 0.263 1.093 0.08 

 Asthma 1.21 10.5 1.14 96.2 0.0107     3.23 0.518 20.12 0.18 

 Wheezing 0.186    0.65     0.0677 0.00387 1.187 0.01 

 Respiratory tract infection 1.49 7.35 0.649 83.1 0.06     1.453 0.127 16.56 0.76 

 Upper respiratory congestion 0.892 7.95 0.91 69.5 0.02         

 Tachycardia 1.42 4.76 1.95 11.5 0.0002 26.5 2.36 296.6 0.0004 3.153 1.182 8.41 0.01 

 Rhinitis/NCI 0.855 6.43 1.32 31.1 0.009 9.2 0.758 111 0.04 3.207 0.598 17.18 0.15 

 Dyspnea 1.45 3.4 1.45 8 0.003 11.75 2.1 65.7 0.0012 2.32 0.844 6.38 0.09 

∑OHPAHs Persistent cough 11.7 2.5 1.33 4.7 0.003 3.61 0.898 14.5 0.06 1.917 0.918 3.999 0.08 

 Persistent headache 8.92 1.89 1.06 3.36 0.029 0.3809 0.1145 1.267 0.10 1.735 0.859 3.5 0.12 

 Asthma 19.7 2.41 0.39 14.9 0.328     3.65 0.58 22.61 0.14 

 Wheezing 10.1    0.205     0   0.10 

 Respiratory tract infection 125 46.2 2.88 742 0.0001     30.75 1.91 494.3 0.0003 

 Upper respiratory congestion 13.6 0   0.07 9.2 0.758 111.6 0.04 0   0.12 

 Tachycardia 13.5 3.65 1.5 8.88 0.002 2.722 0.242 30.5 0.40 2.44 0.928 6.43 0.06 

 Rhinitis/NCI 13.2 2.85 0.776 10.4 0.10     3.1 0.578 16.61 0.16 
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 Dyspnea 19.7 4.11 1.75 9.65 0.0006 5.375 1.109 26.04 0.025 5.2 1.861 14.56 0.0008 

OR: Odds ratio; CI: 95% Confidence Interval; Threshold values were expressed in ng/mL; ∑OHPhes: sum of OHPhes; 

∑OHPAHs: sum of OH-PAHs; NCI: nasal congestion or inflammation 
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Human health risk implications 

     As shown in Table 2, urinary concentrations of 2-OHNap, 2-3-OHFlu, 2-OHPhe, 1-9-

OHPhe, 4-OHPhe, ΣOHPhe and ΣOHPAHs increased significantly (p < 0.05) as MDA 

increases. However, there was no significant association between 8-OHdG and OH-PAHs 

studied except for 4-OHPhe (p < 0.05). This trend is quite similar to previous studies where 

urinary 8-OHdG and/or MDA gradually increased as the environmental exposure levels to 

PAHs increased (Kuang et al., 2013; Li et al., 2015; Yang et al., 2015), although strong 

correlation between urinary ∑OHPAHs and 8-OHdG was not established in non-

occupational population (Fan et al., 2012b).  

     MDA has potential to react with nucleic acid bases to form DNA adducts, create DNA 

interstand crosslinks, and even generate DNA protein cross-links (Del Rio et al., 2005). These 

reaction products have been demonstrated to be involved in the onset and development of a 

series of adverse health effects including cardiovascular diseases, diabetes, and cancers 

(Dierckx et al., 2003; Wu et al., 2004). Similarly, urinary 8-OHdG has also been indicated as 

a risk factor for atherosclerosis, diabetes, and various cancers (Wu et al., 2004). Increased 

oxidative stress levels reportedly correlated with many chronic degenerative diseases such as 

allergic inflammatory diseases (Bartsch and Nair, 2004), obesity and atherosclerosis 

(Kobayashi et al., 2011; Wu et al., 2004) which were some of the symptoms obtained from 

participants in this study during the face-to-face interview. For instance, the questionnaire 

revealed that 10% of participants were diabetics and 2% had arthritis. Of 33 participants that 

we calculated body mass index, 33% (11) were overweight and 21% (7) were obese.  

     In addition, the high prevalence of glucose-6-phosphate dehydrogenase (G6PD) 

deficiency in the Ghanaian population may increase the risk of toxic effects from ingestion 

of mothballs or other naphthalene-containing products (Soghoian et al., 2012). 
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Conclusions 

     Urinary 2-OHNap was the most abundant PAH metabolites excreted in humans in the 

Kumasi metropolis of Ghana and naphthalene exposure through the frequent use of 

naphthalene-containing-mothballs in drinking water purification, drive away insects, 

freshener in clothes have contributed significantly. The present study showed a significant 

sex difference with higher levels of urinary OH-PAHs in women than men. Exposure to 

PAHs significantly increases the odds of occurrence of persistent cough, persistent headache, 

RTI, tachycardia and dyspnea among Kumasi residents. Gender differences revealed that the 

occurrence of persistent headache and dyspnea due to naphthalene exposure were 

significantly higher in females than males. There was no association between urinary OH-

PAHs concentrations and age, with MDA and 8-OHdG highest in age groups 21-60. The 

high prevalence of G6PD deficiency in the Ghanaian population and the significantly positive 

association between urinary MDA, 8-OHdG and OH-PAHs concentrations could suggest 

lipid peroxidation/cell damage or chronic degenerative diseases including cardiovascular 

diseases to Kumasi residents through PAHs exposure. 
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     Contamination of rural and urban environments with PAHs from fuel, wood or grass 

combustion and the frequent use of naphthalene-containing-mothballs for various purposes 

in Ghana could cause health related problems. For both cattle and human, urinary 

concentrations of 2-OHNap was the most abundant PAH metabolites and for cattle, levels 

were higher in male compared to females. On the other hand, levels of 2-OHNap and other 

metabolites were higher in female participants than males, while MDA and 8-OHdG were 

higher in males. Cattle in Kokote, a rural and agricultural area, were exposed to significantly 

higher levels of PAHs than from the other sites. For human participants, the highest 

concentrations of the sum of OH-PAHs were from those who visited the Manhyia hospital, 

which is just about 5 km from the city centre where concentrations and risks of PAHs in 

environmental samples were significantly higher. The present study revealed that exposure 

to PAHs significantly increases the odds of occurrence of persistent cough, persistent 

headache, RTI, tachycardia and dyspnea among Kumasi residents. The high levels of 2-

OHNap and the high prevalence of G6PD deficiency in the Ghanaian population could 

increase the risk of toxic effects from the ingestion and exposure to mothballs or other 

naphthalene-containing products. ∑OHPAHs, 2-OHNap, 2-3-OHFlu, and -OHPhe showed a 

significantly positive correlation with MDA and 4-OHPhe with 8-OHdG, indicating possible 

lipid peroxidation/cell damage in some participants. There was no association between 

urinary OH-PAHs concentrations with age; while MDA and 8-OHdG were highest in age 

group 21-60. 
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Section 2 

Heavy metals and metalloid 
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General introduction 

     Contamination of the environment with heavy metal/metalloids is an issue of worldwide 

concern because of the several health related problems (Varol, 2011; Yaylalı–Abanuz, 2011; 

Mireles et al., 2012). Metals are found naturally in the environment, although anthropogenic 

activities including mining have caused elevated levels. 

     The mining industry of Ghana accounts for 5% of the country's GDP and minerals make 

up 37% of total exports, of which gold contributes over 90% of the total mineral exports. 

Ghana was Africa's largest gold producer, producing 80.5 tonnes in 2008 and is also a major 

producer of bauxite, manganese and diamonds. Ghana has 23 large-scale mining companies 

producing gold, diamonds, bauxite and manganese, and, there are also over 300 registered 

small scale mining groups and 90 mine support service companies (Mining Industry of 

Ghana). 

     In Ghana, mercury is applied in gold mining because it provides a cheap and effective 

means to extract gold. However, due to present regulations on its use (Mercury Act, 1989), 

it is no longer used in large-scale operations although small-scale gold miners continue to 

apply it illicitly. The large-scale operators complied with new laws and regulations 

controlling the use of mercury, and switched to usage of cyanide instead. The difficulty in 

obtaining the metal due to present regulations and cost has forced small-scale operators to 

recover the mercury and reuse it (Hogarh et al., 2016). This practice directly exposes them 

to mercury, especially from dermal contact (during the field visit galamsey operators directly 

handled mercury in their palm) (Hogarh et al., 2016). The continuous application of mercury, 

however, raises serious environmental health concerns. Inorganic mercury may cause various 

neurotoxic effect and damages to human organs such as the kidney (Langford and Ferner, 

1999). 

 

https://en.wikipedia.org/wiki/GDP
https://en.wikipedia.org/wiki/Mineral
https://en.wikipedia.org/wiki/Gold
https://en.wikipedia.org/wiki/Bauxite
https://en.wikipedia.org/wiki/Manganese
https://en.wikipedia.org/wiki/Diamond
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     Tarkwa is located in the south-west of Ghana and is one of the major mining towns in 

Ghana. The rapid industrialization and mining activities over the past decades has brought 

significant environmental problems with metals and metalloids (Amonoo-Neizer et al., 1995). 

A major aspect of the fate of these contaminants in the environment concerns their settling 

into soils and migration into water bodies, especially via runoffs. These could in turn 

contaminate food crops as the water is used for irrigation purposes. Accumulation of metals 

(in soil) could also degrade soil quality; reduce yield and quality of agricultural products. 

More importantly, the metals bioaccumulate in the edible parts of crops and thus negatively 

impact the health of human, animals and the ecosystem (Khan et al., 2008; Nagajyoti et al., 

2010). Food consumption has been identified as the major pathway of human exposure, 

accounting for ˃90% compared to other ways of exposure such as inhalation and dermal 

contact (Loutfy et al., 2006). 

     Acute and chronic intake of heavy metals and metalloids above their safe threshold in 

humans and animals have damaging effects and can cause non–carcinogenic and 

carcinogenic effects such as neurologic involvement, liver disease/cancer (John and Andrew, 

2011; Lai et al., 2010; Zheng et al., 2007; (Kapaj et al., 2006; Lin et al., 2013). In 2015, 

lifeless bodies of two kids were retrieved after they fell into a pit dug in search of precious 

minerals in Ghana. The mothers of the kids said while engaged in galamsey (illegal mining), 

they left the kids to idle, playing around open pits (Ghana News; November, 2015. Available 

online: http://myjoyonline.com/news/2015/November-9th/two-kids-die-after-falling-into-

galamsey-pit.php). 

     Due to continuous growth of mining, mine leakages and the lack of thorough study in 

Tarkwa, Ghana, this section focuses on determining the distribution, sources and risks of 

heavy metals and a metalloid in the ecosystem. 

 

 

 

http://myjoyonline.com/news/2015/November-9th/two-kids-die-after-falling-into-galamsey-pit.php
http://myjoyonline.com/news/2015/November-9th/two-kids-die-after-falling-into-galamsey-pit.php
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Chapter 1  

Ecological risk of heavy metals and a metalloid in agricultural 

soils in Tarkwa, Ghana 
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Introduction 

     Heavy metal and metalloids pollution in the environment has become an important issue 

worldwide due to the abundance of sources, their environmental persistence, and potential 

toxicity to ecological receptors (Lim et al., 2008; Kumar et al., 2008; Wei and Wang, 2010; 

Varol, 2011; Yaylali-Abanuz, 2011). The accumulation of heavy metals in soils is affected 

by many environmental variables, including parent material, soil properties, as well as by 

human activities and point sources. The rapid development and industrialization including 

mining activities over recent decades in Ghana’s Tarkwa region has brought significant 

environmental problems. For example, a number of researchers have documented widespread 

contamination in this region with toxic metals, such as arsenic and mercury, in water, soil, 

plant, food and humans (Smedley and Kinniburgh, 2002; Asante et al., 2007; Obiri, 2007; 

Akoto et al., 2014, Bortey-Sam et al., 2015c). 

     Many metals bioaccumulate in the edible parts of crops and thus negatively impact the 

health of human, animals and the ecosystem (Khan et al., 2008; Nagajyoti et al., 2008). 

Amongst the many potential metals that may contaminate agricultural and ecological 

systems, arsenic (As), cadmium (Cd), cobalt (Co), chromium (Cr), copper (Cu), mercury 

(Hg), nickel (Ni), lead (Pb) and zinc (Zn) are perhaps the most important (Alloway,  2013). 

Many of these elements, especially As and Hg, are found in rather high concentrations in 

mining areas of Ghana (Smedley and Kinniburgh, 2002; Asante et al., 2007; Obiri, 2007; 

Bortey-Sam et al., 2015c; Hayford et al., 2008). 

     Studies conducted by Hayford et al. (2008) on the impact of gold mining in soil collected 

around mining communities in Tarkwa showed high levels of some toxic metals including 

As and Hg. However, there is limited or no data from literature on the potential ecological 

risk of heavy metals and a metalloid in agricultural soils in Tarkwa, Ghana. The objectives 

of this study were therefore to increase understanding of the ecological risk that may be posed 

by metals contamination in the Tarkwa region of Ghana. Specifically, the study aimed to 

determine the concentrations of heavy metals and a metalloid in agricultural soils in 19 
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communities in Tarkwa; to identify the relationship between heavy metals and soil 

properties; to identify the potential sources of the metals; and to estimate the potential risk of 

heavy metals and a metalloid in agricultural soils to the ecological system in Tarkwa. 
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Materials and methods 

Study area 

     Tarkwa (05°18′00″N; 01°59′00″W) is a town in the southwest of Ghana, located about 

120 miles west of the capital city, Accra. As of 2010, Tarkwa was estimated to have a 

population of 90,477 (Ghana Statistical Service 2010). It is a noted centre for gold and Mn 

mining. Tarkwa mine, which is a large open–cast gold mine, is situated to the northwest of 

the town, and Nsuta manganese mine is situated to the east. Tarkwa has a long history of gold 

mining and perhaps the greatest concentration of mining companies including illegal mining 

(galamsey) activities in the West African sub-region (Akabzaa and Darimani 2001). 

 

Sample collection and analysis 

     In June 2012, a total of 142 soil samples (0–10 cm top layer) were randomly collected 

from 19 communities in Tarkwa. These sites were selected because of the agricultural 

activities and also to represent a wide area of the town. Global positioning system (GPS) was 

used to locate the sampling locations/positions and some sites in Badukrom, Wangarakrom 

and T-Tamso were approximately 3, 3.4 and 5.2 km away from the mines, respectively. 

Communities such as Pepesa, Mile 10 and Techiman were farthest away from the mines with 

average distances of 11, 13 and 14 km, respectively (Fig. 1). 

http://tools.wmflabs.org/geohack/geohack.php?pagename=Tarkwa&params=05_18_00_N_01_59_00_W_type:city
http://en.wikipedia.org/wiki/Ghana
http://en.wikipedia.org/wiki/Accra
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Fig. 1 Map showing surface soil sampling locations in Tarkwa, Ghana (yellow, red and blue pins indicate sampled communities, 

gold mines and reference site (UMaT) respectively)
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     In addition, due to the lack of background concentrations in agricultural soils in Tarkwa, 

Ghana, 5 soil samples were collected from the University of Mines and Technology (UMaT) 

campus for data comparison (reference values), and to evaluate the extent of metal pollution 

in this study. UMaT is a public university located in Tarkwa, Ghana, and because of the low 

vehicular movement and industrial (mining) activities, heavy metals from point sources were 

assumed to be negligible. Samples were collected using a stainless steel scoop and stored in 

labeled corning tubes (Corning Incorporated, New York, USA) (Bortey-Sam et al., 2014). 

The soil samples obtained were stored at –20oC in the Department of Chemistry, KNUST, 

Ghana and later transported to the Laboratory of Toxicology, Graduate School of Veterinary 

Medicine, Hokkaido University, Japan, where they were stored at –30oC until analysis. A 

map showing the sampling locations is presented in Fig. 1. 

     Prior to chemical analyses, the soil samples were air dried at room temperature and passed 

through a 2 mm sieve to remove coarse debris (Bortey-Sam et al., 2014). Approximately 0.5 

g of soil sample was weighed into a prewashed digestion vessel. The samples were digested 

(Speedwave two, Berghof, Germany) using 10 ml of 60% nitric acid (Kanto Chemical 

Corporation, Tokyo, Japan). The microwave unit was calibrated to a temperature of 200oC 

and digestion was allowed for 45 min at 180 psi. After cooling, samples were filtered into 

corning tubes (Corning Incorporated, New York, USA) using ashless filter paper 5B 

(Advantec, Tokyo, Japan). The solution was standardized to 50 ml using distilled, deionised 

water. Method blanks were prepared using the same procedure. 

     Concentrations of As, Cd, Co, Cr, Cu, Ni, Pb and Zn were measured by an Inductively 

Coupled Plasma–Mass Spectrometer (ICP–MS; 7700 series, Agilent technologies, Tokyo, 

Japan) and expressed in mg/kg dry weight (dw). On the other hand, concentration of total Hg 

(Hg) in soil sample was measured by thermal decomposition, gold amalgamation and atomic 

absorption spectrophotometry (Mercury Analyzer, MA–3000, Nippon Instruments 

Corporation, Tokyo, Japan), after preparation of the calibration standard. 
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Quality control and quality assurance 

     For quality control, blanks were analyzed after every 10 sample analyses. The instrument 

was calibrated using standard solutions of the respective metals (to establish standard curves 

before metal analysis). All chemicals and standard stock solutions were of analytical–reagent 

grade (Wako Pure Chemicals, Osaka, Japan). The detection limits (ng/g) of As, Cd, Co, Cr, 

Cu, Ni, Pb, and Zn were 0.002, 0.001, 0.0001, 0.007, 0.004, 0.004, 0.001, 0.046, respectively. 

For metals, reference materials SRM 1944 (New York/ New Jersey Waterway Sediment) and 

BCR–320 (Channel Sediment, IRMM, Belgium) were used for method validation. Replicate 

analyses of these reference materials showed good accuracy with recovery rates ranging from 

80% ̶ 115%. Recovery rates (%) of Hg for the three certified reference materials (BCR–320R, 

SRM 1944, and DOLT–4) ranged from 92–103. The detection limit of Hg in soil samples 

was 2.0 pg total Hg. 

     The water content of each soil sample was measured after 12 h of drying in an oven at 

105 oC. Soil organic matter (SOM) content was determined by loss of weight on ignition at 

oven temperature of 600oC for 5 h. pH was measured in a soil deionized water suspension 

(soil: water, 1:2.5 by volume) by a calibrated pH meter. 
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Statistical analysis 

     Statistical analyses were performed using SPSS 20.0 (IBM SPSS Inc., Chicago, USA). 

Kolmogorov–Smirnov and Shapiro–Wilk’s tests were used to determine the normality of 

data and was considered statistically significant if p value was less than 0.05. Statistical 

analyses were carried out after data were log transformed (normalized). Principal component 

analysis (PCA) is a statistical method used to determine components that are linear 

combinations of the original variables and was performed using JMP 10 statistical software 

(SAS Institute). In order to identify the important parameters which affect the chemistry of 

soil and to investigate the possible sources of different metals, Pearson’s correlation matrix 

and PCA were used, respectively. The principal components based on log transformed data 

were extracted with eigenvalues >1 through a varimax rotation. Spearman and Pearson’s 

correlation were used to determine the relationship between concentrations of metals and 

distance from the mines, and was considered significant if p value was less than 0.05.  
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Results and Discussion 

Concentrations of heavy metals in soils 

     Table 1 shows the mean (±SD) concentrations of As, Cd, Co, Cr, Cu, Hg, Ni, Pb, and Zn 

in soil in 19 communities in Tarkwa. From Table 1, the mean concentrations of eight heavy 

metals and a metalloid decreased in order of Zn ˃ Cr ˃ Pb ˃ Cu ˃ As ˃ Ni ˃ Co ˃ Hg ˃ Cd. 

The high variability in concentration was illustrated by the Shapiro-Wilks and Kolmogorov-

Smirnov (K-S) tests, showing an abnormal distribution of raw data for all the heavy metals 

(Table 1; p < 0.0001). This variability could be due to the large sampling area of 19 

communities. Industrial activities including mining could be associated with heavy metals 

discharge in some areas and could explain this variability.  

     The average concentrations of metals in the 19 communities were generally below the 

corresponding ecological-soil screening levels (ECO-SSL) for plants, soil invertebrates and 

mammalian wildlife established by the United States Environmental Protection Agency 

(USEPA, 2003; 2004) (Table 1). However, some communities/sample sites showed higher 

values than the USEPA ECO-SSL (USEPA, 2003; 2004) and Kabata-Pendias and Sadurski 

(2004) recommended levels (Table 1). For instance, two sites in Badukrom and 

Wangarakrom had higher Hg concentrations than the Maximum Allowable Concentrations 

(MAC) of 0.5–5 mg/kg in agricultural soils (Kabata-Pendias and Sadurski, 2004). These 

results indicated a possible influence of artisanal and small-scale gold mining activities in 

the study area since Hg is used to amalgamate gold from ore. Further, such influence is 

consistent with the high coefficients of variation (CV) found for most of the measured heavy 

metals, (CV values ranged from 50% [Cu]–147% [Ni]; Table 1) (Manta et al., 2002; Hani 

and Pazira, 2011).  

     As shown in Table 1, the highest mean concentrations of Pb and Hg were in T–Layout 

and Badukrom, respectively, while highest mean concentrations of As, Cd, Co, Cr, Cu, Ni 

and Zn were in T–Tamso. The high levels of metals and a metalloid in soil in T-Tamso could 

be attributed to the proximity of some sample sites to the mines. 
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Table 1: WC%, SOM%, soil pH and mean concentrations (± SD; mg/kg dw) of heavy metals and a metalloid in soil in Tarkwa 

Sample sites n  WC SOM soil pH As   Cd   Co   Cr  Cu  Hg Ni  Pb   Zn  

Teberebe 8 Mean 1.1 2.5 7.6 2.6 0.038 3.0 35 8.9 0.072 4.5 6.1 39 

  SD 0.48 1.5 0.11 1.2 0.017 2.4 20 6.5 0.044 2.9 1.7 17 

Mile 6 7 Mean 0.94 2.2 7.5 2.2 0.020 2.1 30 9.3 0.018 2.6 3.2 12 

  SD 0.65 1.9 1.1 1.2 0.010 1.1 16 6.8 0.018 1.2 1.7 11 

Mile 7 8 Mean 0.91 1.8 7.3 1.0 0.011 0.67 13 2.8 0.030 1.1 1.5 9.7 

  SD 0.31 1.1 1.1 0.51 0.010 0.45 17 1.4 0.011 0.64 0.81 3.3 

Mile 8 7 Mean 0.88 1.8 7.1 1.3 0.022 0.74 9.9 2.8 0.19 1.5 2.3 23 

  SD 0.53 0.72 1.0 0.72 0.011 0.68 4.2 1.6 0.26 0.91 0.75 13 

Techiman 8 Mean 0.66 1.8 6.2 1.0 0.020 1.6 11 5.5 0.17 3.1 2.7 32 

  SD 0.78 1.0 1.2 0.44 0.021 1.7 5.0 4.0 0.14 3.0 1.6 45 

Mile 9 8 Mean 0.50 2.1 5.8 1.8 0.011 0.80 15 2.5 0.033 1.6 2.0 11 

  SD 0.19 2.0 0.31 1.5 0.010 0.64 15 1.9 0.025 1.1 1.0 7.8 

Mile 10 8 Mean 0.44 1.3 7.1 0.96 0.020 0.72 27 2.2 0.13 1.0 2.1 29 

  SD 0.19 0.34 0.051 0.43 0.016 0.53 34 1.0 0.090 0.21 0.23 25 

Wangarakrom 8 Mean 0.66 2.8 6.9 5.4 0.021 1.4 15 3.7 1.9 3.2 2.5 19 

  SD 0.33 1.0 0.021 6.3 0.018 1.6 5.6 2.2 1.1 3.0 0.90 11 

Badukrom 8 Mean 2.5 2.0 6.9 12 0.013 0.37 9.6 5.9 2.4 1.3 2.4 27 

  SD 3.7 1.2 0.030 10 0.010 0.12 4.9 8.2 1.7 0.57 0.98 30 

Samahu 7 Mean 2.1 2.4 7.1 4.5 0.030 1.2 38 5.8 0.11 2.4 8.3 36 

  SD 2.3 1.7 0.049 4.3 0.026 0.84 39 5.0 0.12 1.8 11 29 

Abekuase 9 Mean 2.1 2.5 7.0 3.2 0.024 1.2 9.2 3.8 0.050 1.8 3.8 38 

  SD 1.1 1.1 0.084 1.0 0.023 1.2 4.8 4.2 0.021 1.2 2.7 47 

Tebe 9 Mean 1.9 2.9 6.9 2.8 0.011 1.8 12 5.6 0.051 2.1 4.1 18 

  SD 1.2 1.7 0.074 1.4 0.010 3.2 9.3 5.5 0.035 1.9 2.0 18 

Huniso 7 Mean 0.99 1.5 7.2 1.5 0.052 0.76 8.0 4.1 0.13 1.3 13 86 

  SD 0.85 0.84 0.11 0.79 0.034 0.32 3.7 2.8 0.12 0.53 15 69 
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Pepesa 10 Mean 1.9 1.9 7.3 4.9 0.042 0.89 12 6.9 0.20 1.9 5.5 78 

  SD 0.79 0.81 0.10 8.1 0.034 0.69 4.2 7.6 0.24 1.2 3.3 73 

T-Cyanide 7 Mean 1.2 2.4 7.5 2.7 0.081 1.4 23 8.6 0.18 3.2 16 49 

  SD 0.75 0.24 0.087 1.2 0.014 0.81 16 5.0 0.036 1.3 4.6 21 

T–Layout 6 Mean 1.4 1.1 7.4 2.7 0.11 1.4 16 7.1 0.11 3.0 27 78 

  SD 1.1 0.78 0.062 1.4 0.14 0.70 10 7.4 0.10 1.7 37 108 

T–Brofuyedu 5 Mean 0.95 1.9 7.3 8.6 0.058 1.3 18 7.7 0.061 2.9 6.0 32 

  SD 0.03 1.8 0.021 10 0.027 1.4 14 7.2 0.034 2.7 2.2 11 

T–Achapime 6 Mean 1.5 1.9 7.2 1.4 0.046 0.66 12 4.9 0.73 1.9 6.4 45 

  SD 0.94 0.37 0.056 0.13 0.0012 0.04 0.01 0.63 0.59 0.17 0.68 1.8 

T–Tamso 6 Mean 1.2 3.2 7.5 27 0.43 9.2 77 16 0.42 28 14 118 

  SD 0.42 1.3 0.23 13 0.20 4.4 46 9.2 0.014 14 3.8 85 

Minimum   0.44 1.1 5.8 0.96 0.010 0.37 8.0 2.2 0.018 1.0 1.5 9.7 

Maximum   2.5 3.7 7.6 27 0.43 9.2 77 16 2.4 28 27 118 

Median   1.1 2.2 7.3 2.7 0.024 1.3 15 5.8 0.11 2.5 5.5 32 

Average   1.3 2.4 7.2 4.4 0.052 1.8 21 6.2 0.32 3.7 7.2 39 

SD   0.61 0.69 0.42 5.1 0.067 1.8 15 3.1 0.36 5.5 6.2 27 

CV   47 29 5.8 116 111 101 73 50 113 147 85 70 

Tarkwa (n = 142)   0.0–11 0.0–10 4.3–8.8 0.3–37 nd–0.58 0.11–14 2.0–199 0.5–44 nd–6.7 0.3–38 0.4–78 1.1–232 

Skewness   3.4 1.3 –1.6 4.1 5.6 2.4 4.00 2.3 8.0 4.1 4.3 2.6 

Kurtosis   16 2.4 6.8 19 37 6.8 19 9.3 67 21 21 7.8 

K–S/S–Wilk p   ˂ 0.01 ˂ 0.01 ˂ 0.01 ˂ 0.01 ˂ 0.01 ˂ 0.01 ˂ 0.01 ˂ 0.01 ˂ 0.01 ˂ 0.01 ˂ 0.01 ˂ 0.01 

Reference values# 

(n = 5) 
  1.2 6.8 7.3 5.8 0.39 3.6 33.18 21 0.24 6.7 52 72 

USEPAb      18–46 0.36–140 13–230      – 49–80 1* 38–280 56–120 79–160 

World rangec      1.0–15 0.07–1.1 0.1–20 5–120 6.0–60  1–200 10.0–70 17–125 

n: number of samples; * Indicates Maximum Allowable Concentration (MAC) of Hg in agricultural soils by Kabata-Pendias and Sadurski (2004); b indicates USEPA 

Ecological-Soil Screening Levels for plants, soil invertebrates and mammalian wildlife USEPA (2003; 2004); c indicates recommended levels of heavy metals in soil 

by Kabata–Pendias and Pendias 1992); # indicates reference values (UMaT). Bold values indicates higher concentrations than, USEPA (2003; 2004) and Kabata–

Pendias and Pendias (1992); nd: not detected.
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Correlation between heavy metals and soil properties 

Correlation between heavy metals and selected soil properties was analyzed by Pearson's 

correlation matrix (Table 2). Soil properties play an important role in the mobility and 

bioavailability of heavy metals, thus influencing their distribution in soils (Khan et al., 2008; 

Hernandez et al., 2003). This role is generally illustrated by good correlations between heavy 

metal concentrations and pH, as well as SOM (Gjoka et al. 2011; Lu et al. 2012). However, 

only weak correlations were found in some studies (Manta et al., 2002). In the present study, 

significant correlations were observed between As, Cd, Co, Cr, Cu, Ni, Pb and SOM (r = 

0.18–0.51, p < 0.05–0.0001), indicating that SOM has substantial influence on the total 

contents of these metals in soil. Similar result was reported by Gjoka et al. (2011). However, 

no significant correlations were found between pH and heavy metals, which is similar to the 

results by Manta et al. (2002) and Al–Khashman and Shawabkeh (2006). 
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Table 2: Pearson’s correlation matrix of heavy metals and soils properties in Tarkwa 

  WC% SOM% soil pH As  Cd   Co  Cr  Cu   Hg Ni  Pb   Zn  

WC% 1            

SOM% 0.33 1           

soil pH 0.04 -0.06 1          

As   0.03 0.27** -0.01 1         

Cd   -0.02 0.18* 0.09 0.48*** 1        

Co  0.06 0.40*** 0.11 0.27** 0.35*** 1       

Cr  0.08 0.51*** 0.03 0.54*** 0.27*** 0.31*** 1      

Cu   0.02 0.47*** 0.11 0.37*** 0.41*** 0.59*** 0.50*** 1     

Hg -0.07 -0.05 -0.06 0.45*** 0.06 -0.09 -0.03 0.08 1    

Ni  0.01 0.49*** 0.06 0.50*** 0.56*** 0.76*** 0.57*** 0.68*** -0.03 1   

Pb   0.04 0.34*** 0.05 0.09 0.44*** 0.28** 0.16* 0.37*** -0.02 0.36*** 1  

Zn  -0.00 0.07 0.03 0.23* 0.62*** 0.13 0.10 0.34*** 0.12 0.25*** 0.39*** 1 

*** Indicates p ˂ 0.0001; ** Indicates p ˂ 0.001;* Indicates p ˂ 0.05 
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     Lack of significant correlation between soil properties and heavy metals could be 

attributed to a continuous input (Lu et al. 2012; Chen et al. 2008) since the release and 

transport of heavy metals are complex processes (Grant and Shepherd, 2008). Another 

possible explanation could be variations in soil type, fertilizer use, and cultivation system 

within the sampling area (Lu et al., 2012; Grant and Shepherd, 2008). No significant 

correlation was found between Hg and the other metals (p ˃ 0.05) except for As, indicating 

a specific source for As and Hg. The sources for Hg could be geochemical and/or 

anthropogenic (Suresh et al., 2012), since it is used in the amalgamation of gold (Amonoo-

Neizer et al., 1995). On the other hand, significant positive relationships (p < 0.0001) were 

observed between As and Cd (r = 0.48), Cd and Zn (r = 0.62), Cd and Pb (r = 0.44), Ni and 

Cr (r = 0.57), and Pb and Zn (r = 0.39). In addition, significantly weak relationships (p < 0.05 

or 0.01) were found between Zn and As (r = 0.23), and Zn and Ni (r = 0.25) (Table 2). The 

significantly positive correlations among these elements suggested, to some extent, a 

common source (Al-Khashman and Shawabkeh, 2006). 

 

Sources of metals in soil identified by PCA 

     In this study, three principal components (PC1, PC2, and PC3) were extracted (with 

eigenvalues >1) accounting for 72.8% of the total variances. As shown in Fig. 2, PC1, the 

most important component, explained 42.9% of the total variance and was characterized by 

high loadings of Co, Cu, Cr, Ni, and Pb. The input of these metals could mainly result from 

atmospheric deposition, as a consequence of an increase in industrial activities such as 

mining and smelting processes (Streets et al., 2005; Manno et al., 2006; Chen et al., 1999). 

The concentrations of Cr, Co and Pb in the study area could also be attributed to the 

weathering of the Tarkwanian rock system. The Tarkwanian rock system contains high 

concentration of Cr, Co and Pb. Other sources of Cr, Co and Pb in the study area is the 

occasional discharge of acid industrial wastes or mine drainage which increases Cr, Co and 

Pb levels in surface soils in the study area (Obiri, 2007). 
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Fig. 2 Distribution pattern of metals in agricultural soils in Tarkwa characterized by PCA 

     PC2 explained 15.4% of the total variances (Fig. 2) and was dominated by high loadings 

of As, Cd, and Zn. Similar to PC1, PC2 also represents anthropogenic contamination, 

probably resulting from irrigation with sewage water (Nicholson et al., 2003; Zhang et al., 

2006) and the use, and sometimes abuse, of phosphate fertilizers and organic manures (Hani 

and Pazira, 2011; Chen et al., 2008; Jiao et al., 2012). Huge amount of phosphate (Luo et al., 

2009) causes considerable additions of As and Cd. The use of livestock manure adds As and 

Cd to agricultural soils (Jiang et al., 2010). In addition, blasting of the gold bearing rock is 

the most common method of obtaining the ore. The miners engage in surface and subsurface 

mining (BGL, 2002; Hakanson, 1980). The levels of As in the soils could also be due to the 

nature of the gold bearing ore which is mineralized pyrites and arsenopyrates. Processing of 

the ore involves roasting and these results in the production of arsenic trioxide gas which is 

distributed throughout the study area by air current. As is toxic and due to its non-
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biodegradable nature, it could accumulate in surface soil and water (Amonoo-Neizer et al., 

1995).  

     Cd is soft, ductile and is obtained as a by-product from the smelting of Zn ores. It is also 

found in chalophile as a mineral called greenockite, CdS. Cd in soils from the study area may 

come from the mining and processing of Zn and chalophilic metals (Obiri, 2007). The 

presence of Zn in the environment is associated with mining and smelting, which pollutes 

the air, water and soil, and ultimately undergoes oxidation to release Zn2+ ions (Obiri, 2007). 

Thus, PC2 could be regarded as representing mainly the contribution of mining and use of 

fertilizers/manure. This is in agreement with study by Asante et al. (2007) which indicated 

that there could be other sources of As contamination in Tarkwa other than mining activities. 

     PC3 explained 14.5% of the total variances and was totally dominated by high loading of 

Hg. The levels of Hg in soils from the sample area could be problematic, as concentration 

exceeded the maximum values permitted in agricultural soils (Kabata-Pendias ad Sadurski, 

2004). In Ghana, amalgamation using Hg (popularly known as "galamsey"), is the preferred 

gold recovery method employed by almost all artisanal gold miners because it is a very 

simple, inexpensive and an easier to use technique (Amonoo-Neizer et al., 1995). The high 

levels of Hg in soils could therefore be due to contamination from the mining processes.  

 

Assessment of potential ecological risk 

     The potential ecological risk (RI) is a commonly used indicator to express a 

comprehensive assessment of the harmful effects of heavy metals and a metalloid in the 

environment, including soils and sediments. The RI was calculated using the following 

equations (Hakanson, 1980; Zhu et al., 2008): 

Ci
f =Ci/Ci

n  

Cdeg=∑Ci
f  
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Ei
r = Ti

r × Ci
f  

RI = ∑ Ei
r  

     Where Ci
f is the pollution coefficient of a metal which can reflect the pollution character 

of the investigated region but cannot reveal the ecological effects. Ci is the measured values 

of heavy metals in surface soils. Ci
n is the reference values of the heavy metals in 

soil/sediments. The concentrations of metals (mg/kg dw) in soil samples collected from 

UMaT were used as reference (Table 1). The Ci
f of each metal was calculated and classified 

as either low (Ci
f ≤ 1), middle (1 < Ci

f ≤ 3) or high (Ci
f > 3) (Chen et al., 2005).  

     Cdeg represents the integrated pollution level in the environment, and is expressed as the 

sum of Ci
f for all examined metals. The four pollution levels may be distinguished as: Cdeg < 

5, low pollution; 5 ≤ Cdeg < 10, medium pollution; 10 ≤ Cdeg < 20, high pollution; and Cdeg ≥ 

20, very high pollution [46]. Ei
r is the monomial potential ecological risk factor of the 

individual heavy metal and Ti
r is the metal toxic factor (based on the standardized heavy 

metal toxic factor). Referring to Hakanson (Hakanson, 1980), we used the following Ti
r 

values: Hg = 40; Cd = 30; As = 10; Cu = Pb = Ni = 5, Cr = 2, and Zn = 1. RI is defined as 

the sum of Ei
r for all heavy metals and has been grouped into four categories by Zhu et al. 

(2008) as shown in Table 3. 

Table 3: Categories of Ei
r and RI (Hakanson, 1980; Zhu et al., 2008) 

Ei
r 

Ecological risk level of single factor 

pollution 
RI value 

General level of potential 

ecological risk 

Ei
r ˂ 40 Low risk RI ≤ 50 Low risk 

40 ≤ Ei
r ˂ 80 Moderate risk 50 ˂ RI  ≤100 Moderate risk 

80 ≤ Ei
r ˂ 160 Considerable risk 100 ˂ RI ≤ 200 Considerable risk 

Ei
r ˂ 320 High risk RI ˃ 200 High risk 

Ei
r ≥ 320 Very high risk   
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     The Ci
f values for the measured heavy metals ranged from As (0.16–4.6), Cd (0.026–1.1), 

Cr (0.24–2.3), Cu (0.11–0.80), Hg (0.080–10), Ni (0.15–4.2), Pb (0.030–0.53) and Zn (0.13–

1.6). This suggested a low to high pollution level (Table 4; [Chen et al., 2005]). The range of 

Cdeg was 1.2–17, with an average of 4.5. From Table 4, average Cdeg (4.5) indicated low 

pollution for most soil samples (75%). However, the Cdeg for Wangarakrom (11), Badukrom 

(13) and T–Tamso (17) indicated high pollution of toxic metals, especially from As and Hg 

(Table 4).  

Table 4: Ci
f and Cdeg of heavy metals and a metalloid in surface soils in Tarkwa 

Sample sites As Cd Cr Cu Hg Ni Pb Zn Cdeg 

Teberebe 0.46 0.10 1.0 0.42 0.30 0.67 0.12 0.54 3.6 

Mile 6 0.39 0.044 0.91 0.44 0.08 0.40 0.063 0.18 2.5 

Mile 7 0.18 0.030 0.42 0.13 0.11 0.16 0.030 0.13 1.2 

Mile 8 0.22 0.060 0.30 0.13 0.78 0.23 0.044 0.33 2.0 

Techiman 0.18 0.052 0.34 0.26 0.70 0.46 0.053 0.45 2.4 

Mile 9 0.32 0.030 0.46 0.12 0.14 0.24 0.040 0.16 1.5 

Mile 10 0.16 0.051 0.84 0.11 0.55 0.15 0.041 0.40 2.3 

Wangarakrom 0.93 0.055 0.47 0.17 8.1 0.48 0.051 0.26 11 

Badukrom 2.2 0.041 0.29 0.28 10 0.20 0.050 0.38 13 

Samahu 0.79 0.064 1.1 0.28 0.44 0.36 0.16 0.50 3.7 

Abekuase 0.55 0.062 0.28 0.18 0.19 0.27 0.074 0.53 2.1 

Tebe 0.49 0.026 0.38 0.27 0.19 0.32 0.080 0.25 2.0 

Huniso 0.26 0.13 0.24 0.20 0.56 0.20 0.26 1.2 3.0 

Pepesa 0.84 0.11 0.37 0.33 0.84 0.28 0.11 1.0 3.9 

T–Cyanide 0.47 0.21 0.72 0.41 0.73 0.47 0.31 0.69 4.0 

T–Layout 0.47 0.28 0.49 0.34 0.48 0.46 0.53 1.08 4.1 

T–Brofuyedu 1.4 0.15 0.56 0.36 0.25 0.43 0.12 0.45 3.8 

T–Achapime 0.25 0.12 0.36 0.23 3.0 0.28 0.12 0.62 5.0 

T–Tamso 4.6 1.1 2.3 0.80 1.7 4.2 0.27 1.6 17 

          

Minimum 0.16 0.026 0.24 0.11 0.080 0.15 0.030 0.13 1.2 

Maximum 4.6 1.1 2.3 0.80 10 4.2 0.53 1.6 17 

Average 0.79 0.14 0.63 0.29 1.4 0.53 0.14 0.57 4.5 

Bold indicates high Ci
f and Cdeg values (i.e. middle to high pollution) based on: (a) low (Ci

f 

≤ 1), middle (1 < Ci
f ≤ 3) or high (Ci

f > 3) (Chen et al., 2005). (b) Cdeg < 5, low pollution; 

5 ≤ Cdeg < 10, medium pollution; 10 ≤ Cdeg < 20, high pollution; and Cdeg ≥ 20, very high 

pollution (Loska and Wiechula, 2003). 
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     Hakanson (1980) and Zhu et al. (2008) defined five categories of Ei
r (Table 3) and four 

categories of RI. As shown in Table 5, the maximum Ei
r values for As (46) and Hg (400) 

were higher than those of the other metals. This result suggested a moderate to very high risk 

of As (T–Tamso) and Hg (Badukrom), respectively, to the ecological system especially 

plants, soil invertebrates and/or mammalian wildlife. Similarly the Ei
r of Hg from T–

Achapime (120) and Wangarakrom (324) indicated considerable to high ecological risk 

(Tables 3 and 5). The Ei
r difference between As/Hg and the other metals resulted from their 

high toxic factors, Ti
r (Suresh et al., 2012) and high concentration at some sites possibly due 

to their proximity to the mines (Fig. 1) or illegal mining activities. In fact, the CV of Hg from 

the sampling communities was 113% (Table 1), indicating high Hg concentrations in some 

communities. 
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Table 5: Ei
r and RI of heavy metals and a metalloid in surface soils in Tarkwa 

Sample sites As   Cd   Cr  Cu   Hg Ni  Pb   Zn  RI 

Teberebe 4.5 2.9 2.1 2.1 11 3.3 0.59 0.54 28 

Mile 6 3.8 1.3 1.8 2.2 3.1 1.9 0.31 0.18 14 

Mile 7 1.8 0.90 0.84 0.67 4.5 0.81 0.15 0.13 9.9 

Mile 8 2.2 1.6 0.60 0.67 31 1.1 0.22 0.33 37 

Techiman 1.7 1.5 0.68 1.3 28 2.3 0.27 0.45 36 

Mile 9 3.2 0.89 0.92 0.59 5.5 1.2 0.20 0.16 12 

Mile 10 1.6 1.5 1.6 0.53 21 0.75 0.21 0.40 28 

Wangarakrom 9.3 1.6 0.94 0.87 324 2.4 0.25 0.26 339 

Badukrom 22 1.0 0.58 1.4 400 1.0 0.24 0.38 427 

Samahu 7.8 1.9 2.3 1.3 17 1.8 0.80 0.50 34 

Abekuase 5.4 1.8 0.56 0.92 7.5 1.3 0.37 0.53 18 

Tebe 4.9 0.79 0.77 1.3 7.6 1.6 0.39 0.25 17 

Huniso 2.5 3.9 0.49 0.99 22 0.98 1.3 1.2 33 

Pepesa 8.4 3.1 0.73 1.6 33 1.4 0.53 1.0 51 

T–Cyanide 4.7 6.1 1.4 2.0 29 2.3 1.5 0.69 48 

T–Layout 4.7 8.3 0.98 1.7 19 2.2 2.6 1.0 40 

T–Brofuyedu 14 4.4 1.1 1.8 10 2.1 0.58 0.45 35 

T–Achapime 2.5 3.5 0.73 1.1 120 1.4 0.62 0.62 131 

T–Tamso 46 33 4.7 4.0 69 21 1.3 1.6 182 

          

Minimum 1.6 0.79 0.49 0.53 3.1 0.75 0.15 0.13 9.9 

Maximum 46 33 4.7 4.0 400 21 2.6 1.6 427 

Average 7.8 4.2 1.2 1.4 61 2.6 0.66 0.57 80 

Median 4.7 1.9 0.92 1.3 21 1.8 0.39 0.50 35 

Bold Ei
r and RI indicates moderate to high risk of heavy metals and/or metalloid 

 

     The RI (range, 9.93–427; mean, 80.4) suggested a low to high risk of heavy metals in the 

ecological system (plants, soil invertebrates and/or mammalian wildlife) in Mile 7 and 

Badukrom, respectively. Referring to the classification suggested by Zhu et al. (2008) (Table 

3), soil samples in 10% of the communities could be classified as causing high potential 

ecological risk to plants, soil invertebrates and/or mammalian wildlife, and another 10% 

causing considerable potential ecological risk. However soil samples in 5% of the 

communities could be classified as causing moderate potential ecological risk, while 75% 

could be classified as causing low potential ecological risk (Tables 3 and 5). As and Hg, on 
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average, made up 10 and 75% of the RI values, respectively. Overall the RI of heavy metals 

in agricultural soils in Tarkwa represented moderate ecological risk. The concentrations of 

As, Cu, Ni and Pb from the sample sites negatively correlated (p ˂ 0.05) with the average 

distance (km) from the mines (Table 6). The results further suggested that mining activities 

have played significant roles in the levels, distribution and risk of metals within the study 

area, especially, the communities closer to the mines. 

Table 6: Pearson’s correlation matrix of heavy metal concentrations and average distance 

from the mines 

 average distance 

average distance 1.0 

As -0.65** 

Cd -0.38 

Co -0.26 

Cr -0.36 

Cu -0.57** 

Hg -0.19 

Ni -0.49* 

Pb -0.53* 

Zn -0.28 

** Indicates p ˂ 0.01; * Indicates p ˂ 0.05 
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Conclusions 

     The average concentrations of eight metals and a metalloid in agricultural soils in Tarkwa, 

Ghana decreased in an order of Zn ˃ Cr ˃ Pb ˃ Cu ˃ As ˃ Ni ˃ Co ˃ Hg ˃ Cd. The Cdeg for 

Wangarakrom (11), Badukrom (13) and T–Tamso (17) indicated high pollution of toxic 

metals, especially from As and Hg. The maximum Ei
r values for As (46) and Hg (400), 

suggested moderate to very high ecological risk in T–Tamso and Badukrom, respectively. 

The potential ecological risk indices and potential toxicity response indices of heavy metals 

and a metalloid indicated low (Mile 7) to high risks (Wangarakrom and Badukrom). Based 

on the estimates of Ci
f, Cdeg, Ei

r, and RI, the investigated soils was within low to high 

contamination and risk of heavy metals to the ecological system especially plants, soil 

invertebrates and/or mammalian wildlife. This represented moderate potential ecological risk 

in the study area and mining activities have played a significant role. 
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Chapter 2 

Health risk assessment of heavy metals and metalloid in 

drinking water from communities near gold mines in Tarkwa, 

Ghana 
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Introduction 

     Surface water in most mining communities in Ghana have become unfit for human 

consumption due to chemical contamination from gold mining and processing activities (e.g. 

cyanide heap leach methods) (Smedley, 1996; Smedley et al., 1996; Asante et al., 2007; Obiri, 

2007). Artisanal and small–scale gold mining activities could lead to spillage and run-off into 

rivers, ponds, streams, wells, borehole drinking water, and these could results in heavy metal 

and/or metalloid exposure upon consumption, especially to residents in Tarkwa and the 

surrounding villages (Obiri, 2007). One other concern is that groundwater may also be 

contaminated with metals and metalloids due to the chemical nature of the aquifer host rock 

in the area (Obiri, 2007). 

     Heavy metals and metalloids, such as arsenic, mercury and cadmium, have drawn great 

attention in the world, and are widely distributed in the environment, including sources of 

drinking water, through which they could seriously damage the liver, kidney, digestive 

system and nerve system of human (Wcislo et al., 2002; Li et al., 2008; Volety, 2008; Liu et 

al., 2009; Zhang et al., 2012; Montuori et al., 2013) and can even cause cancer (Steinemann 

2000). Arsenic can affect nerve system, skin and artery and is carcinogenic (WHO, 2001); 

cadmium is also a carcinogenic metal and resides inside the body for a half–life of 38 years; 

copper, on the other hand, is a required microelement, but affects human organs upon 

excessive absorption (Kramer et al., 2001). 

     Study by Asante et al. (2007) showed high concentrations of arsenic and manganese in 

borehole, well and river/stream water in Tarkwa. Despite the wide and numerous studies of 

heavy metal and/or metalloid concentrations in various environmental and biological samples 

in Ghana, there is limited or no data from literature that addresses the potential health risk of 

these pollutants in drinking water in Tarkwa, Ghana. The objectives of this study were 

therefore to determine the concentrations of heavy metals and metalloid in borehole drinking 

water from 18 communities in Tarkwa; and to estimate their average daily dose (ADD), 

hazard quotient and index (HQ and HI) and cancer risk through consumption. 
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Materials and methods 

Sampling and pre-treatment 

     In June 2012, 105 borehole drinking water samples were collected from 18 communities 

in Tarkwa, Ghana and the pH was measured using a pH meter. Global positioning system 

(GPS) was used to locate the sampling positions (Fig. 1). The water samples (collected) were 

stored in labeled corning tubes (Corning Inc. New York, USA), transported to the laboratory 

and kept frozen at the Chemistry Department of the Kwame Nkrumah University of Science 

and Technology, KNUST, Ghana. The samples were later transported to the Laboratory of 

Toxicology, Graduate School of Veterinary Medicine, Hokkaido University, Japan, where 

they were stored at –30oC until analysis. A map of the sampling locations/communities is 

shown in Fig. 1.  
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Fig. 1 Map showing borehole water sampling communities and mining sites in Tarkwa (Yellow pins indicate sampled 

communities and red pins indicate gold mines) 
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Sample preparation and analysis 

     Briefly, 10 mL of borehole drinking water was acidified with 0.1 mL of (60%) nitric acid, 

HNO3, (Kanto Chemical Corp., Tokyo, Japan) to pH less than 2, and stored at 4oC prior to 

heavy metals and metalloid analysis. The concentrations of arsenic (As), cadmium (Cd), 

cobalt (Co), chromium (Cr), copper (Cu), iron (Fe), lead (Pb), manganese (Mn), nickel (Ni), 

and zinc (Zn) were measured in each sample using an Inductively Coupled Plasma–Mass 

Spectrometer (ICP–MS; 7700 series, Agilent technologies, Tokyo, Japan). 

 

Analysis of total Mercury (Hg) 

     The concentration of total mercury (Hg) was measured by thermal decomposition, gold 

amalgamation and atomic absorption spectrophotometry (Mercury analyzer, MA–3000; 

Nippon Instruments Corporation, Tokyo, Japan), after preparation of the calibration standard. 

Prior to analysis, additive B (Wako Pure Chemicals Industries, Ltd., Osaka, Japan) was added 

to the ceramic sample boats before and after borehole water, to prevent evaporation. 

 

Analytical performance 

     For quality control, blanks and duplicates (samples) were analyzed after every 10 sample 

analyses. All samples were analyzed three times by the ICP–MS and the Relative Standard 

Deviation (RSD) was ≤ 4%. The instrument was calibrated using standard solutions of the 

respective metals (to establish standard curves before metal analysis) and correlation 

coefficients of the obtained standard curves were greater than 0.999. All chemicals and 

standard stock solutions were of analytical–reagent grade (Wako Pure Chemicals Industries, 

Ltd., Osaka, Japan). The limits of detection (LOD), calculated as 3 times the standard 

deviation of 10 blank solutions measurements, divided by the slope of the calibration curve 

(µg/L) were 0.009 (As), 0.001 (Cd), 0.003 (Co), 0.003 (Cr), 0.008 (Cu), 0.013 (Fe), 0.002 
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(Pb), 0.034 (Mn), 0.003 (Ni) and 0.019 (Zn). The LOD of Hg was 2.0 pg of total Hg. 

Concentrations of heavy metals and metalloid were expressed in µg/L. 

 

Risk assessment 

     Risk assessment is a function of the hazard and exposure, and is defined as the process of 

estimating the probability of occurrence of any given magnitude of adverse health effects 

over a specified time period. The health risk assessment of each heavy metal or metalloid is 

usually based on quantification of the risk level and is expressed in terms of a carcinogenic 

or non–carcinogenic health risk (USEPA, 2009). The two principal toxicity risk factors 

evaluated are the slope factor (SF) for carcinogen risk characterization and the reference dose 

(RfD) for non–carcinogen risk characterization (USEPA, 1997; 1999). The toxicity indices 

of some heavy metals and metalloid are shown in Table 1 (USEPA IRIS, 2011). The 

estimations of the magnitude, frequency and duration of human exposure to each heavy metal 

or metalloid in the environment are typically reported as average daily dose (ADD) (USEPA, 

1992), as shown in the equation below; 

 

𝐴𝐷𝐷 =
𝐶 × 𝐼𝑅 × 𝐸𝐹 × 𝐸𝐷

𝐵𝑊 × 𝐴𝑇
 

where ADD is the average daily dose (mg/kg/day), C is the geometric mean concentration 

(mg/L) of heavy metal or metalloid, IR is the water intake rate (3.45 and 2.0 L/day for adults 

and children respectively) (Apambire et al., 1997; Roychowdhury et al., 2003), EF is the 

exposure frequency (365 days/year), ED is the exposure duration (70 year (adults) and 10 

years (children)), BW is the average body weight (60 kg (adults) and 25 kg (children)), and 

AT is the average time (25550 days i.e. 70 years × 365 days/year (adults) and 3650 days i.e. 

10 years × 365 days/year (children)) (Wongsasuluk et al., 2014; Roychowdhury et al., 2003).  
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     The health risk from groundwater consumption was assessed in relation to its chronic 

(non–carcinogenic) as well as carcinogenic effects, based on the calculation of ADD and 

defined toxicity values for each heavy metal or metalloid. The non–carcinogenic risk was 

calculated as the hazard quotient (HQ), and shown as follows; 

𝐻𝑄 = 𝐴𝐷𝐷/𝑅𝑓𝐷 

where ADD and RfD are in mg/kg/day. 

Table 1: The toxicity responses to heavy metals and metalloid as the oral reference dose 

(RfD) and oral slope factor (SF) (USEPA IRIS, 2011) 

 

 

 

 

 

 

 

 

 

 

 

 

 

n.a: not available 

     For the risk assessment of a mixture of chemicals, the individual HQs are combined to 

form the hazard index (HI). If the value of HQ and/or HI exceeds 1, there could be potential 

non–carcinogenic effects on health, while HQ and/or HI ˂ 1 means residents are not likely 

to experience any health risks as a result of exposure (USEPA, 2001; ECETOC, 2001). The 

Heavy 

metals/metalloid 

Oral RfD 

(mg/kg/day) 

Oral SF 

(mg/kg/day)-1 

As 3.00E–04 1.50 

Cd 5.00E–04 0.380 

Co 2.00E–02 n.a 

Cr 3.00E–03 41.0 

Cu 4.00E–02 n.a 

Hg 3.00E–04 n.a 

Pb 3.50E–03 n.a 

Mn 1.40E–01 n.a 

Ni 2.00E–02 n.a 

Zn 3.00E–01 n.a 
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carcinogenic risk was calculated as the product of ADD (mg/kg/day) and SF (mg/kg/day)-1 

and the scale for characterization has been provided in Table 2, along with the chronic risk 

assessment (USEPA, 1999). 

 

Data analysis 

     Statistical analyses were performed using IBM SPSS 20 (SPSS Inc., Illinois) statistical 

software after data were normalized by log transformation. Concentrations of heavy metals 

or metalloid below their respective LODs were replaced with a value of LOD/2. Geometric 

mean concentrations were used to represent the central tendency of heavy metals and 

metalloid in this study (Wayne, 1999). Spatial distributions were performed using ArcGIS 

10.1 (ESRI Co, Redlands, USA). 
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Results and Discussion 

pH 

     The pH of drinking groundwater varied within each borehole and ranged (across 18 

communities) from 4.80–6.96 with an average of 6.20 ± 0.629, which is below the 

recommended pH of 6.50–8.50 in drinking water by the USEPA (2009). The groundwater 

pH found in this study agrees and is comparable with results from Obiri (2007) who 

previously reported that pH of borehole water in Dumasi (a gold mining community) in the 

Wassa District of Ghana ranged from 4.50 ± 0.200–7.60 ± 0.01, with mean value of 6.40. 

Similarly, a study by Asante et al. (2007) showed low pH values in boreholes and wells in 

Tarkwa with an average of 5.60, which is acidic for drinking. This phenomenon of low pH 

in borehole drinking water in this study suggests high leachate of heavy ions, high draw down 

rate and high sorption levels of ions from several mining companies and operations in Tarkwa 

(Obiri, 2007). 

 

Concentrations of heavy metals and metalloid 

     Heavy metals and metalloid were measured in borehole drinking water collected from 18 

communities in Tarkwa, and the mean concentrations are presented in Table 2 along with the 

drinking groundwater standards of the European Union (EU, 1998), Pollution Control 

Department (PCD, 2000; 2004), World Health Organization (WHO, 2011) and the US 

Environmental Protection Agency (USEPA, 2012). 

     The geometric mean (GM) concentrations [range] and sequence of heavy metals and 

metalloid from the sampled communities were Mn (91.9 [10.3–943]) ˃ Zn (21.0 [1.21–117]) 

˃ Fe (18.3 [1.16–1397]) ˃ Cu (2.39 [0.277–32.8]) ˃ Ni (1.28 [0.220–17.4]) ˃ Co (0.537 

[0.0436–23.7]) ˃ As (0.277 [0.0461–1.51]) ˃ Pb (0.272 [0.0117–5.06]) ˃ Cd (0.0199 [nd–

0.161]) ˃ Cr (nd) and Hg (nd) µg/L. Concentrations of Cr and Hg were below detection limit 

in all samples.  
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GM concentrations of As, Cd, Cr, Cu, Hg, Ni, Pb and Zn in borehole drinking water in the 

communities were low compared to the USEPA, PCD, WHO and EU guideline values (EU, 

1998; PCD, 2000; 2004; WHO, 2011; USEPA, 2012). However, GM concentrations of Co, 

Fe and Mn were higher than recommended values in 5, 11 and 61% of the sampled 

communities, respectively (EU, 1998; WHO, 2011; USEPA, 2012). 

     The high content of Fe and Mn in drinking water from boreholes in some communities in 

Tarkwa could have resulted from dissolution of Fe and Mn in the Tarkwanian rock system 

in addition to the acid mine drainage which is a common occurrence in the area (Obiri, 2007). 

As shown in Table 3, borehole water in Huniso, Pepesa, Samahu, T–Cyanide and T–Tamso 

indicated high concentrations of some metals (i.e. Fe, Mn, As, Cd, Co, Zn and Pb) and low 

pH values (4.80–6.16). 
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Table 2: Scales for chronic and carcinogenic risks assessment (USEPA, 1999) 

Risk level HQ/HI Chronic risk Calculated cases of cancer occurrence Cancer risk 

1 ˂ 0.1 Negligible ˂ 1 per 1,000,000 inhabitants Very low 

2 ≥ 0.1 ˂ 1 Low ˃ 1 per 1,000,000 inhabitants Low 

   ˂ 1 per 100,000 inhabitants  

3 ≥ 1 ˂ 4 Medium ˃ 1 per 100,000 inhabitants Medium 

   ˂ 1 per 10,000 inhabitants  

4 ≥ 4 High ˃ 1 per 10,000 inhabitants High 

   ˂ 1 per 1,000 inhabitants  

5   ˃ 1 per 1,000 inhabitants Very high 

HQ: Hazard Quotient; HI: Hazard Index 
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Comparison of heavy metal and metalloid concentrations with previous studies 

     Previous studies reported that mining activities have resulted in heavy metals and 

metalloids contamination of water, soil, plant, food, and humans in Obuasi and Tarkwa, 

which are important mining areas in Ghana (Amasa, 1975; Smedley, 1996; Smedley et al., 

1996; Smedley and Kinniburgh, 2002; Asante et al., 2007; Bortey-Sam et al., 2015c). 

     At least 10% of Ghana’s rural borehole wells have As concentrations exceeding 10 µg/L 

(Mead, 2005). Because some heavy metals and metalloids including inorganic As are 

carcinogenic (WHO, 2001), human exposure through consumption of contaminated drinking 

water and food in these areas could cause serious health problems. Concentrations of As in 

borehole drinking water in this study (Table 3) was comparable with studies by Smedley et 

al. (1996); Asante et al. (2007) and Wongsasuluk et al. (2014). Although elevated 

concentrations were found in groundwater in Obuasi, and many samples exceeded the WHO 

guideline value, concentrations of As in most samples in Bolgatanga, Ghana which is also 

gold mining area, were below detection limit (Smedley, 1996). The variation of As levels in 

groundwater in mining areas could be related to pH in aquifer. Higher concentrations of As 

were detected in groundwater with pH > 6.70 (Smedley, 1996; Asante et al., 2007). In the 

present study, low concentrations of As in groundwater could also be due to the low pH (pH 

across the 18 communities ranged from 4.80–6.96 with an average of 6.20 ± 0.629). 

     The levels of As in borehole water may be due to the nature of the gold bearing ore which 

is mineralized pyrites and arsenopyrates. Processing of the ore involves roasting and these 

results in the production of arsenic trioxide gas which is distributed throughout the study area 

by air current. Inorganic As easily dissolves and enters underground and surface water 

(Amonoo–Neizer et al., 1996; Obiri, 2007) and this could be the possible reason or source of 

As in borehole water in Tarkwa. 

     The average concentrations of Fe (269 µg/L) and Cd (0.0457 µg/L), in the communities, 

was low compared to similar studies by Obiri (2007); Kacmaz and Nakoman (2010) and 

Wongsasuluk et al. (2014) in Dumasi (Ghana), Manisa (Turkey), and Ubon Ratchathani 
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province (Thailand), respectively. Mean concentrations of Co (2.55 µg/L) and Cd (0.0457 

µg/L) in borehole water in this study were comparable with results obtained by Asante et al. 

(2007) in Tarkwa. However, the average concentrations of Zn (50.2 µg/L), Cu (11.4 µg/L) 

and Pb (1.29 µg/L) were higher than similar studies conducted by Obiri (2007) and Asante 

et al. (2007), in Dumasi (Ghana) and Tarkwa (Ghana) respectively, but Pb and Cu 

concentrations in this study were comparable with a study by Kacmaz and Nakoman (2010) 

in Manisa, Turkey. Concentrations of Zn in this study were low compared to study by Neves 

and Matias (2008) in Portugal. 

     The mean concentration of Ni in this study (ranging from 0.300– 20.1 µg/L) was 

comparable with a similar study conducted in mining areas in Jharkhand, India (Giri et al., 

2012). However, levels of Mn in borehole water in this study was higher than the study by 

Kacmaz and Nakoman (2010) in Turkey, but low compared to similar studies by Asante et 

al. (2007) and Neves and Matias (2008) in Ghana and Portugal respectively. 

 

Distribution maps of heavy metals and a metalloid 

     The spatial analysis of geographic information statistics, used for pollution studies can 

not only help us understand the distribution of heavy metals or metalloids, but also reveal the 

impact factors (Zhang et al., 2014) (Fig. 2). As shown in Fig. 2, the hotspots of high metal 

concentrations were identified in the distribution maps and pollution was mainly 

accumulated around Samahu and Huniso. Distribution maps of As highlighted Samahu as 

the significantly polluted zone (Fig. 2). On the other hand, the distribution maps showed that 

Cd, Co, Mn and Ni were high in Huniso, while Cu, Fe, Pb and Zn concentrations were high 

in Abekuase, Mile 9, Pepesa and Huniso, and Teberebe, respectively (Fig. 2). Distribution 

map of Mn (Fig. 2) indicated higher concentrations than the standard of 50 µg/L set by EU 

(1998) and USEPA (2012) in 61% of the communities. The high concentrations of Mn in 

drinking water in Tarkwa could be attributed to the several legal and illegal mining activities 

within the study area (Akabzaa and Darimani, 2001; Obiri 2007). 
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Table 3: pH and mean concentrations (µg/L) of heavy metals and metalloid in borehole drinking water in Tarkwa  

Sample sites  pH As Cd Co Cr Cu Fe Hg Mn Ni Pb Zn 

Teberebe (n = 3) Mean 6.03 0.180 0.0966 0.670 nd 33.6 2.37 nd 55.7 1.94 0.462 278 

 SD 0.353 0.0748 0.0794 0.801 nd 45.7 0.705 nd 65.6 0.320 0.419 71.1 

Mile 7 (n = 3) Mean 6.96 1.40 nd 0.493 nd 0.279 3.34 nd 515 0.460 0.0210 1.62 

 SD 0.191 0.295 nd 0.690 nd 0.0422 4.09 nd 275 0.571 0.00492 1.51 

Mile 8 (n = 3) Mean 6.44 0.127 0.0182 0.519 nd 0.338 16.8 nd 51.7 0.985 0.0654 6.10 

 SD 0.284 0.0826 0.0125 0.266 nd 0.164 13.2 nd 42.1 0.328 0.0461 3.78 

Techiman (n = 3) Mean 6.51 0.144 0.0681 0.573 nd 2.23 29.0 nd 128 1.49 0.130 11.1 

 SD 0.422 0.102 0.0978 0.526 nd 1.97 16.3 nd 85.3 0.540 0.127 9.95 

Mile 9 (n = 3) Mean 6.14 0.574 0.0104 0.405 nd 14.3 2336 nd 82.6 1.44 0.221 58.1 

 SD 0.475 0.695 0.0100 0.0943 nd 14.2 987 nd 8.93 1.29 0.144 25.1 

Mile 10 (n = 3) Mean 6.21 0.0562 0.0220 0.444 nd 4.07 1.24 nd 30.7 1.41 0.243 26.5 

 SD 0.0848 0.0454 0.0271 0.625 nd 2.00 0.627 nd 18.9 1.08 0.0800 7.70 

Wangarakrom (n = 4) Mean 6.61 0.585 0.121 0.843 nd 7.12 1.98 nd 768 1.25 0.418 35.3 

 SD 0.127 0.0252 0.120 0.342 nd 4.02 1.19 nd 461 0.658 0.355 32.9 

Badukrom (n = 3) Mean 6.58 0.660 0.0116 0.645 nd 0.484 282 nd 151 0.785 0.0117 15.4 

 SD 0.0282 0.429 0.0102 0.315 nd 0.495 249 nd 23.4 0.507 0.00180 17.3 

Samahu (n = 10) Mean 6.16 3.73 0.0305 0.426 nd 1.83 47.8 nd 288 1.58 0.0557 32.0 

 SD 0.378 2.01 0.0210 0.279 nd 0.783 53.2 nd 60.8 0.700 0.0780 25.9 

Abekuase (n = 14) Mean 6.73 0.553 0.139 0.590 nd 48.3 125 nd 44.1 4.62 2.48 118 

 SD 0.355 0.452 0.0510 0.556 nd 21.0 104 nd 25.3 2.82 3.94 90.3 

Tebe (n = 11) Mean 6.44 0.577 0.0211 0.512 nd 14.7 29.3 nd 46.1 1.74 0.675 54.0 

 SD 0.228 0.483 0.0124 0.536 nd 13.6 23.9 nd 44.8 1.45 0.934 43.3 

Huniso (n = 10) Mean 4.96 1.10 0.173 29.7 nd 36.9 8.15 nd 1020 20.1 5.89 133 

 SD 0.962 1.09 0.0670 23.9 nd 29.7 3.99 nd 492 10.3 3.51 74.9 

Pepesa (n = 14) Mean 5.68 0.399 0.0319 5.15 nd 4.42 48.4 nd 236 4.31 6.42 39.0 

 SD 0.602 0.319 0.0184 11.7 nd 6.84 76.2 nd 117 4.05 3.41 21.8 

T–cyanide (n = 3) Mean 4.99 0.322 0.0418 2.45 nd 1.63 8.97 nd 150 1.27 0.590 19.3 
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 SD 0.742 0.0988 0.0153 2.88 nd 1.39 7.39 nd 136 0.812 0.745 11.0 

T–Brofuyedu (n = 3) Mean 6.72 0.0885 nd 0.157 nd 0.608 15.6 nd 10.9 0.304 0.0774 5.55 

 SD 0.367 0.0290 nd 0.0325 nd 0.280 1.02 nd 5.21 0.0474 0.000487 5.59 

T–Layout (n = 5) Mean 5.92 0.162 0.0245 1.06 nd 1.97 6.31 nd 114 1.08 0.451 10.3 

 SD 0.461 0.101 0.0134 0.988 nd 2.54 1.47 nd 62.3 1.01 0.214 7.74 

T–Achapime (n = 5) Mean 6.86 0.283 0.0215 0.499 nd 1.38 2029 nd 559 0.827 0.508 8.69 

 SD 1.27 0.267 0.0126 0.559 nd 0.474 1080 nd 338 0.349 0.189 5.07 

T–Tamso (n = 5) Mean 4.80 0.494 0.0434 5.18 nd 59.4 26.1 nd 244 4.13 4.02 49.9 

 SD 0.586 0.171 0.0217 1.47 nd 30.1 13.5 nd 91.7 0.739 3.41 0.593 

USEPA  6.5–8.5 10 5  100 1300 300 2 50  15 5000 

PCD   10 3  50 1000  1  20 10 5000 

WHO   10 3 20 50 2000 300 6  70 10 3000 

EU   10   50  200  50 20   

n: number of boreholes sampled in each community; nd: not detected; USEPA (2012); PCD (2000; 2004); WHO (2011); EU 

(1998) Bold indicates lower pH levels and higher metal concentrations than recommended 
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Fig. 2 Distribution maps of heavy metals and metalloid in borehole drinking water collected from 105 spots in 

Tarkwa (black dots indicate sample spots) 
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Human health risk assessment 

     Concentrations of heavy metals in borehole groundwater in this study were higher than 

the EU (1998), PCD (2000; 2004), WHO (2011) and USEPA (2012) drinking water standards 

in some communities (Table 3). Human health risk assessment for adults and children 

showed HQ suggesting an acceptable level of non–carcinogenic adverse health risk (Tables 

4 and 5) but, if we take into consideration the additive effect of heavy metals and a metalloid, 

then the oral HI results for children raises concerns about the non–carcinogenic adverse 

health effects of drinking water in Huniso (Table 5). As shown in Tables 4 and 5, HI for 

adults and children in Huniso were 0.781 (low risk; USEPA, 1999; Tables 2) and 1.08 

(medium risk; USEPA, 1999; Tables 2), respectively, and therefore remedial action and 

control methods are required in this community. Children are especially vulnerable to acute, 

sub-acute and chronic effects of ingestion of chemical pollutants, since they (children) 

consume more per unit of body weight as adults (ENHIS, 2007). 
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Table 4: Non–carcinogenic risk (HQ and HI) of heavy metals and metalloid in borehole drinking water in Tarkwa (Adults) 

Sample sites As   Cd    Co Cu   Mn   Ni    Pb  Zn  HI 

Teberebe 0.0331 0.00904 0.00103 0.0134 0.0127 0.00554 0.00584 0.0181 0.0987 

Mile 7 0.266 0.000200 0.000200 0.000400 0.130 0.000630 0.000240 0.000230 0.398 

Mile 8 0.0204 0.00123 0.00136 0.000450 0.0173 0.00272 0.000830 0.00101 0.0453 

Techiman  0.0232 0.00334 0.000810 0.00214 0.0170 0.00413 0.00140 0.00158 0.0537 

Mile 9 0.0572 0.000750 0.00115 0.00780 0.0338 0.00324 0.00286 0.0103 0.117 

Mile 10 0.00885 0.00125 0.000130 0.00549 0.00563 0.00131 0.00389 0.00499 0.0315 

Wangarakrom 0.112 0.00905 0.00232 0.00938 0.225 0.00335 0.00550 0.00509 0.372 

Badukrom 0.111 0.000530 0.00174 0.000480 0.0618 0.00201 0.000190 0.00181 0.181 

Samahu 0.289 0.00260 0.00108 0.00245 0.0656 0.00426 0.000420 0.00337 0.369 

Abekuase 0.0759 0.00583 0.00970 0.0217 0.0142 0.00578 0.0188 0.0146 0.157 

Tebe 0.0744 0.00154 0.000820 0.00710 0.00853 0.00351 0.00559 0.00641 0.108 

Huniso 0.110 0.0185 0.0681 0.0412 0.387 0.0499 0.0832 0.0226 0.781 

Pepesa 0.0518 0.00325 0.00457 0.00266 0.0487 0.00874 0.0312 0.00434 0.155 

T-Cyanide 0.0603 0.00387 0.00388 0.00187 0.0472 0.00326 0.00435 0.00338 0.128 

T- Brofuyedu 0.0165 0.000360 0.000450 0.000830 0.00422 0.000870 0.00127 0.000750 0.0252 

T-Layout 0.0200 0.00367 0.00346 0.00218 0.0616 0.00380 0.00939 0.00266 0.107 

T-Achapime 0.0405 0.00147 0.000880 0.00193 0.0822 0.00227 0.00806 0.00152 0.139 

T-Tamso 0.0919 0.00480 0.0146 0.0472 0.0968 0.0118 0.0529 0.00957 0.329 
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Table 5: Non–carcinogenic risk (HQ and HI) of heavy metals and metalloid in borehole drinking water in Tarkwa (Children) 

Sample site As  Cd   Co Cu   Mn   Ni    Pb  Zn  HI 

Teberebe 0.0460 0.0126 0.00143 0.0186 0.0176 0.00771 0.00812 0.0252 0.137 

Mile 7 0.370 0.000280 0.000270 0.000560 0.181 0.000880 0.000330 0.000330 0.554 

Mile 8 0.0283 0.00171 0.00189 0.000630 0.0241 0.00379 0.00116 0.00140 0.0630 

Techiman  0.0323 0.00465 0.00112 0.00298 0.0237 0.00575 0.00195 0.00220 0.0747 

Mile 9 0.0796 0.00104 0.00160 0.0108 0.0470 0.00450 0.00398 0.0143 0.163 

Mile 10 0.0123 0.00173 0.000170 0.00764 0.00784 0.00182 0.00541 0.00694 0.0439 

Wangarakrom 0.156 0.0126 0.00323 0.0131 0.313 0.00466 0.00765 0.00708 0.517 

Badukrom 0.155 0.000730 0.00242 0.000670 0.0860 0.00280 0.000270 0.00251 0.251 

Samahu 0.402 0.00361 0.00150 0.00341 0.0913 0.00592 0.000580 0.00469 0.513 

Abekuase 0.105 0.00811 0.00135 0.0302 0.0197 0.00804 0.0262 0.0203 0.219 

Tebe 0.104 0.00214 0.00115 0.00988 0.0119 0.00488 0.00777 0.00891 0.150 

Huniso 0.153 0.0257 0.0947 0.0573 0.539 0.0695 0.115 0.0315 1.08 

Pepesa 0.0721 0.00452 0.00636 0.00371 0.0677 0.0122 0.0434 0.00604 0.216 

T-cyanide 0.0838 0.00539 0.00540 0.00260 0.0657 0.00453 0.00606 0.00471 0.178 

T- Brofuyedu 0.0230 0.000500 0.000620 0.00115 0.00586 0.00121 0.00177 0.00104 0.0351 

T-Layout 0.0278 0.00510 0.00481 0.00303 0.0857 0.00528 0.0131 0.00371 0.148 

T-Achapime 0.0563 0.00205 0.00122 0.00268 0.114 0.00316 0.0112 0.00211 0.193 

T-Tamso 0.128 0.00668 0.0203 0.0656 0.134 0.0164 0.0736 0.0133 0.458 
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     The carcinogenic risk of Cd for adults through drinking borehole water in the sampled 

communities, ranged from 3.80E–08 (very low cancer risk; Tables 2 and 6) to 3.51E–06 (low 

cancer risk; Tables 2 and 6) at Mile 7 and Huniso, respectively, with an overall average of 

7.52E–07 (very low cancer risk; USEPA, 1999; Tables 2 and 6). Similarly, the cancer risk of 

Cd for children ranged from 5.35E–08 (very low cancer risk; Tables 2 and 6) to 4.88E–06 

(low cancer risk; Tables 2 and 6) with an overall average of 1.04E–06 (low cancer risk; 

USEPA, 1999; Tables 2 and 6). 

     However, the cancer risk levels of As for adults through drinking borehole water in the 

communities ranged from 3.98E–06 (low cancer risk) to 1.30E–04 (high cancer risk) at Mile 

10 and Samahu, with an average of 3.65E–05 (medium cancer risk; USEPA, 1999) (Tables 

2 and 6). Similarly, the cancer risk levels of As for children, through drinking water, ranged 

from 5.53E–06 (low cancer risk) to 1.81E–04 (high cancer risk) at Mile 10 and Samahu, with 

an average of 5.08E–05. The risk values due to As exposure in Mile 7 were 1.19E–04 (adults) 

and 1.66E–04 (children), and indicated high cancer risk (Tables 2 and 6; USEPA, 1999). 

Based on the USEPA (1999) assessment, average cancer risk values of As indicated three 

(adults) and five (children) cases of neoplasm in a hundred thousand inhabitants. 

     Within Slovakia, Rapant and Krcmova (2007) reported that the estimated carcinogenic 

risk caused by As in groundwater corresponds to more than one case of neoplasm occurrence 

per 1000 inhabitants in each area. Saipan and Ruangwises (2009) showed that the population 

of Ronphibun, Thailand, could experience adverse health impacts since the carcinogenic 

health risk index was ascertained to be 1.26E–03.  
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Table 6: Carcinogenic risk of As and Cd in borehole drinking water in Tarkwa (Adults and 

Children) 

 Adults  Children  

Sample sites Cancer risk (As) Cancer risk (Cd) Cancer risk (As) Cancer risk (Cd) 

Teberebe 1.48E-05 1.71E-06 2.07E-05 2.39E-06 

Mile 7 1.19E-04 3.84E-08 1.66E-04 5.35E-08 

Mile 8 9.16E-06 2.33E-07 1.27E-05 3.25E-07 

Techiman  1.04E-05 6.35E-07 1.45E-05 8.84E-07 

Mile 9 2.57E-05 1.41E-07 3.58E-05 1.97E-07 

Mile 10 3.98E-06 2.36E-07 5.53E-06 3.29E-07 

Wangarakrom 5.04E-05 1.71E-06 7.01E-05 2.39E-06 

Badukrom 5.03E-05 1.00E-07 7.01E-05 1.39E-07 

Samahu 1.30E-04 4.93E-07 1.81E-04 6.86E-07 

Abekuase 3.41E-05 1.10E-06 4.74E-05 1.54E-06 

Tebe 3.34E-05 2.91E-07 4.65E-05 4.05E-07 

Huniso 4.95E-05 3.51E-06 6.88E-05 4.88E-06 

Pepesa 2.33E-05 6.17E-07 3.24E-05 8.59E-07 

T-Cyanide 2.71E-05 7.35E-07 3.77E-05 1.02E-06 

T- Brofuyedu 7.42E-06 6.85E-08 1.03E-05 9.53E-08 

T-Layout 8.99E-06 6.96E-07 1.25E-05 9.69E-07 

T-Achapime 1.82E-05 2.79E-07 2.53E-05 3.89E-07 

T-Tamso 4.13E-05 9.12E-07 5.75E-05 1.26E-06 

Minimum 3.98E-06 3.84E-08 5.53E-06 5.35E-08 

Maximum 1.30E-04 3.51E-06 1.81E-04 4.88E-06 

Average 3.65E-05 7.52E-07 5.08E-05 1.04E-06 

     In addition, the local people living in the study area of this report, which is located in a 

tropical zone, generally had to work on their farms or fields under relatively high 

temperatures and humidity with strong sunlight exposure; consequently, their physical 

requirement for water is quite high. The estimated water intake was at an average rate of 3.45 

(adults) and 2.0 (children) L/day (Apambire et al., 1997; Roychowdhury et al., 2003; 

Wongsasuluk et al., 2014) to the usual average of 2 L/day (adult) (USEPA, 1980). People in 

countries with colder weather than in Ghana would be expected to have lower water intake 

rate, such as 1.50 L/day; average level reported in Korea (Lim et al., 2008). Thus, the human 

health risk assessment does not only depend on the heavy metal or metalloid concentration 

in drinking water, but also on the water consumption rate (Wongsasuluk et al., 2014). 
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     In accordance, Peplow and Edmonds (2004) found that the average risk of cancer from 

exposure to As from abandoned mines was approximately two fold higher for adults engaged 

in occupations with high sunlight exposure. Study by Pokkamthanam et al. (2011) showed 

that As in water consumed by Bandlaguda adults may cause both adverse non–carcinogenic 

and carcinogenic health risks since the mean water consumption was quite high (4.50 ± 2.40 

L/day). The high water consumption could be due to requirements caused by the participants 

or inhabitants occupation and/or climate. Therefore, farmers, children and other workers, 

(factory workers, laborers, welders, carpenters, miners in tropical countries) should be made 

more aware of heavy metal and/or metalloid contamination, even at low concentrations, 

because of their high intake rate. 
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Conclusions 

     This study evaluated the health risk of As, Cd, Co, Cr, Cu, Fe, Pb, Mn, Ni and Zn in 

drinking water from 18 communities in Tarkwa, Ghana. The concentrations of heavy metals 

in borehole drinking water in some communities were higher than the drinking water 

standards by EU (1998), PCD (2000; 2004), WHO (2011) and USEPA (2012). HI in Huniso 

for adults and children were 0.781 (low risk) and 1.08 (medium risk), respectively, and 

therefore remedial action and control methods are required in this community. The average 

cancer risk values of As for adults (3.65E–05) and children (5.08E–05) through drinking 

borehole water in the study area indicated three (adults) and five (children) cases of neoplasm 

in a hundred thousand inhabitants. However, concentrations of these heavy metals and 

metalloid in the groundwater were within acceptable limits, revealing the importance of the 

actual consumption rates in estimating health risk factors. The local people drinking from 

groundwater should be educated about the potential adverse effects of drinking directly from 

the boreholes. In order to reduce the estimated carcinogenic risk and non–carcinogenic HIs, 

inhabitants should (be advised to) treat their water or find alternative sources of drinking. 

Local authorities should be made aware of such health risks and provide potable water. The 

results of this study could be used; to communicate and manage the risk to the local people 

who generally drink borehole water; and to prevent adverse health risks from groundwater 

contamination. In general, this study adds to the results of others that illustrate the greater 

need for risk awareness and communication about heavy metal and metalloid contamination 

in borehole groundwater, especially around mining areas in tropical zones. 
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Chapter 3 

Accumulation of heavy metals and metalloid from agricultural 

soils to foodstuffs around Tarkwa area in Ghana, and associated 

human health risks 
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Introduction 

     There has long been concerns about heavy metals and metalloids pollution because of 

their stability and non-biodegradability in environmental media as well as their toxicity to 

plants, animals and humans (Zhuang et al., 2009). Soil is the primary reservoir for heavy 

metals in the atmosphere, hydrosphere and biota, and thus plays a fundamental role in the 

overall metal cycle in nature (Cao et al., 2010). Heavy metals in soil pose potential threats to 

the environment and can cause human health problems through various absorption pathways 

such as inhalation, absorption through dermal pores, or ingestion (diet through the soil–food 

chain) (Komarek et al., 2008). 

     Vegetables/foodstuffs play important roles in our daily diet as economic crops. However, 

in Ghana, various human activities such as mining, industrial processing (smelting), 

automobile exhausts and applications of organic manure/fertilizers are causing elevated 

heavy metal concentrations in environmental media and absorption by food crops (Akoto et 

al., 2014; Asante et al., 2007; Bortey-Sam et al., 2015c; Obiri 2007; Smedley and Kinniburgh, 

2002).  

     Vegetables/foodstuffs take up heavy metals and/or metalloids by absorbing them from 

contaminated soils, as well as from deposits on parts of the crop exposed to air from polluted 

environments (Wang et al., 2005). The main pathway by which plants accumulate heavy 

metals is through root uptake from soils (Uzu et al., 2010). Some heavy metals present in the 

soil solution are adsorbed onto the roots, and then becomes bound to carboxyl groups of 

mucilage uronic acid, or directly to the polysaccharides of the rhizoderm cell surface (Seregin 

and Ivanov, 2001). Once adsorbed onto the rhizoderm roots surface, they may enter the roots 

passively and follow translocating water streams. Indeed, the highest concentrations of some 

heavy metals can be found in root apices, where root cells are young and have thin cell walls 

(with the exception of root cap cells) (Tung and Temple, 1996). 

     Heavy metals (particular lead) may enter the roots through ionic channels. The amount of 

heavy metals that moves from soil to penetrate into plants can be measured by “the transfer 
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factor”; this factor is defined as the ratio that exists between the concentrations of metals in 

the plant and those in soil. This transfer factor could be different for different plant species 

and will change as soil physical and chemical properties are altered. Generally, plants having 

a transfer factor greater than 1 are categorized as hyperaccumulators, whereas those with 

transfer factor less than 1 are termed as non-accumulators (Arshad et al., 2008). 

     Heavy metals in leaf and tuber crops as a consequence of soil and atmospheric 

contamination by mining and related activities showed concentrations of cadmium, zinc and 

lead were detected in: leaves of cassava growing near the Enyigba base metal deposit in 

Nigeria (Chukwuma, 1995); tubers of cassava in the environs of the Arufu base metal deposit 

in Nigeria (Nganje et al., 2010); as well as in the tubers of cassava, sweet potato and yam in 

other districts in the same country (Onyedika and Nwosu, 2008). Concentrations of arsenic 

and zinc in cassava tubers were also investigated in areas where gold was mined in Obuasi, 

Ghana (Amonoo-Neizer et al. 1995) and Dunkwa-on-Offin, Ghana (Golow and Adzei, 2002). 

Cassava cultivated in areas affected by mining were found to contain higher concentrations 

of heavy metals/metalloids when compared with those grown in uncontaminated areas 

(Kribek et al., 2014). 

     Chronic intake of heavy metals above their safe threshold in humans and animals have 

damaging effects and can cause non–carcinogenic hazards such as neurologic impairment, 

headache and liver diseases (USEPA, 2000). Dietary cadmium intake due to consumption of 

environmentally contaminated rice and other foods was associated with an increased risk of 

postmenopausal breast cancer (Itoh et al., 2014). Acute and chronic exposure to arsenic could 

also cause numerous human health problems. These include dermal, respiratory, 

cardiovascular, gastrointestinal, hematological, hepatic, renal, neurological, developmental, 

reproductive, immunological, genotoxic, mutagenic and carcinogenic effects (Lin et al., 

2013). Despite the economic benefits of industry, the negative impacts on humans and the 

environment may cause additional costs not factored into income projections. Especially for 

the ubiquitous and non–biodegradable heavy metals, the negative effects persist for several 

decades and even longer (Fantke et al., 2012). 
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     In Tarkwa, studies conducted on the impact of gold mining in soil, drinking water and 

foods collected around mining communities in Tarkwa showed high levels of some toxic 

metals including arsenic and mercury (Asante et al., 2007; Bortey-Sam et al., 2015c; 2015d; 

Hayford et al., 2008; Essumang et al., 2007). Inspite of these, there is limited or no data from 

literature that addresses the accumulation of heavy metals and metalloids from soil to 

foodstuffs and the potential health risk to humans through consumption. 

      The objectives of the present study were therefore to assess the extent of heavy metals 

and metalloid accumulation from soils to foodstuffs commonly grown in agricultural areas 

in Tarkwa; to study the relation between bioconcentration factor (BCF), soil pH and soil 

organic matter (SOM); and to evaluate the potential human health risks of toxic metal 

exposure to residents in Tarkwa through consumption of foodstuffs. 
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Materials and methods 

Study area 

     Topography of Tarkwa, shows plateaus with heights between 600 and 1050 meters, and 

south of the town lays a vast stretch of terrain which is suitable for agricultural crop 

production. Large plantations of orange, rubber and palm are therefore a major feature of this 

area. Tarkwa and its environs lie within the transition zone between the tropical rain forest 

and the coastal shrub vegetation. In Tarkwa, the average rainfall is 850 mm per year, and the 

maximum is recorded between June and October. Planting and harvesting of food crops are 

mostly done during this period and cassava, plantain, yam, cocoyam, oranges and vegetables 

are the staples grown in this area (Hayford et al., 2008). 

 

Soil and foodstuff sampling and processing 

     In June 2012, a total of 60 agricultural soils and 65 foodstuffs were randomly collected 

from 13 communities in Tarkwa. Global positioning system (GPS) was used to geo-reference 

the sampling positions (Fig. 1).  

     Soil samples (0–10 cm top layer) were collected using a stainless steel, and stored in 

labeled corning tubes (Corning Incorporated, New York, USA). Three to eight agricultural 

soils were collected from different farms in some community. Two kinds of foodstuffs viz, 

M. esculenta (cassava) and Musa paradisiaca (plantain) were collected during this period. In 

Ghana, cassava and plantain are important components of human diet and constitute the 

staples in the region. Cassava and plantain are grown and consumed in many places, 

particularly in the rural areas of Ghana. In some community, foodstuffs were collected from 

different farms and stored in polyethylene zipbags. The samples obtained were stored at –

20oC in the Department of Chemistry, KNUST, Ghana and later transported to the Laboratory 

of Toxicology, Graduate School of Veterinary Medicine, Hokkaido University, Japan where 



  

 

138 

 

they were stored at –30oC until analysis. A map of the sampling area and points is presented 

in Fig. 1. 

     Prior to chemical analysis, the soil samples were air-dried at room temperature and passed 

through a 2 mm sieve. Soil pH was measured in a soil deionized water suspension (soil: 

water, 1:2.5 by volume) by a calibrated pH meter. The water content of each soil sample was 

measured after 12 h of drying in an oven at 105oC. Soil organic matter (SOM) content was 

determined by loss of weight on ignition at oven temperature of 600oC for 5 h. For foodstuff 

samples, the edible parts were rinsed with deionized water and dried at 45oC. 
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Fig. 1 Map showing agricultural soils and foodstuffs sampling locations in Tarkwa (Yellow pins indicate sampled 

communities and red pins indicate gold mines)
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Heavy metal analyses. 

     Digestion of heavy metals and metalloid in soil samples was done according to a method 

described by Bortey-Sam et al. (2015e). Briefly, approximately 0.5 g of soil sample was 

weighed into prewashed digestion vessel and digested (Speedwave two, Berghof, Germany) 

using 10 mL of 60% HNO3 (Kanto Chemical Corporation, Tokyo, Japan). After cooling, 

samples were filtered into corning tubes (Corning Incorporated, New York, USA) using 

ashless filter paper 5B (Advantec, Tokyo, Japan). The solution was standardized to 50 mL 

using distilled, deionised water. Similarly, 0.5 g of foodstuff was weighed and digested in a 

mixture of HNO3:H2O2 (5:1, v/v; 60%:35%) (Kanto Chemical Corporation, Tokyo, Japan) 

and the solution was made to 10 mL using distilled, deionised water. Blanks were prepared 

using the same procedure. 

     Concentrations of arsenic (As), cadmium (Cd), cobalt (Co), chromium (Cr), copper (Cu), 

nickel (Ni), lead (Pb) and zinc (Zn) were measured with an inductively coupled plasma–mass 

spectrometer (ICP–MS; 7700 series, Agilent technologies, Tokyo, Japan) and results were 

expressed in mg/kg dry weight (dw). The concentration of total mercury (Hg) was measured 

by thermal decomposition, gold amalgamation and atomic absorption spectrophotometry 

(Mercury analyzer, MA–3000; Nippon Instruments Corporation, Tokyo, Japan), after 

preparation of the calibration standards. 

 

Quality control and quality assurance 

     For quality control, blanks and duplicates (samples) were analyzed after every 10 sample 

analyses. The instrument was calibrated using standard solutions of the respective metals (to 

establish standard curves before metal analysis). The correlation coefficients (r2) of the 

calibration curves were greater than 0.999. All chemicals and standard stock solutions were 

of analytical–reagent grade (Wako Pure Chemicals Industries, Ltd., Osaka, Japan). The 
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detection limits (ng/g) of the heavy metals were 0.002 (As), 0.001 (Cd), 0.0004 (Co), 0.003 

(Cr), 0.007 (Cu), 0.003 (Ni), 0.001 (Pb), and 0.046 (Zn). 

     For metals, reference materials SRM 1944 (New York/ New Jersey Waterway Sediment) 

and BCR–320 (Channel Sediment, IRMM, Belgium) were used for method validation. 

Replicate analysis of these reference materials showed good accuracy and recovery rates 

ranged from 80–115%. The detection limit of Hg in samples was 2.0 pg total Hg and recovery 

rates for the three certified reference materials (BCR–320R, SRM 1944, and DOLT–4) 

ranged from 92–103%. 

     Foodstuff samples were analyzed three times by the ICP–MS and Hg analyzer and the 

Relative Standard Deviations (RSD) were ≤ 5%. 

 

Data analyses 

Bioconcentration factor (BCF) 

     Recently, the application of enrichment factor in the form of transfer factor, BCF, and 

plant uptake factor has been expanded to research in soil, water system, sediment, as well as 

assessment of heavy metal pollution in environmental geochemistry (Wang et al., 2006). In 

soil research, BCF is defined as the ratio of the content of a particular element in plant to that 

in soil (mg/kg dw; average water contents in foodstuffs were 58% (cassava) and 62% 

(plantain)). BCF is an important quantitative indicator of crop contamination and has 

commonly been used for estimating metal transfer from soil to plants (USEPA, 2005). BCF–

based research showed that the extent of metal enrichment in vegetables is highest in leaf 

vegetables, followed by tubers and fruit vegetables (Pandey and Pandey, 2009). Regarding 

metal concentrations, Cd and Pb commonly occur at high levels in leafy vegetables, while 

Zn content in tubers is higher than other metals (Ngole 2011). 
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     The bioavailability and toxicity of metals in soil are significantly influenced by pH 

conditions. Soil pH is considered to be one of the most important factors that influence the 

transfer of metals from soil to plants, and higher pH values have been found to reduce the 

bioavailability and toxicity of some metals (Cd and Pb) (Wang et al., 2006; Kim et al., 2004; 

Tudorean et al., 2004). The mechanism for this phenomenon can contribute to an increase in 

solubility and ion competition. As soil pH decreases, concentrations of Fe2+, Mn2+, Zn2+ and 

Ca2+ increases in soil solution. This enhances the competition of free ions and reduces the 

adsorption to soil particles (Tudorean et al., 2004). Additionally, soil pH is the greatest 

determinant of the solubility and mobility of metals such as Cr, Pb and Zn in sandy soil (Speir 

et al., 2003). Due to the close relation between soil pH and heavy metal properties, correlation 

analysis of pH values and heavy metal accumulation is commonly used in research on 

bioconcentration of heavy metal from soil to crops (Chang et al., 2014).  

 

Foodstuff consumption–associated health risk assessment 

     Potential human health risks of toxic metal exposure to residents of Tarkwa, through 

consumption of foodstuff were assessed using target hazard quotient (THQ) (USEPA, 2002). 

THQ is defined as the ratio of the body intake dose of a pollutant to the reference dose. If 

THQ is > 1, there could be potential health risk associated with the pollutant. On the other 

hand, if THQ is < 1, there will be no obvious risk. The THQ was calculated using the 

equation: 

 

𝑇𝐻𝑄 =
𝐸𝐹𝑟 × 𝐸𝐷 × 𝐹𝐼𝑅 × 𝑀𝐶

𝑅𝑓𝐷 × 𝐵𝑊 × 𝐴𝑇
 × 10−3 

Where MC is the geometric mean (GM) concentration of a particular metal in foodstuff 

(mg/kg ww), FIR is the daily intake by residents of Ghana (cassava: 601 g/day and 400 g/day 

for adults and children, respectively; plantain: 369 g/day and 200 g/day for adults and 

children, respectively) (FAO, 2014). Daily intake of cassava and plantain by children were 
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assumed. EFr is the exposure frequency (365 d/yr) (USEPA, 2002), ED is the exposure 

duration (60 years for adults and 10 years for children) (Bennet et al., 1999), BW is the 

average body weight of local residents (60 kg for adults and 32.7 kg for children) (Bortey-

Sam et al., 2015c; Wang et al., 2005), AT is the average exposure time for non–carcinogens 

(21,900 and 3,295 days for adults and children, respectively), and RfD is the reference dose 

(RfD for As, Cd, Hg and Pb were 3E–04, 1E–03, 3E–04 and 3.5E–03 mg/kg/d, respectively) 

(USEPA, 2002). 

 

Statistical analysis 

     Statistical analyses were performed using IBM SPSS 20.0 statistical software (SPSS Inc., 

Illinois, USA) after data were normalized by log transformation. ANOVA and Tukey 

analyses were used to compare concentrations of metals in soil, cassava and plantain (mg/kg 

dw), and differences were considered statistically significant with p value ˂ 0.05. 

Concentrations of heavy metals or metalloid below their respective LODs were replaced with 

a value of LOD/2. In this study, GM concentrations were used to represent the central 

tendency of heavy metals and metalloid in the study area (Wayne, 1990). The relationships 

between BCF of heavy metals in foodstuffs, soil pH and SOM were examined by Pearson’s 

correlation and were considered statistically significant if p value was less than 0.05. 

Principal component analysis (PCA) based on log transformed data was done, to determine 

the distribution pattern of metals in foodstuffs. PCA was done using JMP statistical software 

v. 10 (SAS Institute). The principal components were extracted with eigenvalues > 1 through 

varimax rotation. 
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Results and discussion 

Heavy metal distribution in agricultural soils and foodstuffs 

     Total concentrations of As, Cd, Co, Cr, Cu, Hg, Ni, Pb and Zn in agricultural soils showed 

large variations in Tarkwa (Table 1; [29]). The GM concentrations of metals from the thirteen 

communities decreased in the order, Zn (37) > Cr (16) > Cu (5.1) > Pb (4.8) > As (3.8) > Ni 

(2.2) > Co (1.3) > Hg (0.49) and Cd (0.026) mg/kg dw (Table 1). Compared with ATSDR 

standard values (ATSDR, 2008), the mean concentrations of Hg in soil exceeded the limit (1 

mg/kg) in Badukrom and Wangarakrom. Regarding regional distribution of metals in soil, 

concentrations of As and Hg in Badukrom and Wangarakrom were relatively higher than 

those in the other sampling communities around Tarkwa. 

     As compared to soils, foodstuffs contained significantly lower concentrations of heavy 

metals (p ˂ 0.01; Table 1) with obvious variations among the different species). The GM 

concentration (mg/kg ww) of metals in cassava decreased in the order: Zn (7.6) > Ni (3.7) > 

Cu (2.1) > Pb (0.18) > Cr (0.050) > Co (0.024) > As (0.0090) > Cd (0.0070) and Hg (0.0040) 

(Table 1).  
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Table 1: Concentrations (geometric mean, SD, minimum, maximum) of heavy metals and metalloid in soil (mg/kg dw) and 

foodstuffs (mg/kg ww) in Tarkwa 

Sample type 
Sample 

number 
 As Cd  Co  Cr  Cu  Hg  Ni Pb   Zn   

Soil# 60 
Geometric 

Mean 
3.8a 0.026a 1.3a 16a 5.1a 0.49a 2.2a 4.8a 37a 

  SD 3.4 0.013 0.74 10 1.9 0.85 1.0 3.5 24 

  Median 2.9 0.022 1.2 12 5.5 0.13 1.9 3.8 32 

  Minimum 1.0 0.010 0.37 8.1 2.8 0.030 1.1 1.6 9.8 

  Maximum 13 0.052 3.0 38 8.9 2.4 4.5 13 86 

            

Cassava* 33 
Geometric 

Mean 
0.0090b 0.0070b 0.024b 0.050b 2.1b 0.0040a 3.7b 0.18b 7.6b 

  SD 0.0050 0.0050 0.013 0.054 0.83 0.0030 0.68 0.17 2.2 

  Median 0.0070 0.0050 0.024 0.038 2.3 0.0030 3.6 0.14 6.8 

  Minimum 0.0030 0.0020 0.010 0.010 1.0 0.0010 2.7 0.017 4.7 

  Maximum 0.017 0.016 0.051 0.20 3.3 0.010 5.4 0.45 12 

            

Plantain* 32 
Geometric 

Mean 
0.012b 0.0010b 0.0054b 0.025b 3.4b 0.0010a 3.6b 0.0070b 7.3b 

  SD 0.0060 0.0010 0.0030 0.014 1.0 0.0010 0.33 0.0060 1.9 

  Median 0.011 0.0010 0.0050 0.023 3.4 0.0010 3.7 0.0050 6.6 

  Minimum 0.0060 nd 0.0017 0.0090 1.9 0.0010 2.9 0.0022 4.8 

  Maximum 0.026 0.0020 0.011 0.056 5.1 0.0045 4.1 0.020 10 

            

anova p value   ˂ 0.01 ˂ 0.01 ˂ 0.01 ˂ 0.01 ˂ 0.01 ≤ 0.05 ˂ 0.01 ˂ 0.01 ˂ 0.01 

nd: not detected; Different letters (a and b) between samples indicates significant difference (Tukey’s test; p ˂ 0.05) 
#: Data for heavy metals in agricultural soils could be obtained from Bortey-Sam et al. (2015e).  
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                                                          a                                                                                                            b 

Fig. 2 Distribution patterns of metals in foodstuffs characterized by PCA (C: Cassava; P: Plantain) 
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Similarly, GM concentrations (mg/kg ww) of metals in plantain decreased in the order, Zn 

(7.3) > Ni (3.6) > Cu (3.4) > Cr (0.025) > As (0.012) > Pb (0.0070) > Co (0.0054) > Cd 

(0.0010) and Hg (0.0010) (Table 1).  

     As shown in Fig. 2, As and Cu were highly distributed in plantain while Cd, Co, Cr, Hg, 

Pb, Ni and Zn were distributed in cassava. This trend in metal distribution could be due to 

the fact that cassava is a root tuber, and accumulation of metals in the edible part from 

contaminated soil was highly possible due to the mining operations within the study area. 

However, the higher distribution of As in plantain could be due to atmospheric deposition. 

Processing of the ore involves roasting, which results in the production of arsenic trioxide 

gas which is distributed throughout the study area by the wind (Obiri, 2007). 

     Of the cassava samples collected, 30% contained higher concentration of Pb (0.37–0.45 

mg/kg ww) when compared to the Codex Alimentarius Commission (CAC) standard values 

(0.3 mg/kg). However, concentrations of As, Cd, Cr and Hg in all samples were below the 

CAC (FAO/WHO, 2001) standard values (0.05, 0.2, 0.5 and 0.01 mg/kg, respectively). 

Regarding regional distribution, cassava samples with high concentrations of Pb were mainly 

from Techiman, Wangarakrom, Samahu and Tebe (Table 3). Among common pollutants that 

affect plants, Pb is one of the most toxic and frequently encountered (Grover et al., 2010). Pb 

continues to be widely used in many industrial processes and occurs as a contaminant in all 

environmental compartments (soils, water, the atmosphere, and living organisms). 

Environmental Pb contamination results both from its persistence and from its present and 

past numerous sources. These sources may include smelting, combustion of leaded gasoline, 

or fertilizers application (Grover et al., 2010; Islam et al., 2008; Sammut et al., 2010). 

     Previous study on the levels of toxic metals in Xanthosoma sagititolium (cocoyam) and 

Colocasia esculenta (water cocoyam), in Tarkwa showed higher concentrations than in this 

study. From the results of their study, the levels of As, Cd and Hg in cocoyam and water 

cocoyam were higher than those of the WHO recommended levels (Essumang et al., 2007). 

These root tubers absorb toxic chemicals from soil as a result of the mining operations 
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(Essumang et al., 2007). Similarly, Hayford et al. (2008) reported that, concentrations of 

heavy metals in cassava and plantain were higher than values proposed by the FAO, Expert 

Committee on Food Additives of the WHO and ATSDR in mining communities around the 

Tarkwa–Prestea area. The differences in concentrations between this study and the study by 

Hayford et al. (2008) could be due to fact that the uptake and allocation of metals in plants is 

influenced by life history traits and climate, stage, age, nutritional status, disease and 

rhizosphere interactions with micro-organisms (Kribek et al., 2014). Another possible reason 

could be due to differences in sample points. 

 

Bioaccumulation of heavy metals from soil to foodstuffs 

     Bioconcentration of heavy metals and metalloids from soil to plants depend on soil 

characteristics, metal chemistry and also on the plant species. BCF values of the metals 

studied in different foodstuffs were calculated (on dry weight basis) and data are provided in 

Table 2. In all the foodstuffs tested, the mean BCF of Ni (cassava: 2.0 ± 0.87 and plantain: 

2.2 ± 0.96) was highest and that of Cr was lowest (cassava: 0.0035 ± 0.0036 and plantain: 

0.0021 ± 0.0011). As shown in Table 1, concentrations of Ni in soil and foodstuff differed 

considerably (p ˂ 0.05) and levels in foodstuffs were significantly higher compared to those 

in soil (p ˂ 0.05). The average BCF of metals and metalloid in the different foodstuffs are 

shown in Table 2. 

     Since a greater BCF value indicates a higher transfer potential of metals in 

vegetables/foodstuffs (Cui et al., 2004), the above results indicated that Ni had higher 

capacity of absorption into food crops from soil than the other heavy metals studied. The 

study further showed that there was no significant correlation between SOM, soil pH and 

BCF values of heavy metals in the foodstuffs (p > 0.05). Thus soil pH and SOM had minor 

or no significant effect on the accumulation of metals in foodstuffs. This study is consistent 

with other study (Dayton et al., 2006) which indicated that pH had no significant effect on 

the accumulation of metals (Pb) from soil to vegetables. 
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Potential human health risk associated with consumption of foodstuffs 

     The potential human health risk of As, Cd, Hg and Pb to local residents associated with 

cassava and plantain consumption was assessed using THQ index and data are shown in 

Table 3.  For both children and adults, the THQs of Pb in cassava in Techiman, Wangarakrom, 

Samahu and Tebe (only children) were greater than 1.0 (Table 3). This meant that residents 

could be exposed to significant health risks associated with cassava consumption. Children 

were especially vulnerable to acute, sub–acute and chronic effects of ingestion of chemical 

pollutants, since they (children) consumed more (twice of the amount) of food per unit of 

body weight compared to adults (ENHIS, 2007). On the other hand, the THQs of As, Cd, Hg 

and Pb in plantain were less than 1. The high THQs found in cassava, and especially Pb, 

could be due to the greater consumption rate, because human health risk assessment does not 

only depend on the toxic metal concentration in food, but also on the consumption rate 

(Wongsasuluk et al., 2014).  

     The people of Ghana including the residents living in the study area of this report, 

generally had high requirement for cassava. The daily intakes of cassava and plantain were 

at an average of 601 g/day and 369 g/day, respectively (FAOSTAT, 2014) and prolonged 

consumption of these toxic metals could lead to accumulation and cause toxicity, and 

therefore there was a clear need for proper treatment before consumption. Furthermore, 

continuous monitoring of As, Cd, Hg and Pb residues (in foodstuffs, vegetables, fruits, etc.) 

in the vicinities of gold mines in Tarkwa is recommended in the interest of consumers. 
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Table 2: Average soil pH, organic matter, water contents and bioconcentration factors (BCF) of heavy metals and metalloid 

from agricultural soils to foodstuffs in Tarkwa 

 Sample site n Soil pH SOM WC As Cd  Co  Cr  Cu  Hg  Ni Pb   Zn   

C Mile 7 3 7.3 1.8 0.91 0.0058 1.1 0.019 0.004 0.64 0.067 3.2 0.13 0.70 

 Mile 8 3 7.1 1.8 0.88 0.0043 0.25 0.035 0.001 0.49 0.021 2.3 0.020 0.34 

 Techiman 3 6.3 1.8 0.66 0.0034 0.24 0.005 0.001 0.19 0.015 1.1 0.16 0.15 

 Wangarakrom 3 6.9 2.8 0.66 0.0031 0.57 0.018 0.013 0.68 0.002 1.1 0.15 0.45 

 Badukrom 3 6.9 2.0 2.5 0.00034 1.2 0.11 0.001 0.55 0.001 2.8 0.055 0.22 

 Samahu 3 7.1 2.4 2.1 0.0016 0.24 0.041 0.002 0.45 0.020 1.8 0.049 0.34 

 Abekuase  3 7.0 2.5 2.1 0.0048 0.14 0.009 0.007 0.87 0.15 2.9 0.013 0.22 

 Tebe  3 6.9 2.9 1.9 0.0038 0.39 0.013 0.003 0.41 0.070 1.6 0.073 0.55 

 Huniso 3 7.3 1.5 0.99 0.010 0.20 0.031 0.004 0.36 0.006 2.8 0.001 0.073 

 Pepesa 3 7.3 1.9 1.9 0.0011 0.041 0.036 0.002 0.38 0.049 1.8 0.004 0.083 

 Teberebe 3 7.6 2.5 1.1 0.0036 0.11 0.0035 0.001 0.11 0.023 0.59 0.003 0.14 

 Average  7.1 2.2 1.4 0.004 0.40 0.029 0.0035 0.47 0.039 2.0 0.060 0.29 

 SD  0.34 0.46 0.67 0.003 0.39 0.030 0.0036 0.22 0.045 0.87 0.061 0.20 

 Minimum  6.3 1.5 0.66 0.00034 0.041 0.0035 0.0010 0.11 0.0014 0.60 0.0012 0.07 

 Maximum  7.6 2.9 2.5 0.010 1.2 0.11 0.013 0.87 0.15 3.2 0.16 0.70 

 

P Mile 7 3 7.3 1.8 0.91 0.0085 0.12 0.0062 0.0024 1.3 0.033 3.7 0.0052 1.1 

 Mile 9 3 5.8 2.1 0.50 0.0030 0.011 0.0043 0.00057 0.91 0.0061 2.3 0.0011 0.49 

 Mile 10 3 7.2 1.3 0.44 0.0093 0.024 0.0068 0.00073 1.5 0.023 3.8 0.0012 0.21 

 Techiman 3 6.3 1.8 0.66 0.0075 0.031 0.0044 0.0023 0.93 0.0053 1.2 0.0018 0.32 

 Wangarakrom 4 6.9 2.8 0.66 0.0026 0.070 0.0024 0.0022 0.99 0.0023 1.1 0.0060 0.35 

 Badukrom 3 6.9 2.0 2.5 0.00093 0.011 0.015 0.0014 0.39 0.00041 2.8 0.00096 0.17 

 Abekuase  3 7.0 2.5 2.1 0.0035 0.024 0.0060 0.0031 0.89 0.018 1.9 0.0019 0.21 

 Tebe  3 6.9 2.9 1.9 0.0092 0.13 0.0024 0.0044 0.84 0.014 1.6 0.0048 0.46 

 Huniso 3 7.3 1.5 0.99 0.0077 0.005 0.015 0.0020 0.73 0.0054 2.5 0.00031 0.074 
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 Pepesa 4 7.3 1.9 1.9 0.0033 0.030 0.0020 0.0012 0.28 0.0040 1.5 0.00053 0.082 

 Average  6.9 2.1 1.3 0.0056 0.045 0.0065 0.0021 0.88 0.011 2.2 0.0024 0.35 

 SD  0.49 0.53 0.76 0.0032 0.044 0.005 0.0011 0.37 0.011 0.96 0.0021 0.29 

 Minimum  5.8 1.3 0.44 0.00093 0.0051 0.0020 0.00057 0.28 0.00041 1.1 0.00031 0.07 

 Maximum  7.3 2.9 2.5 0.0093 0.13 0.015 0.0044 1.4 0.033 3.8 0.0060 1.1 

C: Cassava; P: Plantain; n: number of samples collected: SOM; Soil organic matter (%); WC: Soil water content (%) 
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Table 3: Target hazard quotients of toxic metals via foodstuff consumption in Tarkwa 

  Adult    Child    

 Sample site As Cd Hg Pb   As Cd Hg Pb   

C Mile 7 0.21 0.13 0.07 0.60 0.28 0.17 0.090 0.81 

 Mile 8 0.19 0.05 0.13 0.13 0.26 0.07 0.18 0.18 

 Techiman 0.12 0.05 0.09 1.3 0.16 0.07 0.12 1.7 

 Wangarakrom 0.57 0.12 0.11 1.1 0.77 0.17 0.14 1.4 

 Badukrom 0.15 0.16 0.12 0.39 0.20 0.22 0.16 0.52 

 Samahu 0.25 0.06 0.07 1.2 0.34 0.08 0.10 1.6 

 Abekuase  0.52 0.03 0.25 0.14 0.71 0.05 0.34 0.19 

 Tebe  0.37 0.04 0.12 0.86 0.50 0.05 0.16 1.2 

 Huniso 0.50 0.10 0.03 0.05 0.67 0.14 0.036 0.064 

 Pepesa 0.19 0.02 0.32 0.06 0.26 0.02 0.44 0.079 

 Teberebe 0.33 0.04 0.05 0.05 0.44 0.06 0.07 0.066 

 

P Mile 7 0.19 0.0086 0.021 0.014 0.21 0.0095 0.023 0.015 

 Mile 9 0.11 0.00082 0.016 0.0039 0.13 0.00090 0.018 0.0043 

 Mile 10 0.18 0.0029 0.014 0.0045 0.20 0.0032 0.016 0.0049 

 Techiman 0.16 0.0039 0.018 0.0091 0.18 0.0042 0.020 0.010 

 Wangarakrom 0.29 0.0093 0.092 0.027 0.32 0.010 0.10 0.029 

 Badukrom 0.25 0.00091 0.021 0.0042 0.27 0.0010 0.022 0.0045 

 Abekuase  0.23 0.0036 0.018 0.013 0.26 0.0039 0.020 0.014 

 Tebe  0.54 0.0080 0.014 0.035 0.60 0.0087 0.015 0.038 

 Huniso 0.24 0.0016 0.014 0.0074 0.26 0.0018 0.016 0.0082 

 Pepesa 0.33 0.0076 0.016 0.0052 0.36 0.0084 0.018 0.0057 

C: Cassava; P: Plantain; THQ: Target hazard quotient; Bold indicates high THQ 
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Conclusions 

     The GM concentration of heavy metals and metalloid in foodstuffs collected from 

communities in Tarkwa decreased in the order: Zn > Ni > Cu > Pb > Cr > Co > As > Cd and 

Hg (cassava) and, Zn > Ni > Cu > Cr > As > Pb > Co > Cd and Hg (plantain). The transfers 

of these heavy metals and a metalloid from soil to the foodstuffs were assessed and 

bioconcentration factor indicated that Ni had higher capacity of absorption into food crops 

from soil than the other metals studied in Tarkwa. THQ of Pb showed that there could be 

potential health risk to residents (Techiman, Wangarakrom, Samahu and Tebe) through 

consumption of cassava. Children were especially vulnerable to acute, sub–acute and chronic 

effects of ingestion of chemical pollutants, since they (children) consumed more (twice of 

the amount) of food per unit of body weight compared to adults (ENHIS, 2007).  
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Chapter 4 

Human health risks from metals and a metalloid via 

consumption of food animals near gold mines in Tarkwa, 

Ghana: Estimation of the daily intakes and target hazard 

quotients (THQs) 
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Introduction 

     Heavy metals and a metalloid (arsenic) are ubiquitous in the environment either naturally 

or anthropogenically, and their concentrations were elevated promptly through waste 

disposal, smelter stacks, atmospheric deposition, mining, fertilizer and pesticide use, and the 

application of sewage sludge in arable land (Cui et al., 2005). Mining and processing metal 

ore can be a significant source of metal and metalloid contamination in the environment 

(Navarro et al., 2008; Singh et al., 2005). The increased occurrence of metal and metalloid 

pollution in the environment has been associated with anthropogenic activities as effluents 

and emissions from mines and smelters often contain elevated concentrations of toxic metals 

including arsenic, cadmium, mercury and lead (Tubaro and Hungerford, 2007). 

     Food consumption has been identified as the major pathway of human exposure, 

accounting for ˃90% compared to other ways of exposure such as inhalation and dermal 

contact (Loutfy et al., 2006). In a review by Yabe et al. (2010), contamination of food animals, 

fish, soil, water, and vegetables with heavy metals has reached unprecedented levels over the 

past decade in some parts of Africa. As a result, human exposure to toxic metals has become 

a major health risk. 

     Chronic intake of heavy metals above their safe threshold in humans and animals have 

damaging effects and can cause non–carcinogenic hazards such as neurologic involvement, 

headache and liver diseases (John and Andrew, 2011; Lai et al., 2010; Zheng et al., 2007). 

Dietary cadmium intake due to consumption of environmentally contaminated rice and other 

foods was associated with an increased risk of postmenopausal breast cancer (Itoh et al., 

2014). Acute and chronic exposure to arsenic could also cause numerous human health 

problems. These include dermal, respiratory, cardiovascular, gastrointestinal, hematological, 

hepatic, renal, neurological, developmental, reproductive, immunological, genotoxic, 

mutagenic and carcinogenic effects such as liver cancer (Kapaj et al., 2006; Lin et al., 2013). 

Excess Pb is known to reduce the cognitive development and intellectual performance in 

children and to increase blood pressure and cardiovascular disease incidence in adults (EC, 
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2006). Hg is a neurotoxic poison that causes neurobehavioral effects, especially on 

psychomotor coordination, neuroendocrine, renal damage and gastrointestinal toxicity 

(SAC/MOHC, 2005). 

     The extraction and processing of gold in Tarkwa, has given rise to various environmental 

related diseases and accidents. The objectives of this study were therefore: to determine the 

concentrations of heavy metals and a metalloid in offal and muscle of free–range chicken, 

goat and sheep; to reveal the species differences in accumulation features of metals among 

free–range chicken, goat and sheep and; to estimate the daily intake (EDI) and target hazard 

quotient (THQ) (toxic metals) through consumption of these food animals in Tarkwa. 

 

 

 

 

 

 

 

 

 

 

 

http://onlinelibrary.wiley.com/doi/10.1111/j.1750-3841.2011.02341.x/full#b25


  

 

157 

 

Materials and methods 

Sampling and pre–treatment 

     All procedures used in this experiment were according to the guidelines of the Hokkaido 

University Institutional Animal Care and Use Committee and the local veterinarian policy in 

the study area. In June 2012, liver, kidney and muscle samples were collected at 

slaughterhouses from both male and female local goat and sheep (n = 10 species each) aged 

three years and above, and stored in labeled plastic bags in cooler boxes. 10 free–range 

chickens were also bought from townships surrounding the two major gold mines. All the 

townships were close to the mine, and some households were within 1 km of the mine. The 

live adult chickens were transported to the laboratory for dissection after exsanguination. 

Liver, kidney, muscle and gizzard samples were collected. Samples were transported to the 

laboratory and kept frozen at the Chemistry Department of the Kwame Nkrumah University 

of Science and Technology, KNUST, Ghana before being transported and analyzed for metal 

concentrations at the Laboratory of Toxicology, Graduate School of Veterinary Medicine, 

Hokkaido University, Japan. 

 

Analysis of total Mercury (Hg) 

     The concentration of total mercury (Hg) was measured by thermal decomposition, gold 

amalgamation and atomic absorption spectrophotometry (Mercury analyzer, MA–3000; 

Nippon Instruments Corporation, Tokyo, Japan), after preparation of calibration standards. 

Recovery rates of Hg for the certified reference material, DOLT–4 (Dogfish liver, the 

National Research Council, Canada) ranged from 92% to 103% (94.3 ± 4.2%). The detection 

limit (Hg) was 2.0 pg of total Hg. 

 

 



  

 

158 

 

Sample preparation and metal analysis 

     Approximately 0.5 g of individual samples were dried in an oven at 400C and digested in 

a closed microwave extraction system, Speed Wave MWS–2 microwave digestion (Berghof, 

Germany). Briefly, the dried samples were placed in prewashed digestion vessels followed 

by acid digestion using 5 mL of (65%) nitric acid, HNO3 (Kanto Chemical Corp., Tokyo, 

Japan) and 1 mL of (30%) hydrogen peroxide, H2O2 (Kanto Chemical Corp., Tokyo, Japan). 

The digestion vessels were capped and placed into a 10–position turntable conditions 

followed by a ramped temperature programme: ramp to 160 0C (5 min hold); and increase to 

1900C (15 min hold). After cooling, samples were transferred into plastic tubes and diluted 

to a final volume of 10 mL with milli Q water. A reagent blank was prepared using the same 

procedure. An Inductively Coupled Plasma–Mass Spectrometer (ICP–MS; 7700 series, 

Agilent technologies, Tokyo, Japan) was used for quantification. The instrument was 

calibrated using standard solutions of the respective metals (to establish standard curves 

before metal analysis). All chemicals and standard stock solutions were of analytical–reagent 

grade (Wako Pure Chemicals, Osaka, Japan). The detection limits (µg/L) of chromium (Cr), 

manganese (Mn), iron (Fe), cobalt (Co), nickel (Ni), copper (Cu), zinc (Zn), arsenic (As), 

cadmium (Cd), and lead (Pb) were 0.003, 0.025, 0.154, 0.0004, 0.024, 0.007, 0.226, 0.002, 

0.001 and 0.001, respectively. Concentrations of metals were expressed in mg/kg wet weight 

(mg/kg ww). 

 

Quality assurance and quality control 

     For heavy metals, replicate blanks and reference materials, DORM–3 (Fish protein, the 

National Research Council, Canada) and DOLT–4 were used for method validation and 

quality control. Replicate analysis of these reference materials showed good accuracy 

(relative standard deviation, RSD, ≤ 3%) and recovery rates ranged from 80% to 115%. 
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Data analysis 

Estimated daily intake (EDI) of toxic metals 

     The estimated daily intake (EDI) of toxic metals (As, Cd, Hg, Pb and Mn) was dependent 

on both the metal concentration in offal or muscle and the amount of consumption of the 

respective food. The EDI of metals was determined by the following equation: 

 

𝐸𝐷𝐼 =
𝑀𝐶 × 𝐹𝐷𝐶

𝐵𝑊
 

where MC is average concentration of metal in food (μg/g, on fresh weight basis); FDC 

represents the average food daily consumption of offal and muscle in this region (g/person/d); 

BW is the average body weight. It was assumed that the local inhabitants consumed an 

average liver, muscle and gizzard of 150 g/day and 100 g/day for adult (60 kg in BW) and 

children (30 kg in BW) respectively. For kidney, it was assumed that inhabitants consumed 

10 g/day and 8 g/day for adults and children respectively (Ihedioha and Okoye, 2013), 

because the size of kidneys are generally smaller and is not the favorite compared with liver, 

muscle, or gizzard. The metal intakes were compared with the tolerable daily intakes for 

metals recommended by the WHO (2000), FSA (2006), and FAO/WHO (2010). 

 

Target Hazard Quotient (THQ) 

     The health risks from consumption of offal and muscle of chicken, goat and sheep by the 

local inhabitants were assessed based on the THQ. The THQ is a ratio of determined dose of 

a pollutant to a reference dose level. If the ratio is less than 1, the exposed population is 

unlikely to experience obvious adverse effects. The method of estimating risk using THQ 

was provided in the U.S. EPA Region III risk–based concentration table (USEPA IRIS, 2007) 

and in Wang et al., (2005), and is based on the equation below: 
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𝑇𝐻𝑄 =
𝐸𝐹𝑟 × 𝐸𝐷 × 𝐹𝐼𝑅 × 𝑀𝐶

𝑅𝑓𝐷 × 𝐵𝑊 × 𝐴𝑇
 × 10−3 

where THQ is target hazard quotient; EFr is exposure frequency (365 days/year); ED is 

exposure duration (70 years); FIR is food ingestion rate (g/person/d); MC is average 

concentration of metal in food (μg/g, on fresh weight basis); RfD is the oral reference dose 

(mg/kg/d); BW is the average body weight, adult (60 kg); children (30 kg); AT is the average 

exposure time (365 days/year × number of exposure years, assuming 70 years in this study). 

Oral reference doses were based on 3E–04, 1E–03, 5E–04, 4E–03, 0.14 mg/kg/d for As, Cd, 

Hg, Pb and Mn, respectively (USEPA IRIS, 2007). 

 

Statistical analysis 

     Statistical analyses were performed using IBM SPSS 20.0 statistical software (SPSS Inc., 

Illinois, USA) after data were normalized by log transformation. ANOVA and Tukey 

analyses between organs of the same species and between organs of different species were 

used to compare metal concentrations in the liver, kidney, muscle and gizzard and differences 

were considered statistically significant with p value ˂ 0.05. Principal component analysis 

(PCA) based on log transformed data was done, to determine the distribution pattern of 

metals in organs, using JMP statistical software v. 10 (SAS Institute). The principal 

components were extracted with eigenvalues > 1. 
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Results and discussion 

Levels of heavy metals and a metalloid 

     Concentrations of Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Cd, Hg, and Pb in the liver, kidney 

muscle and gizzard of free–range chickens, as well as metal and metalloid levels in liver, 

kidney and muscle of goat and sheep from Tarkwa were determined (Table 1). Table 1 shows 

that the mean Cd concentrations were in the range of nd–0.73 mg/kg ww in all samples while 

the mean concentrations of Pb were in the range of nd–0.39 mg/kg ww; Cr, 0.01–0.24; Mn, 

0.146–3.57; Fe, 6.62–542; Co, nd–0.11; Ni, 0.01–0.55; Cu, 0.348–105; Zn, 5.12–65.8; As, 

nd–0.14 and Hg, nd–0.12 mg/kg ww. Cu and Zn were detected in 100% of all offal and 

muscle samples for all food animals studied. All other metals were detected in varying 

percentages in the samples studied. 

     Ni can cause respiratory problems and is a carcinogen. The permissible limit of Ni in food 

according to WHO (2000) standard is 0.5 mg/kg. In this study concentrations of Ni ranged 

between 0.01–0.55 mg/kg ww, in chicken liver and muscle, respectively. As shown in Table 

1, the highest mean concentration of Ni was found in the local chickens while Zn levels in 

goat muscle exceeded the permissible limit of 50 mg/kg in meat (USDA, 2006; EC, 2006). 

 

Arsenic 

     As was detectable in 100%, 83%, 80% and 52% of all gizzard, liver, kidney and muscle 

samples, respectively. Concentrations of As in muscle and offal samples of free–range 

chicken, goat and sheep ranged from nd to 0.14 ± 0.11 mg/kg ww in goat muscle and chicken 

kidney (Table 1). The distribution of As in liver, kidney and muscle of chicken was found to 

be higher and differed statistically with that of goat and sheep (p ˂ 0.05). However, there 

were no significant differences when As levels in goat offal and muscle were compared with 

sheep (Table 1, p ˃ 0.05). Mean concentration of As in the kidney (0.14 ± 0.11 mg/kg ww) 

and gizzard (0.08 ± 0.05 mg/kg ww) of free–range chicken from Tarkwa were found to be 
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higher than the USDA (2006); EC (2006) and SAC/MOHC, 2005 standard of 0.05 mg/kg 

ww in food. The high levels of As in the free–range chicken may be due to the nature of the 

gold bearing ore which is mineralized pyrites and arsenopyrates. Processing of the ore 

involves roasting and these results in the production of arsenic trioxide gas which is 

distributed throughout the study area by air current. As is a toxic substance and due to its 

non–biodegradable nature, it could accumulate in surface soil and water. It could also enter 

the food chain through plant assimilation (Amonoo–Neizer et al., 1995). This could be the 

possible reason for the high As concentrations in free–range chickens from Tarkwa as they 

continuously pick food particles and water from the ground. 

http://onlinelibrary.wiley.com/doi/10.1111/j.1750-3841.2011.02341.x/full#b25
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Table 1: Mean (± SD) and ranges of metal concentrations (mg/kg ww) in various organs of free–range chicken (C), goat (G) 

and sheep (S) 

Sample  Cr  Mn   Fe    Co   Ni Cu  Zn   As Cd Hg Pb  

CG(n=10) Mean±SD 0.06±0.08 0.64±0.46 81.4±87.2 nd 0.10±0.04 1.92±0.81 30.3±3.5 0.07±0.05 0.08±0.09       

 

0.01±0.01 0.38±1.17 

 Range 0.01-0.27 0.20-1.75 37.1-321.4 nd-0.01 0.06-0.19 0.74-3.19 24.3-34.9 0.02-0.16 nd-0.30 0.01-0.03 nd-3.70 

CK(n=10) Mean±SD 0.24±0.40 2.44±0.55 a 94.4±33.2 0.03±0.01 0.07±0.14 2.82±0.37 28.4±3.1 0.14±0.11 a 0.72±0.81 a 0.12±0.08 a 0.25±0.31 a 

 Range 0.01-1.35 1.65-3.59 59.7-150.5 0.01-0.07 nd-0.46 2.01-3.38 25.2-35.6 0.02-0.37 0.16-2.26 0.02-0.28  0.02-1.05 

GK(n=10) Mean±SD 0.01±0.00 0.77±0.25 b 88.8±72.8 0.07±0.03 0.14±0.07 2.89±0.46 20.0±3.9 0.01±0.01 b 0.06±0.04 b 0.03±0.02 b 0.03±0.04 b 

 Range nd-0.02 0.50-1.35 39.2-278.5 0.01-0.12 0.05-0.27 2.42-3.76 15.0-27.5 nd-0.04 0.01-0.13 0.01-0.07 0.01-0.14 

SK(n=10) Mean±SD 0.01±0.00 1.14±0.27 b 49.1±15.4 0.03±0.02 0.09±0.04 3.170±0.45 22.2±4.1 0.01±0.01 b 0.15±0.15 b 0.07±0.08 ab 0.03±0.01 b 

 Range nd-0.01 0.87-1.70 24.8-80.6 0.01-0.06 0.04-0.15 2.58-3.90 18.1-28.1 nd-0.03 0.01-0.43 nd-0.23 0.01-0.06 

CL(n=10) Mean±SD 0.02±0.01 3.50±0.92 a 542.3±604.0 0.03±0.01 0.01±0.02 3.67±0.67 65.8±50.6 0.07±0.07 a 0.22±0.18 a 0.11±0.07 a 0.13±0.14 a 

 Range nd -0.04 1.57-4.84 72.0-1629.3 0.02-0.05 nd-0.06 2.72-4.74 32.5-182.2 0.01-0.21 0.05-0.56 0.05-0.25 0.01-0.41 

GL(n=10) Mean±SD 0.02±0.01 2.42±0.71 b 89.9±47.7 0.11±0.05 0.20±0.05 60.3±44.7 47.1±26.6 nd b 0.02±0.01 b 0.01±0.01 b 0.02±0.04 b 

 Range 0.01-0.04 1.06-3.41 44.3-212.6 0.04-0.21 0.15-0.29 3.3-140.7 21.9-103.3 nd-0.01 0.01-0.04 nd-0.05 0.01-0.13 

SL(n=10) Mean±SD 0.02±0.01 3.57±1.02 a 126.3±71.3 0.07±0.03 0.33±0.13 105.8±74.3 43.6±9.6 0.01±0.01 b 0.05±0.02 b 0.03±0.03 b 0.06±0.03 ab 

 Range 0.01-0.04 1.50-4.92 55.4-294.1 0.04-0.12 0.22-0.68 7.9-224.3 31.7-63.3 0.01-0.05 0.02-0.09 nd-0.09 0.02-0.11 

CM(n=10) Mean±SD 0.05±0.01 0.14±0.08 a 6.6±1.6 nd 0.55±0.30 0.34±0.03 5.1±1.7 0.04±0.03 a nd a 0.01±0.01 a 0.01±0.03 a 

 Range 0.02-0.09 0.09-0.38 4.7-9.5 nd 0.24-1.29 0.28-0.41 3.8-10.0 nd-0.13 nd 0.01-0.02 nd-0.10 

GM(n=10) Mean±SD 0.05±0.08 0.6±0.81 a 31.7±17.0 0.02±0.05 0.14±0.05 1.50±0.76 51.3±17.6 nd b nd a nd b nd a 

 Range 0.01-0.28 0.21-2.83 19.2-76.8 nd-0.15 0.08-0.23 0.91-3.38 17.0-78.2 nd-0.01 nd-0.02 nd nd-0.01 

SM(n=10) Mean±SD 0.03±0.03 0.71±0.55 a 37.8±10.9 0.01±0.00 0.46±0.16 2.09±1.19 45.9±20.8 0.01±0.01 b 0.01±0.01 a nd b 0.01±0.00 a 

 Range 0.01-0.09 0.16-2.02 22.7-58.9 nd-0.01 0.15-0.66 0.84-4.85 27.0-83.4 nd-0.02 nd-0.03 nd-0.02 nd-0.01 

n: number of samples; CG: chicken gizzard; CK: chicken kidney; GK: goat kidney; SK: sheep kidney; CL: chicken liver; GL: 

goat liver; SL: sheep liver; CM: chicken muscle; GM: goat muscle; SM: sheep muscle. Different letters (a and b) between 

columns in the same organ indicates statistical difference (Tukey’s test; p ˂ 0.05). nd: not detected.
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Cadmium 

     Mean level of Cd in chicken kidney (0.73 ± 0.81 mg/kg ww) was within the recommended 

residual concentrations of 0.5 to 1.0 mg/kg ww in offal for human consumption (EC, 2006). 

Cd was detectable in 14% of all muscle, 100% of all liver and kidney, 90% of chicken gizzard. 

The concentrations of Cd in livers and kidneys of chicken were significantly higher compared 

to those of goat and sheep (Tukey test; p ˂ 0.05). The higher frequencies of Cd in liver and 

kidney (100%) are likely due to their special functions; liver as storage organ and kidney as 

excretory organ (Jarup and Akesson, 2009; Wang et al., 2013).  

     There have also been suggestions that animals exposed to Cd accumulate it in their 

kidneys because of the presence of free protein–thiol groups which leads to a strong fixation 

of heavy metals (Pompe–Gotal and Crnic, 2002). The likely unidentified sources of Cd which 

the animals could come in contact with include municipal waste, electroplating, plastic and 

paint waste. Other sources include leachates from nickel–cadmium based batteries and 

cadmium plated items which are so carelessly discarded by battery chargers and users in 

Ghana. Recently, electronic wastes are disposed and often burnt at refuse dumps. 

 

Mercury 

     Hg was detectable in 38% of all muscle, 69% and 97% of all liver and kidney, respectively, 

and 100% of chicken gizzard. The levels of Hg in free–range chicken from Tarkwa were 

higher compared to that of goat and sheep. The result of this study indicated that chicken 

kidney (0.12 ± 0.08 mg/kg ww) and liver (0.11 ± 0.07 mg/kg ww) contained the highest 

concentrations of Hg followed by sheep kidney (0.07 ± 0.07 mg/kg ww). The concentrations 

of Hg in liver and muscle of free–range chicken from Tarkwa were found to be higher and 

differed statistically with that of goat and sheep (Tukey test; p ˂ 0.05). However, there were 

no significant differences when concentrations of Hg in goat offal and muscle were compared 

with sheep (Tukey test; p ˃ 0.05). The lowest and highest mean concentrations of Hg in 
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chicken were 0.01 ± 0.01 mg/kg ww in muscle and 0.12 ± 0.08 mg/kg ww in kidney, 

respectively; goat (nd–0.03 ± 0.02 in muscle and kidney); sheep (nd–0.07 ± 0.07 in the 

muscle and kidney) (Table 1).  

     The EC (2006); and USDA (2006) permissible limit for Hg is 0.05 mg/kg and the 

Standardization Administration of China/Ministry of Health of China established maximum 

limits of Hg in food to be 0.01 to 0.05 mg/kg (SAC/MOHC, 2005). The high levels of Hg 

especially in free–range chicken could be problematic, as concentration levels exceeded the 

maximum values permitted in food. In Ghana, amalgamation is the preferred gold recovery 

method employed by almost all artisanal gold miners because it is a very simple, inexpensive 

and an easier to use technique. These activities by local and small scale miners are 

widespread, and Hg is introduced into the environment (via amalgamation process popularly 

known as "galamsey") (Amonoo–Neizer et al., 1995). The high levels of Hg in offal of free–

range chicken could therefore be due to contamination from soil, feed or water. 

 

Lead 

     Pb was detectable in all samples of liver, kidney, 80% of chicken gizzard and 38% of 

muscle. The result of this study indicated that chicken gizzard (0.39 ± 1.17 mg/kg ww) 

contained the highest concentrations of Pb followed by chicken kidney (0.26 ± 0.31 mg/kg 

ww) and liver (0.13 ± 0.14 mg/kg ww). Tukey’s test was used to compare the levels of Pb in 

the three food animals, and results showed no statistical significance in liver and muscle 

when chicken was compared with goat and sheep (p ˃ 0.05). The levels of Pb in organs of 

free–range chickens may emanate mainly from contamination of soil, feeds and/ or water 

sources. This is because, to be toxic, Pb must be in a form which will be retained in the 

gizzard, thus resulting in continuous absorption over a prolonged period (Salisbury et al., 

1958). In another study by Kendall et al. (1996), analyses of field and laboratory data 

indicated that two scenarios can be envisioned when Pb is ingested: (1) the ingested 

grit/pellets containing Pb might be eliminated (via regurgitation or passage through the 

http://onlinelibrary.wiley.com/doi/10.1111/j.1750-3841.2011.02341.x/full#b25
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gastrointestinal tract) before any significant dissolution or absorption of Pb occurs; (2) the 

grit/pellets may be partially or totally dissolved in the gizzard, in which case causes Pb 

accumulation resulting in the occurrence of a range of toxicologic effects. 

     In this study, concentration of Pb in some organs of chicken exceeded the EC (2006); and 

USDA (2006) standard of 0.5 and 0.1 mg/kg ww for Pb in offal and muscle respectively 

(Table 1). Generally, the low levels of Pb in the offals and muscles of the mentioned food 

animals could be due to the fact that, Pb accumulates in bone and the metal concentration 

increases with age (Caggiano et al., 2005; Rubio et al., 1998). 

 

Manganese 

     The role of Mn in neuropsychiatric disorders is also documented (Bowler et al., 2006; 

Crossgrove and Zheng, 2004; Klos et al., 2006; Saha and Zaman, 2012). Mn was detectable 

in 100% of all offal and muscle samples. This study showed that mean concentrations of Mn 

ranged from 0.15–3.51 (chicken); 0.62–2.43 (goat) and 0.71–3.57 mg/kg ww (sheep) (Table 

1). The concentration of Mn in kidney of free–range chicken was found to be higher and 

differed statistically with that of goat and sheep (p ˂  0.05). However, there was no significant 

difference when Mn levels in the muscle of the three food animals were compared (Table 1, 

p ˃ 0.05).  

     In the liver, the levels of Mn between free–range chickens and sheep were statistically 

insignificant with mean values of 3.50 ± 0.92 and 3.57 ± 1.02 mg/kg ww, respectively (Table 

1, p ˃ 0.05). The mean concentrations of Mn in offal and muscles of all three food animals 

were above the WHO (1996) reference standard of 0.5 mg/kg except in chicken muscle 

(Table 1). The high Mn levels in these food animals could be due to the fact that the sampling 

site at Tarkwa was close to the Nsuta Mn mine (which is a famous site for Mn mining). 
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     This study was compared with similar studies in different countries (Table 2). Results 

from this study were found to be: comparable with study by Husain et al. (1996), in goat and 

sheep livers and kidneys, in Kuwait; comparable (except Cu, Zn and Cd) and higher than 

similar studies by Uluozlua et al. (2009) and Villar et al. (2005) in the liver of poultry from 

Turkey and Philippines respectively. Cd and Pb levels from this study were lower than studies 

conducted by Okoye and Ugwu (2001), Nigeria; Abou–Arab et al. (2001), Egypt; and 

Caggiano et al. (2005), Italy; in the livers and kidneys of goat and sheep from industrial and 

urban areas. 

     Study done by Yabe et al. (2013) near a Pb and Zn mine in Kabwe, Zambia indicated that 

the levels of Cd and Pb in the livers and kidneys of free–range chickens were higher 

compared to this study but levels in muscle were comparable. On the other hand, the levels 

of Pb and Cd in chicken gizzard from this study were higher than the study by Yabe et al. 

(2013). From Table 2, the mean concentrations of Zn in this study were comparable in all 

organs except for gizzard when compared to the study by Yabe et al. (2013). 

 

Distribution of metals 

     ANOVA was used to compare the accumulation and distribution of metals in the organs 

of free–range chicken, goat and sheep. The metal distribution in offal and muscle of chicken 

was statistically significant (p ˂ 0.05) except for Cr, As and Pb. There was also statistical 

significance (p ˂ 0.01) in the distribution of Mn, Co, Cu, Zn and Cd when the organs of goat 

were compared. On the other hand metal distribution in organs of sheep was significant 

except for As (p ˃ 0.05).The liver and kidneys are target tissues for monitoring metal 

contamination in animals because both organs function in removing toxic metals from the 

body (Abou–Arab, 2001; Husain et al., 1996). Similarly, organs of all species in this study 

showed that the liver and kidney contained the highest levels of metals (Table 1). 
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     Distribution of metals in offal and muscle samples in the food animals was analyzed using 

PCA. PCA results (Fig. 1) showed a clear separation between chicken (C), grouped on one 

side, and the ruminants, goat (G) and sheep (S), clustered on another side in both offal and 

muscle. Interestingly, As, Cd, Hg, Mn and Pb made one cluster or group in the liver and 

kidney of free–range chicken (Fig. 1). Chicken muscle also showed similar distribution 

pattern, with As, Hg and Pb clustered together (Fig. 1). This could be attributed to the 

difference in their feeding habits and/ or the different levels of metallothionein (MT) from 

the sampled food animals (species differences in hepatic MT content). Living organisms 

(including mammals and non–mammals), have evolved a suite of mechanisms that control 

and respond to the uptake and accumulation of both essential and nonessential heavy metals. 

These mechanisms include the chelation and sequestration of heavy metals by particular 

ligands. 

     One of the best–characterized heavy metal–binding ligands is the MTs (Cobbett and 

Goldsbrough, 2002). MT is a low molecular weight protein in various tissues and is involved 

in the detoxification of metals (Kagi and Vallee, 1960; Margoshes and Valle, 1957). 

According to a study by Bryan–Henry et al. (1994), the hepatic MT levels in these three food 

animals studied decreased in order of livestock ˃ non–mammals; i.e. goat ˃ sheep ˃ chicken.  
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Table 2: Published data of mean metal levels (mg/kg dw) in organs of different animal groups from different regions 

Study/Country Pollution Factor Animal Organ Cr Co Ni Cu Zn As Cd Hg Pb 

 Yabe et al., 2013*, Zambia mining C (broiler) L 0.06 0.05 0.03 56.80 28.60  0.00  0.06 

  C(free-range)  L 0.07 0.09 0.07 3.40 30.90  1.60  4.15 

   K 0.08 0.16 0.08 2.12 24.70  3.50  7.62 

   M 0.08 0.01 0.02 nd 4.16  0.01  0.23 

   G 0.10 0.04 0.03 0.13 30.50  0.02  0.23 

 Uluozlua et al., 2009*, Turkey markets  L 0.04 0.02 0.01 12.10 22.50 0.06 2.24  0.12 

 Demirbas, 1999*, Turkey control  L    2.95 28.10  0.04 0.08 0.09 

 Villar et al., 2005, Phillipines   L       0.03  0.08 

 Husain et al., 1996, Kuwait  wholesalers G L       0.05  0.13 

   K       0.44  0.43 

 Okoye and Ugwu, 2010, Nigeria Industrial & urban   L    134.02 120.44  0.35  0.65 

 Abou-Arab, 2001*, Egypt Industrial & urban  L    46.6 32.6  0.26  0.46 

 industrial & urban  K    2.4 34.1  0.91  0.68 

 industrial & urban  M    1.2 41.4  0.04  0.08 

 Husain et al., 1996, Kuwait  wholesalers S L       0.04  0.13 

   K       0.30  0.15 

 Caggiano et al., 2005, Italy urban  L       0.33  1.50 

   K       6.71  2.00 

   M       0.16  1.60 

 Abou-Arab, 2001*, Egypt Industrial & urban  L    48.6 36.8  0.26  0.42 

   K    3 34.2  0.82  0.54 

 C: chicken; G: goat; S: sheep; L: liver; K: kidney; M: muscle; G: gizzard.* means mg/kg ww.
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Dietary intake of metals and target hazard quotient 

     The estimated daily intakes (EDI) of toxic metals for adults in the vicinity of Tarkwa mine 

through consumption of offal and meat of free–range chicken, goat and sheep are presented 

in Table 3. The highest EDIs of As (0.19 µg/kg bw/day), Pb (0.96 µg/kg bw/day), Cd (0.55 

µg/kg bw/day) and Hg (0.29 µg/kg bw/day), through consumption were from the gizzard and 

liver of chicken (Table 3). Meanwhile, the highest EDI of Mn (8.92 µg/kg bw/day) was 

through consumption of sheep liver (Table 3). The calculated EDIs of As, Cd, Hg, Pb and 

Mn in offal and muscle samples of the 3 food animals from Tarkwa were low compared to 

the WHO (2000), FSA (2006) and FAO/WHO (2010) tolerable daily intakes (Table 3). 

Children are especially vulnerable to acute, sub–acute and chronic effects of ingestion of 

chemical pollutants, since they (children) consume more (twice of the amount) of food per 

unit of body weight as adults (ENHIS, 2007). As a result intakes of these toxic metals through 

food could be higher for children from Tarkwa. 
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Fig. 1 Distribution patterns of metals in food animals characterized by PCA (C: chicken; G: goat and S: sheep). 



  

 

172 

 

Table 3: Estimated Daily Intake (µg/kg bw/day) of As, Cd, Hg, Pb and Mn   

Sample name As Cd Hg Pb   Mn 

Chicken Gizzard 0.19 0.21 0.03 0.96 1.61 

Chicken Kidney 0.02 0.12 0.02 0.04 0.41 

Chicken Liver 0.19 0.55 0.29 0.34 8.77 

Chicken Muscle 0.12 0.003 0.03 0.03 0.37 

Goat Kidney 0.002 0.01 0.005 0.01 0.13 

Goat Liver 0.02 0.05 0.03 0.07 6.07 

Goat Muscle 0.01 0.01 0.002 0.01 1.55 

Sheep Kidney 0.002 0.03 0.01 0.01 0.19 

Sheep Liver 0.04 0.13 0.07 0.14 8.92 

Sheep Muscle 0.02 0.02 0.01 0.01 1.77 

TDI by FAO/WHO/FSA 2.0 1.0 0.71 3.57 200 

FAO: Food and Agricultural Organization; WHO: World Health Organization; FSA: Food 

Safety Agency. 

     The health risk from consumption of offal and muscle from the three food animals were 

assessed based on the THQ. THQ value less than 1 means the exposed population is unlikely 

to experience obvious adverse effects (USEPA, 2000). Although the calculated individual 

THQ were below 1.0 (Fig. 2), attention should be paid particularly to some high individual 

THQ values approaching 1.0 (As Cd, and Hg). The THQs of As in chicken gizzard and liver 

which are largely consumed were higher in children (0.85 and 0.84 respectively) than in 

adults (0.63 in both cases). Similarly, the THQ for Cd in the liver of chicken was 0.74 for 

children compared with 0.55 for adults (Fig. 2).  

     As shown in Fig. 2, THQ for Hg in the liver of chicken was 0.76 and 0.57 in children and 

adults, respectively. In spite of this, caution must be taken since perennial intake of these 

contaminated food animals is likely to induce adverse health effects arising largely from As, 

Cd, Hg and Pb exposure. Meanwhile, the THQ for Mn was very low among all the three food 

animals (data not shown) ranging from 0.001–0.06 and 0.001–0.008 in adults and children, 

respectively. The THQ for As, Cd, Hg and Pb showed that contributions of chicken gizzard 

and liver to toxic metal exposure in adults and especially children could be significant. 
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     Prolonged consumption of these toxic metals in the offal and muscle may lead to 

accumulation and cause toxicity and therefore there is a clear need to avoid consumption of 

these contaminated food animals, as well as restrict them from roaming and scavenging for 

food and/or water near the mining areas. Furthermore, continuous monitoring of As, Cd, Hg 

and Pb residues (in these food animals) in the vicinities of gold mines in Tarkwa is 

recommended in the interest of consumers. 

 

 

Fig. 2 Target Hazard Quotients (THQs) of As, Cd, Hg and Pb in children and adults (CG: 

chicken gizzard; CK: chicken kidney; CL: chicken liver; CM: chicken muscle; GK: goat kidney; 

GL: goat liver; GM: goat muscle; SK: sheep kidney; SL: sheep liver; SM: sheep muscle) 
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Conclusions 

     Concentrations of Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Cd, Hg, and Pb in the liver, kidney 

muscle and gizzard of free–range chickens, goat and sheep from Tarkwa were determined. 

From the results, mean concentrations (mg/kg ww) of metals in all food animals studied 

ranged Cd: nd–0.73, Pb: nd–0.39, Cr: 0.01–0.24, Mn: 0.15–3.57, Fe: 6.62–542.31, Co: nd–

0.11, Ni: 0.01–0.55, Cu: 0.35–105.8, Zn: 5.12–65.89, As: nd–0.14 and Hg: nd–0.12. The 

dietary intakes of As, Cd, Hg, Pb and Mn from the offal and muscle of free–range chicken, 

goat and sheep in Tarkwa, Ghana were low when compared to the WHO (2000), FSA (2006) 

and FAO/WHO (2010) tolerable daily intakes. Children are especially vulnerable to acute, 

sub–acute and chronic effects of ingestion of chemical pollutants, since they (children) 

consume more (twice of the amount) of food per unit of body weight as adults (ENHIS, 2007). 

As a result, intakes of these four toxic metals through food could be higher for children from 

Tarkwa. THQ of As, Cd and Hg showed that there could be potential health risk to inhabitants 

through consumption of larger quantities of contaminated offal of free–range chicken. 
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Chapter 5 

Heavy metals and metalloid accumulation in livers and kidneys 

of wild rats around gold-mining communities in Tarkwa, Ghana 
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Introduction 

     Anthropogenic activities including artisanal and small-scale gold mining have caused 

elevated levels of heavy metals and metalloids in the environment (Naccari et al., 2009; 

Licata et al., 2010). This activity could lead to spillage and run-off into rivers, ponds, streams, 

wells, and borehole drinking water (Obiri, 2007), and further result in heavy metal and/or 

metalloid exposure to humans and animals through various pathways. Heavy metals and 

metalloids have a wide range of health effects including mutagenicity, carcinogenicity, 

teratogenicity, inmuno suppression, poor body condition, and impaired reproduction in 

humans and animals (Scheuhammer, 1987; Florea and Busselberg, 2006). All of these make 

them a serious threat to living organisms (Battaglia et al., 2005; López-Alonso et al., 2007; 

Naccari et al., 2009). 

     Studies conducted by Asante et al. (2007), Bortey-Sam et al. (2015c; 2015d; 2015e; 

2015f) and Hayford et al. (2008) on the impact of gold mining in soil, drinking water, 

foodstuffs and food animals (free-range chickens, goat and sheep) collected around mining 

communities in Tarkwa showed high levels of some toxic metals including As and Hg than 

maximum levels by EC (2006), WHO (1996; 2011) and USEPA (2004; 2012). Bortey-Sam 

et al. (2015e) indicated that the concentrations of some heavy metals/metalloids in 

agricultural soils in some communities in Tarkwa, exceeded the ecological-soil screening 

levels (USEPA, 2004) recommended for mammalian wildlife, which includes wild rats and 

mice. However, levels of metals (0.24 [Hg] to 72 mg/kg dw [Zn]) detected in soils collected 

from the University of Mines and Technology (uMaT) campus (reference site) were low 

compared to world range for unpolluted soils by Kabata–Pendias and Pendias (1992). 

     Although wildlife is rich and diverse, with a large number of mammals, reptiles and 

insects in the study area, rats were used as sentinels to measure the environmental pollution 

state because they are mammals that share many processes with humans and are appropriate 

for use to answer many research questions. They tend to pick food and water from the ground 

which could be contaminated with various pollutants including metals. In studies by 
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Nakayama et al. (2011; 2013), wild rats in mining areas in Zambia, were used as sentinels 

for heavy metal accumulation, and results showed that rats accumulated metals that had likely 

originated from mining activities. Similarly, Guerrero-Castilla et al. (2014) used wild mice 

around coal mining areas in Columbia to study the exposure and health effects of heavy 

metals from the mining processes.  

     Despite the wide and numerous studies of heavy metal concentrations in various samples 

in Tarkwa, Ghana, there is limited or no data from literature on its accumulation in wild rats. 

The objectives of this study were to determine the accumulation of heavy metals and a 

metalloid in livers and kidneys of wild rats in Tarkwa; to determine sex differences in heavy 

metal and metalloid accumulation; to examine the relationship between body weight of rats 

and metal accumulation; to identify the possible exposure route of these metals to wild rats 

in Tarkwa; and to examine the potential risks that heavy metals could pose to wild rats. 
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Materials and methods 

Sampling 

     All procedures used in this experiment were according to the guidelines of the Hokkaido 

University Institutional Animal Care and Use Committee and the local veterinarian policy of 

the study area. In June, 2012, live wild rats (Rattus norvegicus or R. rattus) were captured 

using gauze cage traps with food as bait, in residential, commercial and farming areas (within 

16 communities) in Tarkwa (n = 46). Rat species were morphologically identified. Some of 

the sampled communities were 2 km (Samahu), 3.4 km (Abekuase) and 5.2 km (T-Tamso) 

away from the mines (Fig. 1). After anesthesia overdose, rats were euthanized, and body 

weight and sex were determined (25 females and 21 males). The livers and kidneys are target 

organs for monitoring metal contamination in animals because both organs function in 

removing toxic metals from the body (Abou–Arab, 2001; Husain et al., 1996). Studies of 

three animal species (free-range chickens, goat and sheep) in Tarkwa showed that the livers 

and kidneys contained the highest levels of metals (Bortey-Sam et al., 2015c). For these 

reasons, livers and kidneys were collected from each rat and stored at −20°C. Samples were 

kept in a freezer at the Chemistry Department of the Kwame Nkrumah University of Science 

and Technology, KNUST, Ghana and later transported to the Laboratory of Toxicology, 

Graduate School of Veterinary Medicine, Hokkaido University, Japan, where they were 

stored in -300C until analysis. 
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Fig. 1 Map showing wild rats sample locations in Tarkwa, Ghana (yellow and red and pins indicate sampled communities 

and gold mines, respectively) 
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Sample preparation and metal analysis 

     Preparations and digestion of liver and kidney samples for heavy metals and metalloid 

analysis were done according to the method described by Bortey-Sam et al. (2015c). 

Approximately 0.5 g of individual samples were dried in an oven at 40 0C and placed in 

prewashed digestion vessels. Samples were digested (for 52 min) (Speed Wave MWS–2 

microwave digestion, Berghof, Germany) using 5 ml of (65%) nitric acid, HNO3 (Kanto 

Chemical Corp., Tokyo, Japan) and 1 ml of (30%) hydrogen peroxide, H2O2 (Kanto Chemical 

Corp., Tokyo, Japan). After digestion, cooled samples were transferred into corning tubes 

(Corning Incorporated, New York, USA) and diluted to a final volume of 10 ml with milli Q 

water. A reagent blank was prepared using the same procedure. 

     An Inductively Coupled Plasma–Mass Spectrometer (ICP–MS; 7700 series, Agilent 

technologies, Tokyo, Japan) was used for quantification. The instrument was calibrated using 

standard solutions of the respective metals (to establish standard curves before metal 

analysis). All chemicals and standard stock solutions were of analytical–reagent grade (Wako 

Pure Chemicals, Osaka, Japan). The detection limits (ng/g) of chromium (Cr), manganese 

(Mn), iron (Fe), cobalt (Co), nickel (Ni), copper (Cu), zinc (Zn), arsenic (As), cadmium (Cd), 

and lead (Pb) were 0.003, 0.025, 0.154, 0.0004, 0.024, 0.007, 0.226, 0.002, 0.001 and 0.001, 

respectively. Concentrations of metals were expressed in mg/kg dry weight (mg/kg dw). 

 

Quality assurance and quality control 

     For heavy metals and a metalloid, replicate blanks and reference materials, DORM–3 

(Fish protein, The National Research Council, Canada) and DOLT–4 (Dogfish liver, The 

National Research Council, Canada) were used for method validation and quality control. 

Replicate analysis of these reference materials showed good accuracy (relative standard 

deviation, RSD, ≤ 3%) and recovery rates ranged from 80 to 115%. 
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Statistical analysis 

     Statistical analyses were performed using SPSS 20.0 (IBM SPSS Inc., Chicago, USA). 

Kolmogorov-Smirnov (K-S) and Shapiro-Wilk’s (S-W) tests were used to determine the 

normality of data and was considered statistically significant if p value was less than 0.05. 

Statistical analyses were carried out after data were log transformed (normalized). Student’s 

T-test was used to compare distribution of metals between livers and kidneys, and differences 

were considered statistically significant with p value ˂  0.05. Pearson’s correlations were used 

to determine the relationship between concentrations of metals and body weights, and 

significant level was at p value was less than 0.05. Principal component analysis (PCA) based 

on log transformed data was done, to determine the distribution pattern and possible route of 

heavy metals exposure to wild rats, using JMP statistical software v. 10 (SAS Institute). The 

principal components were extracted with eigenvalues > 1. 
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Results and discussion 

Levels of heavy metals and a metalloid 

     Mean concentrations of heavy metals and a metalloid in livers of wild rats in Tarkwa, 

decreased in the order; Zn > Cu > Mn > As > Pb > Ni > Cr > Co = Cd; and the order in the 

kidney was Zn > Cu > Mn > Pb > Ni > As > Cd > Co = Cr (Table 1). All metals measured 

were detected in 100% of liver and kidney samples. 

     K-S and S-W’s tests for normality showed a significant variation (p ˂ 0.001) in metal 

distribution in livers and kidneys of wild rats in Tarkwa. Distribution of Cd, Co, Cr, Mn, Ni, 

Pb, and Zn between livers and kidneys differed significantly (Student’s T-test; p ˂ 0.05) 

(Table 1). The paragraphs below discusses about As, Pb and Cd which were classified the 

first, second and seventh most hazardous substances (ATSDR, 2013), and Mn because 

Tarkwa is also noted for Mn mining. 

     Mean concentration of As was higher in livers (2.59 ± 2.81 mg/kg dw) than kidneys (1.91 

± 2.33 mg/kg dw) (Table 1). The liver is a major target organ of As carcinogenesis (Waalkes 

et al., 2003) and could be the reason for the higher As levels. As is toxic and most hazardous 

substance (ATSDR, 2013) and due to its non-biodegradable nature, it could accumulate in 

soil, food and water (Amonoo-Neizer et al., 1995), through which wild rats could be exposed 

since they pick food and water mainly from the ground. Levels of As in soils, drinking water 

and organs of free-range chickens raised health risk concerns for both humans and animals 

in some communities in Tarkwa with food and water picking being the dominant sources in 

chicken (Bortey-Sam et al., 2015c; 2015d; 2015e). The levels were attributed to processing 

of the ore which involves roasting and these results in the production of arsenic trioxide gas 

which is distributed throughout the study area by air current (Amonoo-Neizer et al., 1995).  
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Table 1: Mean concentrations (± SD) and ranges of heavy metals and a metalloid (mg/kg dw) in the livers and kidneys of wild 

rats in Tarkwa, Ghana 

n: number of samples; SD: standard deviation; different letters (a and b) between groups indicates significant difference 

(Student’s T-Test; p ˂ 0.05) 

 

  

 

Samples  n  As Cd  Co  Cr  Cu  Mn   Ni Pb   Zn   

Liver Mean 46  2.59a 0.198a 0.198a 0.147a 18.9a 5.50a 0.869a 1.05a 263a 

 SD   2.81 0.321 0.207 0.0908 14.0 2.86 0.522 2.23 95.2 

 Minimum   0.0699 0.0213 0.0784 0.0166 7.59 2.54 0.219 0.0532 112 

 Maximum   12.6 1.45 1.21 0.406 71.8 19.1 2.11 10.7 524 

             

Kidney Mean 46  1.91a 1.41b 0.382b 0.375b 14.3a 4.09b 2.02b 3.97b 117b 

 SD   2.33 3.57 0.333 0.327 4.57 2.79 1.85 8.15 41.7 

 Minimum   0.102 0.0039 0.0741 0.0773 9.17 1.53 0.172 0.044 64.3 

 Maximum   14.0 21.1 1.62 1.72 39.5 16.8 7.85 41.6 284 
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     As shown in Table 1, the mean levels of Cd in the kidneys (1.42 ± 3.57) was seven times 

higher (p ˂ 0.05) compared to the liver (0.198 ± 0.321) of wild rats in Tarkwa. There have 

been suggestions that animals exposed to Cd accumulate it in their kidneys because of the 

presence of free protein-thiol groups which leads to a strong fixation of the metal (Pompe–

Gotal and Crnic, 2002). Cd concentrations in blood, urine and kidney have been recognized 

as good indicators of exposure (Brzoska et al., 2004). Cd could increase excretion of calcium 

and reduce the generation of active vitamin D in kidney. Consequently, calcium uptake and 

absorption in gastrointestinal gut are decreased (Chen et al., 2013). Bone lesions, apart from 

kidney damage, are the main health consequences of chronic exposure to Cd. Osteopenia, 

osteomalacia and osteoporosis with pathological fractures have been reported in Cd-exposed 

humans (Jarup, 2002; Alfven et al., 2000; Honda et al., 2003) and experimental animals 

(Whelton et al., 1997; Uriu et al., 2000). 

     Levels of Pb were higher (p ˂ 0.05) in kidneys (3.97 ± 8.15 mg/kg dw) than livers (1.05 

± 2.23 mg/kg dw) (Table 1). In previous studies, high levels of Pb was found in Manihot 

esculenta (cassava), soils and chickens from some communities around mining areas in 

Tarkwa, which could cause health risk to residents and especially children (Bortey-Sam et 

al., 2015c; 2015e; 2015f). The levels of Pb in organs of free–range chickens in Tarkwa 

emanated from contamination of soil, feeds and/or water sources (Bortey-Sam et al., 2015c), 

and these could be the same route through which wild rats were exposed.  

     Livers (5.50 ± 2.86) accumulated higher (p ˂ 0.05) levels of Mn than kidneys (4.09 ± 

2.79) (Table 1). This is because, the liver is key for maintaining Mn homeostasis (Finley, 

1998), and among organs with highest Mn levels (Dorman et al., 2006) as it produces two of 

the main plasma transport proteins of Mn–albumin and transferrin (Crossgrove and Zheng, 

2004). Excess Mn causes neurotoxicity, production of reactive oxygen species and 

disturbance of mitochondrial dynamics (Barhoumi et al., 2004; Martinez-Finley et al., 2013). 

In the offal and muscles of free-range chickens, goat and sheep in Tarkwa, the mean 

concentrations of Mn were above the WHO (1996) maximum levels (0.5 mg/kg) except in 
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chicken muscle, and levels were attributed to proximity of the sample sites to the Mn mine 

(Bortey-Sam et al., 2015c). 

 

Sex differences in heavy metal and metalloid accumulation 

     Bioaccumulation of heavy metals in animals varies according their sex, size and/or age 

(Hunter et al., 1989, Sawicka-Kapusta et al., 1995, Damek-Poprawa and Sawicka-Kapusta, 

2004). Although we could not determine the ages of wild rats in this study, the results of sex 

differences in the accumulation of metals showed no statistical variation (p > 0.05) except Ni 

in kidneys (Table 2). However, levels of As, Cd and Zn were higher in the livers of female 

rats compared to males, while in livers of male rats, Cu and Mn were higher than in those of 

female rats (p > 0.05). Co, Cr, Ni and Pb levels were similar in livers of both sexes (Table 2). 

This trend was similar for the kidneys except for Ni which was higher in male rats compared 

to females (Table 2). Study of Blagojevic et al. (2012) in skull of mice from two localities in 

Serbia revealed that no gender dependent variation was detected for Fe, Mn, Co, Cd, Zn, Ni, 

Pb and Cu.  

     Although not significant (p > 0.05), average Cd levels in livers (0.12 mg/kg dw) and 

kidneys (0.65 mg/kg dw) of females were two times higher than in males (liver [0.07 mg/kg 

dw] and kidney [0.29 mg/kg dw]). Absorption of Cd is through the gastrointestinal tract 

(GIT), however, this can be affected by several factors, such as age, sex, nutritional status, 

and preceding Cd burden. Among these, young age, iron deficiency, and being female are 

reported to accelerate the absorption of Cd through the GIT in both humans and animals 

(Berglund et al., 1994; Flanagan et al., 1978; Hamilton and Valberg, 1974; Kowel, 1988; 

Taguchi and Suzuki, 1981) and these could be the reasons why Cd levels were higher in 

females than males.
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Table 2: Sex differences in accumulation of heavy metals and a metalloid (mg/kg dw) in the livers and kidneys of wild rats in 

Tarkwa, Ghana  

Organ Sex  As Cd  Co  Cr  Cu  Mn   Ni Pb   Zn   

Livers Male  Mean 0.573a 0.066a 0.132a 0.185a 19.8a 5.45a 0.921a 0.237a 256a 

  SD 0.586 0.027 0.045 0.078 23.2 6.65 0.607 0.217 103 

  Minimum 0.070 0.021 0.088 0.071 8.95 2.54 0.219 0.053 164 

  Maximum 1.92 0.098 0.210 0.294 71.8 19.1 1.72 0.666 433 

            

 Female Mean 1.08a 0.117a 0.163a 0.198a 15.3a 4.60a 0.894a 0.292a 301a 

  SD 2.53 0.181 0.194 0.106 7.27 1.21 0.605 1.34 111 

  Minimum 0.113 0.040 0.078 0.094 7.59 2.60 0.269 0.093 177 

  Maximum 12.6 1.45 1.21 0.406 30.9 6.66 2.12 10.7 524 

            

Kidneys Male  Mean 0.645a 0.292a 0.332a 0.410a 18.1a 5.21a 4.82a 1.24a 122a 

  SD 0.603 0.283 0.316 0.247 9.55 3.53 1.99 1.69 68.7 

  Minimum 0.103 0.004 0.074 0.128 11.6 1.53 1.82 0.044 64.3 

  Maximum 1.89 0.867 1.62 0.816 39.5 16.8 7.85 5.17 284 

            

 Female Mean 0.905a 0.650a 0.244a 0.513a 13.7a 4.32a 2.52b 1.53a 140a 

  SD 1.32 1.15 0.172 0.508 1.85 1.70 1.33 2.69 45.6 

  Minimum 0.159 0.107 0.082 0.077 10.2 2.29 0.939 0.305 81.6 

  Maximum 14.0 21.1 0.519 1.72 16.4 6.89 5.03 41.6 284 

SD: standard deviation; different letters (a and b) between male and female rats within the same organ indicates significant 

difference (Student’s T-Test; p ˂ 0.05)
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Heavy metals correlation with body weights of wild rats 

     Levels of Ni in the livers and kidneys negatively correlated (p < 0.05) with body weights 

of rats (Table 3). Ni is a carcinogen and overexposure could cause decreased body weights 

and damage to the heart and liver (Homady et al., 2002). On the other hand, body weights 

correlated positively (p ˂ 0.05) with Cd (both livers and kidneys) and Co (livers only).  

     In exposure studies of Brzoska et al. (2004) and Chen et al. (2013), increase in the body 

weights of rats was noted when exposed to Cd. Wronski et al. (1987) demonstrated that 

increased body weight provides a partial protection against the development of osteopenia in 

the long bones of ovariectomized (OVX) rats.  

     Nevertheless, the protective effect of obesity against osteopenia in OVX rats is only partial 

and that marked osteopenia develops in the long bones of OVX rats regardless of body 

weights. This trend suggests that the increased body weights of obese OVX rats may have 

provided an additional stimulus for bone formation in the weight-bearing long bones 

(Wronski et al., 1987). The finding of Wronski et al. (1987) was consistent with reports of 

diminished bone loss in obese postmenopausal women (Saville and Nilsson, 1966; Daniell, 

1976; Lindsay et al., 1984). These trends could explain the significant positive correlation (p 

˂ 0.05) between Cd levels in livers and kidneys and body weights of rats. 

 

Possible sources of heavy metals and a metalloid in wild rats 

     PCA was used to trace the possible route of heavy metals and a metalloid exposure to wild 

rats in Tarkwa. Soil, bore hole drinking water and foodstuff (cassava and Musa paradisiaca 

[plantain]) data on heavy metals in communities in Tarkwa, used for PCA was obtained from 

Bortey-Sam et al. (2015d, 2015e; 2015f). As shown in Fig. 2, component 1 (PC1) makes up 

40% of the PCA and score plot has high loadings of livers, kidneys (of wild rats), soils and 

borehole drinking water, with some highly associated with all the studied metals. This 

suggests that exposure of wild rats to metals were through soils and borehole drinking water, 
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which is similar to conclusion of Bortey-Sam et al. (2015c) on the sources of metals in free-

range chickens in Tarkwa. This is obvious because like chickens, these wild rats also pick 

food and water from the ground which contains heavy metals and / or metalloids. There was 

a strong association between the livers and kidneys with borehole drinking water from 

Tarkwa, which was also highly associated with Cu, Cd and Zn (Fig. 2). 

 

Toxicological significance 

     The levels of heavy metals and a metalloid in this study were compared with studies by 

Nakayama et al. (2013), Soewu et al. (2014) and Guerrero-Castilla et al. (2014) on the 

accumulation and biological effects (oxidative stress) of metals in wild rats and mice around 

mining and industrial communities in Zambia, Nigeria and Colombia, respectively. Among 

the livers and kidneys, levels of As, Ni, Zn and Cd (observed only in kidneys) were higher 

in this study compared to studies by Soewu et al. (2014), Nakayama et al. (2013) and 

Guerrero-Castilla et al. (2014) (Table 4). Exposure of wild rats to Ni, Zn and Cd in Tarkwa 

could have resulted from mining/smelting, municipal waste and/or the use and sometimes 

abuse of phosphate fertilizers and organic manures. Other sources may include leachates 

from Ni–Cd based batteries and Cd plated items which are so carelessly discarded by battery 

chargers and users in Ghana as indicated by Bortey-Sam et al. (2015c; 2015e). Recently, 

electronic wastes are disposed and often burnt at refuse dumps. 

     Nakayama et al. (2013) studied heavy metals in wild rats in Zambia and reported to cause 

toxicological effects, since the accumulated metals caused induction of metallothionein (MT) 

in the livers and kidneys. Similarly, levels of metals in exposed mice from coal mining areas, 

in Colombia, caused a significant increase (p ˂ 0.05) in mRNA expression of genes related 

to oxidative stress, metal transport and DNA damage (Guerrero-Castilla et al., 2014).  
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Table 3: Pearson’s correlation between heavy metals and body weight of wild rats in Tarkwa, Ghana 

*: Correlation is significant at the 0.05 level. **: Correlation is significant at the 0.01 level; Bold indicates correlations 

between heavy metals and body weight in kidneys of wild rats otherwise for livers 

 

 

 As Cd  Co Cr Cu Mn  Ni Pb Zn body weight/g 

As 1 0.518* 0.516* -0.003 0.152 0.215 -0.553* 0.531* 0.704** 0.318 

Cd 0.333 1 0.393 0.167 -0.195 0.255 -0.631** 0.704** 0.480 0.599* 

 Co 0.225 0.531* 1 0.355 0.553* 0.066 -0.166 0.112 0.394 0.444 

Cr 0.398 0.058 0.511* 1 0.204 0.562* 0.313 0.128 0.097 -0.315 

Cu 0.324 -0.153 0.217 0.328 1 0.298 0.283 0.004 0.305 0.045 

Mn 0.420 -0.506* 0.045 0.359 0.733** 1 0.219 0.590* 0.395 -0.374 

 Ni -0.349 -0.526* 0.199 0.212 0.319 0.380 1 -0.418 -0.469 -0.725** 

Pb -0.061 -0.049 0.167 -0.264 -0.017 0.064 0.090 1 0.653** 0.253 

Zn 0.076 0.075 -0.394 -0.357 0.032 -0.068 -0.022 -0.236 1 0.449 

body weight/g 0.350 0.864** 0.538* 0.076 -0.149 -0.391 -0.580* 0.078 -0.047 1 
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Fig. 2 Distribution pattern of heavy metals and a metalloid in cassava, plantain, borehole drinking water, soils, livers and kidneys  

of wild rats in Tarkwa characterized by PCA 
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     Concentrations of Cd in both organs of this study, were below the critical renal 

intoxication level (119 mg/kg dw) which leads to subclinical symptoms for small mammals 

(Tohyama et al., 1987; Ma et al., 1991). Similarly, a critical liver concentration of 20–30 

mg/kg leads to hepatocyte damage (Godowicz, 1988; Swiergosz-Kowalewska, 2001). The 

toxicity of As in mammals was found to be related with levels above 3 mg/kg in the liver and 

kidney (Gupta, 1998) and animal data suggest that As exposure may have chronic effects on 

the kidneys (WHO, 1981). Liu et al. (2000) recorded that glomerular swelling is one of the 

degenerative changes that usually occur in mice chronically exposed to As. These changes 

were also observed in livers and kidneys of mice at concentrations of 1.79 ± 0.946 and 3.89 

± 0.817 mg/kg dw, respectively (Pereira et al., 2006). In the present study, concentrations of 

As in both organs were higher in 47% and 9% of livers and kidneys, respectively, compared 

with levels observed by Pereira et al. (2006) and could cause glomerular swelling in 9% of 

rats. 

     Levels of Pb in the livers and kidneys of wild rats in this study were higher than study by 

Guerrero-Castilla et al. (2014) but comparable with levels in Kabwe, Zambia, which was a 

Pb-Zn mine area (Nakayama et al., 2013) (Table 4). Ma (2011) reported that kidney Pb level 

> 15 mg/kg dw caused structural and functional kidney damage, while concentrations >120 

mg/kg dw caused body weight loss in adults rats. In histopathological studies, changes in the 

kidney, such as Pb intranuclear inclusion bodies and karyocytomegaly in the proximal tubular 

cells, were detected in wild brown rat (R. norvegicus) at kidney Pb concentrations > 2.5 

mg/kg dw (Ceruti et al., 2002). In this study, the average concentration of Pb in kidneys (3.97 

mg/kg dw) exceeded this histopathological threshold (2.5 mg/kg dw), and was higher in 29% 

of wild rats in Tarkwa. Moreover, 3 kidney samples (6%) exceeded the structural and 

functional kidney damage level (> 15 mg/kg dw) (Ma, 2011). 

 

     The high levels of metals detected in the livers and kidneys of wild rats in Tarkwa could 

cause health risk to mammalian wildlife. 
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Table 4: Comparison of mean concentrations (mg/kg dw) of heavy metal and a metalloid with other studies 

n: number of samples; * indicates study by Nakayama et al. 2013 in wild rats; # indicates study by Guerrero-Castilla et al. 2014 

in wild house mice and concentrations were in mg/kg fresh weight; *# indicates study by Soewu et al. 2014 in cane rats (wild 

grass cutters). 
 

Organ  Sample site/country Site description n As Cd  Co  Cr  Cu  Mn   Ni Pb   Zn   

Livers Tarkwa, Ghana (This study) Gold and Mn mining 46 2.59 0.198 0.198 0.147 23.0 5.50 0.869 1.05 263 

 Kabwe, Zambia* Pb and Zn mining 20 0.5 0.12 0.22 0.28 10.2  0.11 1.19 151 

 Chingola, Zambia* Co and Cu mining 13 0.07 0.05 1.72 0.15 29.5  0.05 0.41 115 

 Lusaka, Zambia* University campus 18 0.57 0.03 0.37 0.78 14  0.69 0.14 141 

 La Jagua, Colombia# Coal mining  0.35 2.36   22.2   0.18 2.2 

 La Loma, Colombia# Coal mining  0.24 0.55   13.8   0.35 16.7 

 Omo forest, Nigeria*#                Undisturbed site 4  0.00  0.77 8.55 6.16  0.77 103 

 Mosinmi ecotome*# Oil and gas industries 4  0.58  0.00 8.05 16.2  0.00 87.1 

 Ibese ecotome*#  4  0.00  2.16 11.9 8.64  0.00 77.1 

 Agbara ecotome*# Industrial  4  0.00  0.80 11.9 11.5  0.00 114 

             

Kidneys Tarkwa, Ghana (This study) Gold and Mn mining 46 1.91 1.41 0.382 0.375 14.3 4.09 2.02 3.97 117 

 Kabwe, Zambia* Pb and Zn mining 20 0.52 0.64 0.26 0.93 11.5  0.64 5 91 

 Chingola, Zambia* Co and Cu mining 13 0.28 0.71 1.88 0.82 23  0.63 2.85 109 

 Lusaka, Zambia* University campus 18 1.72 0.14 0.98 0.75 14  0.59 0.39 0.39 

 Omo forest, Nigeria*#                Undisturbed site 4  0.00  1.44 13.5 5.76  1.45 93.2 

 Mosinmi ecotome*# Oil and gas industries 4  0.00  1.08 13.8 11.0  0.96 95.7 

 Ibese ecotome*#  4  0.00  2.04 13.9 6.72  0.00 86.4 

 Agbara ecotome*# Industrial  4  0.32  2.16 15.3 5.76  0.00 97.0 
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Conclusions 

     Wild rats in Tarkwa, a mining community in Ghana, have been exposed to heavy metals 

and a metalloid through borehole drinking water and soils; and livers accumulated higher 

levels of As than kidneys but the reverse was for Cd and Pb. In both organs As, Cd and Zn 

levels were higher in female than male rats. The strong positive correlation between body 

weights and concentrations of Cd in livers and kidneys of wild rats reflects a mechanism of 

protection against the development of osteopenia in the long bones although biological 

effects remain a concern. Concentration of Pb in kidneys could cause intranuclear inclusion 

bodies and karyocytomegaly in the proximal tubular cells in 29% of wild rats in Tarkwa; and 

structural and functional kidney damage in 6%. Concentrations of As in kidneys of these wild 

rats could cause glomerular swelling in 9% of rats. 

     With the rapid increase in mining in Ghana, and high concentrations and possible risk of 

metals to wildlife, it is recommended that the government considers the following:  

(1) educate the public on environmental pollution and management, (2) continuous screening 

and monitoring of heavy metals and metalloids in the study area and (3) set policies to curb 

the rate of metal pollution in Ghana. 
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Summary of Section 2 
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     Mining in Tarkwa, Ghana, has caused contamination of the environment with heavy metals 

and a metalloid. This study revealed high risks of metals to the ecological system especially 

plants, soil invertebrates and/or mammalian wildlife in Tarkwanian communities especially 

from As, Pb and/or Hg contamination. Exposure of wild rats through soils and drinking water 

indicated that the livers accumulated higher levels of As than kidneys but the reverse was for 

Cd and Pb. In both organs, As, Cd and Zn were higher in female than male rats. The study 

further revealed intra nuclear inclusion bodies and karyocytomegaly in the proximal tubular 

cells in 29% of wild rats in Tarkwa; and structural and functional kidney damage in 6% due 

to Pb exposure. Additionally, As levels in kidneys of these wild rats could cause glomerular 

swelling in 9%. The overall results of this study revealed that exposure to metals through soils, 

drinking water and consumption of cassava and free-range chickens in Tarkwanian 

communities could cause both cancer and non-cancer risks to residents especially children, 

and mining has played a significant role. 
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     The gross domestic product, industrialization, population and economic growth in Africa 

including Ghana, has seen tremendous growth over the past years. Despite the benefits, the 

negative impacts on humans, animals and the environment may cause additional costs not 

included in sales expenditures. Especially for the ubiquitous and non-biodegradable 

contaminants, the negative effects persist for several decades and even longer. Among the 

pollutants heavy metals and PAHs constitute a major health hazard in many African countries. 

Humans and animal exposure of these contaminants are through inhalation, ingestion and/or 

dermal contact.   

     Kumasi as the second largest and industrialized city in Ghana and has been subjected to 

heavy anthropogenic influence. Additionally, Tarkwa, is a city known to be rich in mineral 

resources such as gold and manganese. Unfortunately, industrialization to boost the economy 

has led to continuous release of metals and PAHs in the environment which could affect 

human and animal life. Assessing the risks due to exposure to these pollutants is needed to 

enable environmentalists, health services and policy makers help curb the deleterious effects 

to residents and prevent future health hazards. Based on this, I assessed the risks to PAHs and 

metals in biological and environmental samples in Ghana’s Tarkwa and Kumasi regions as 

below: 

     In chapter 1 of section 1, cattle urine was collected from Kumasi (urban) and Offinso 

(rural), Ghana: to determine concentrations of urinary OH-PAHs; and find their association 

with sex; and to estimate exposure of cattle to PAHs from the different sites. From the results, 

GMSG, showed that 2-OHNap was the most abundant OH-PAH in cattle urine from all study 

sites, and naphthalene-containing-mothballs might have contributed significantly to these 

levels. There was no significant difference between urinary OH-PAHs concentrations in cattle 

from urban and rural sites except for 2-OHPhe and 4-OHPhe, and similar to urban areas, rural 

sites could also be polluted with PAHs. GMSG of 2-OHNap in cattle urine in Kokote (a rural 

area), was significantly higher compared to the other sites followed by Oforikrom (urban). 

The high concentrations of urinary 2-OHNap, 2-3-OHFlu, 2-OHPhe, 3-OHPhe and 4-OHPhe 

in Kokote indicated high PAHs exposure to cattle in this area or different/specific source of 



  

 

198  

  

 

PAHs exposure. GMSG of 2-OHNap was significantly higher in male cattle compared to 

females while 1-9-OHPhe was significantly higher in females. 

     With the high cancer incidence, concentrations and cancer potency of PAHs in PM10, soils, 

livers of wild rats and high concentrations of OH-PAHs in cattle urine in Kumasi, human 

urine were collected to assess the health effects associated with PAHs exposure; and identify 

any association between OH-PAHs, MDA, 8-OHdG with age and sex in chapter 2 of section 

1. Results of the present study revealed that exposure to PAHs significantly increases the odds 

of occurrence of persistent cough (OR = 2.5, CI: 1.33-4.70), persistent headache (OR = 1.89, 

CI: 1.66-3.36), respiratory tract infection (OR = 46.2, CI: 2.88-742), tachycardia (OR = 3.65, 

CI: 1.50-8.88) and dyspnea (OR = 4.11, CI: 1.75-9.65) among Kumasi residents. For gender 

differences, occurrence of persistent headache (OR = 2.51, CI: 1.04-4.29) and dyspnea (OR 

= 3.30, CI: 1.21-8.99) in females were significantly higher (p ˂ 0.05) than males. GMSG 

indicated 2-OHNap as the most abundant OH-PAH and highest level of urinary 2-OHNap 

was detected in a female participant in Manhyia hospital, who reported symptoms of persistent 

cough, headache, tachycardia, nasal congestion and inflammation, all of which are symptoms 

of naphthalene exposure. 1-9, 4-OH-Phenanthrenes, and 1-OHPyrene were most abundant 

from a participant who visited Manhyia hospital with ulcer and also complained of dyspnea. 

∑OHPAHs, 2-OHNap, 2-3-OHFlu, and -OHPhe showed a significantly positive correlation 

with MDA and 4-OHPhe with 8-OHdG, indicating possible lipid peroxidation/cell damage in 

some participants. There was no association between urinary OH-PAHs concentrations with 

age; while MDA and 8-OHdG were highest in age group 21-60. The present study showed a 

significant sex difference with higher levels of urinary OH-PAHs in females than males.  

     In chapter 1 of section 2, heavy metals and a metalloid were analyzed in agricultural soils 

in 19 communities in Tarkwa to assess the potential ecological risk. Potential ecological risk 

(RI) indices indicated low (Mile 7) to high risks (Wangarakrom; Badukrom) of metals and 

soil organic matter could have played a substantial role on the total contents of these metals 

in soil. The investigated soils fall within low to high contamination and risk of heavy metals 

to the ecological system especially plants, soil invertebrates and/or mammalian wildlife. This 
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represented moderate potential ecological risk in the study area, and mining activities have 

played a significant role. 

     As a follow up, in chapter 2 of section 2, concentrations of heavy metals and metalloid in 

borehole drinking water from 18 communities in Tarkwa were measured to assess the health 

risk associated with its consumption. Mean concentrations of heavy metals (µg/L) exceeded 

recommended values in some communities and the HI results raise concerns about the non–

carcinogenic adverse health effects of drinking groundwater in Huniso. The average risk 

values of As for adults and children through drinking borehole water in the communities 

indicated medium cancer risk, but high cancer risk in some communities such as Samahu and 

Mile 7. Based on the USEPA assessment, the average cancer risk values of As for adults 

(3.65E–05) and children (5.08E–05) indicated three (adults) and five (children) cases of 

neoplasm in a hundred thousand inhabitants. The results of this study showed that residents 

in Tarkwa who use and drink water from boreholes could be at serious risk from exposure to 

these heavy metals and metalloid. 

     Chapter 3 of section 2, assesses the extent of heavy metals and metalloid accumulation 

from agricultural soils to foodstuffs (viz, (cassava) and plantain) around thirteen neighboring 

communities within Tarkwa; and estimated the human health risk associated with 

consumption of these foodstuffs. From the results, 30% of cassava samples collected, 

contained higher concentrations of Pb when compared to Codex Alimentarius Commission 

standard values. Bioconcentration factor indicated that Ni had higher capacity of absorption 

into food crops from soil than the other heavy metals. For both children and adults, the target 

hazard quotient (THQ) of Pb in cassava in communities such as Techiman, Wangarakrom, 

Samahu and Tebe (only children) were greater than 1, which is defined as an acceptable risk 

value. This indicated that residents could be exposed to significant health risks associated with 

cassava consumption.  

     In chapter 4 of section 2, I estimated the daily intakes of heavy metals/metalloid and health 

risks implicatios due to consumption of different organs of different animal species (free-
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range chickens, goat and sheep) near gold mines in Tarkwa. Principal component analysis of 

the results showed a clear separation of metal accumulation between the various animal 

species. Interestingly, As, Cd, Hg, Mn and Pb made one cluster in the offal of chicken. 

Chicken muscle also showed similar distribution with As, Hg and Pb clustered together. The 

daily intakes of As, Cd, Hg, Pb and Mn in these food animals were low compared to the 

provisional tolerable daily intake guidelines. The THQs although less than one, indicated that 

contributions of chicken gizzard and liver to toxic metal exposure in adults and especially 

children could be significant. 

     In chapter 5 of section 2, wild rats were used to estimate the environmental pollution state 

of metals; in addition, I determined the sex differences in metal accumulation; and assessed 

the potential risks involved. From the results, livers accumulated higher levels of As than 

kidneys but the reverse was for Cd and Pb. In both organs, As, Cd and Zn levels were higher 

in female than the male rats. There was a strong positive correlation between body weight and 

Cd concentrations in livers and kidneys of wild rats which reflects a mechanism of protection 

against the development of osteopenia, although biological effects remain a concern. Pb levels 

in the kidneys could cause intra nuclear inclusion bodies and karyocytomegaly in the proximal 

tubular cells in 29% of wild rats in Tarkwa; and structural and functional kidney damage in 

6%. Concentrations of As in kidneys of these wild rats could cause glomerular swelling in 9% 

of rats. Principal component analysis of the results showed that wild rats in Tarkwa were 

exposed to heavy metals and a metalloid through borehole drinking water and soils. 

 

 

 

 

 

 



  

 

201  

  

 

Acknowledgements 

     I am very grateful to God for enabling me reach a point like this in my career, having 

bestowed upon me such abundant grace to go through this program. 

     I would like to express my deepest appreciation to my supervisor Prof. Mayumi Ishizuka 

and Prof. Yoshinori Ikenaka (Laboratory of Toxicology, Graduate School of Veterinary 

Medicine, Hokkaido University) for the opportunities, guidance, support and persistent help 

throughout my studies, this dissertation would not have been possible if it wasn’t for them. I 

also express my deepest gratitude to Dr. Osei Akoto (Chemistry Department, KNUST, 

Ghana) and Dr. Shouta M.M. Nakayama (Laboratory of Toxicology, Graduate School of 

Veterinary Medicine, Hokkaido University) for their unreserved support, opportunity, 

guidance, constructive suggestions, and above all for their encouragement throughout the 

entire period of my research work.  

     I would like to acknowledge and express my gratitude to the Ministry of Education, 

Culture, Sports, Science and Technology (MEXT), Japan; The Leading Program of Graduate 

School of Veterinary Medicine, The Japan Society for the Promotion of Science, Grant-in-

Aid and the foundation of JSPS Core to Core Program, The Mitsui & Co., Ltd. Environment 

Fund, the Akiyama Life Science Foundation and the Nihon Seimei Foundation for the 

financial support throughout my study. My heartfelt gratitude also goes to the Graduate 

School of Veterinary Medicine, Hokkaido University for accepting me to pursue my PhD 

study.  

     I would like to thank all my colleagues (past and present members) in the Laboratory of 

Toxicology for their encouragement, generosity and support. In particular, I am very grateful 

to Drs. Yared Beyene Yohannes and Balazs Oroszlany for their time, generosity, advice and 

guidance in every aspect.  

     I thank Prof. Toshio Tsubota (Laboratory of Wildlife Biology and Medicine, Graduate 

School of Veterinary Medicine, Hokkaido University) and Prof. Kei Nomiyama (Center for 



  

 

202  

  

 

Marine Environmental Studies, Ehime University) for their valuable and critical comments 

on this thesis. I also thank Prof. Norikazu Isoda (Risk Analysis and Management, Research 

Centre for Zoonosis Control, Hokkaido University) for his guidance on calculations and 

interepretations of odds ratio. 

     I am highly grateful to all the participants, hospital administration and staff, the Ghana 

Health Service and Council for Scientific and Industrial Research, Ghana, for facilitating this 

study. Many thanks to Dr. Elvis Baidoo (Chemistry Department, KNUST, Ghana) for his 

help during sampling.  

     I thank my parents and siblings for their endless love, encouragement and support, without 

you I would not be where I am today. My heartfelt appreciation and love goes to my wife, 

Joyce Amoah to whom this thesis is dedicated. My deepest affection and love goes to the 

Boss.  

     Finally, I would like to acknowledge all who endeavored to assist me one way or the other, 

God bless you all. 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

 

203  

  

 

References 

Abou–Arab AAK. 2001. Heavy metal contents in Egyptian meat and the role of detergent 

washing on their levels. Food Chemical Toxicology 39 (6):593–599. 

ABS. 2013. 4125.0-Gender Indicators, Australia, Jan 2013-Smoking.  

http://www.abs.gov.au/ausstats/abs@.nsf/Lookup/by%20Subject/4125.0~Jan%202013~Ma

in%20Features~Smoking~3320 (last accessed 4 July 2015). 

Akabzaa T, Darimani A. 2001. Impact of mining sector investment in Ghana: a study of the 

Tarkwa mining region. Health Impacts 6.4 pp 60. 

Akoto O, Bortey–Sam N, Nakayama S, Ikenaka Y, Baidoo E, Yohannes YB, Mizukawa H, 

Ishizuka M. 2014. Distribution of heavy metals in organs of sheep and goat reared in 

Obuasi: A gold mining town in Ghana. International Journal of Environmental Science 

and Toxicology 2(4): 81–89. 

Al-Daghri N, Alokail M, Abd-Alrahman S, Draz H, Yakout S, Clerici M. 2013. Polycyclic 

aromatic hydrocarbon exposure and pediatric asthma in children: a case-control study. 

Environmental Health 12: 1. 

Alfven T, Elinder CG, Carlsson MD, Grubb A, Hellstrom L, Persson B, et al. 2000. Low-

level cadmium exposure and osteoporosis. Journal of Bone and Minereral Research 

15:1579–1586. 

Al–Khashman, OA, Shawabkeh RA. 2006. Metals distribution in soils around the cement 

factory in southern Jordan. Environmental Polluttion 140: 387–394. 

Amasa SK. 1975. Arsenic pollution at Obuasi goldmine, town and surrounding countryside. 

Environmental Health Perspectives 12: 131–135. 

Alloway BJ. 2013. Heavy metals in soils–trace metals and metalloids in soils and their 

bioavailability. Springer, Dordrecht. 

Amonoo–Neizer EH, Nyamah D, Bakiamoh SB. 1995. Mercury and arsenic pollution in soil 

and biological samples around mining towns if Obuasi, Ghana. Water, Air and Soil 

Pollution 91:363–373. 



  

 

204  

  

 

Apambire WB, Boyle DR, Michel FA. 1997. Geochemistry, genesis, and health implications 

of fluoriferous groundwaters in the upper regions of Ghana. Environmental Geology 33: 

13–24. 

Arshad M, Silvestre J, Pinelli E, Kallerhoff J, Kaemmerer M, Tarigo A, Shahid M, Guiresse 

M, Pradere P, Dumat CA. 2008. Field study of lead phytoextraction by various scented 

Pelargonium cultivars. Chemosphere 71(11): 2187–2192. 

Asante KA, Agusa T, Subramanian A, Ansa–Asare OD, Biney CA, Tanabe S. 2007. 

Contamination status of arsenic and other trace elements in drinking water and residents 

from Tarkwa, a historic mining township in Ghana. Chemosphere 66:1513–1522. 

ATSDR, Agency for Toxic Substances and Disease Registry. 2013. Minimum risk levels 

(MRLs). 

Available online at http://www.atsdr.cdc.gov/mrls/pdfs/atsdr_mrls_february_2012.pdf  

ATSDR, (Agency for Toxic Substances, Disease Registry). 2005. Toxicological Profile for 

Naphthalene, 1-Methylnaphthalene, and 2-Methylnaphthalene.  

ATSDR, (Agency for Toxic Substances, Disease Registry). 2008. CERCLA Priority List of 

Hazardous substances. 2007 Ranking (1–275). Updated page: 01-10- 2008. 

Available at: www.atsdr.cdc.gov/cercla/07List.html 

ATSDR, (Agency for Toxic Substances, Disease Registry). 2013. Detailed data for 2013 

Priority List of Hazardous Substances. Public Health Service, ATSDR, Division of 

Toxicology and Environmental Medicine.  

Barhoumi R, Faske J, Liu X, Tjalkens RB. 2004. Manganese potentiates lipopolysaccharide-

induced expression of NOS2 in C6 glioma cells through mitochondrial-dependent 

activation of nuclear factor kappaB. Molecular Brain Research 122: 167–179. 

Barranco A, Alonso-Salces RM, Crespo I, Burreta LA, Gallo B, Vicente F, Sarobe M. 2004. 

Polycyclic aromatic hydrocarbon content in commercial Spanish fatty foods.  

Journal of Food Protection 67: 2786–2971.  

Bartolomé M, Ramos JJ, Cutanda F, Huetos O, Esteban M, Ruiz-Moraga M, Calvo E, Pérez-

Gómez B, González O, Castaño A. 2015. Urinary polycyclic aromatic hydrocarbon 

http://www.atsdr.cdc.gov/cercla/07List.html


  

 

205  

  

 

metabolites levels in a representative sample of the Spanish adult population: the 

BIOAMBIENT.ES project. Chemosphere 135: 436–446.  

Bartsch H, Nair J. 2004. Oxidative stress and lipid peroxidation-derived DNA-lesions in 

inflammation driven carcinogenesis. Cancer Detection and Prevention 28: 385–391. 

Basu AK, Marnett LJ. 1983. Unequivocal demonstration that malondialdehyde is a mutagen. 

Carcinogenesis 4: 331–3. 

Battaglia A, Ghidini S, Campanini G, Spaggiari R. 2005. Heavy metal contamination in little 

owl (Athene noctua) and common buzzard (Buteo buteo) from northern Italy. 

Ecotoxicology and Environmental Safety 60: 61–66. 

Bennett D, Kastenberg W, McKone T.A. 1999. Multimedia, multiple pathway risk 

assessment of atrazine: the impact of age differentiated exposure including joint 

uncertainty and variability. Reliability Engineering and System Safety 63: 185–198. 

Berglund M, Akesson A, Nermell B, Vahter M. 1994. Intestinal absorption of dietary 

cadmium in women depends on body iron stores and fiber intake. Environmental Health 

Perspective 102: 1058–1066. 

BGL, Bogoso Gold Limited. 2002. An overview of Bogoso Gold Limited. Ghana: BGL.  

Blacksmith institute. 2011. Lead poisoning crisis in Nigeria. Project completion reports 1-5 

Blagojević J, Jovanović V, Stamenković G, Jojić V, Bugarski-Stanojević V, Adnađević T, 

Vujošević M. 2012. Age differences in bioaccumulation of heavy metals in populations 

of the black-striped field mouse, Apodemusagrarius (Rodentia, 

Mammalia). International Journal of Environmental Research 6(4): 1045-1052. 

Bortey-Sam N. 2011. Distribution of polycyclic aromatic hydrocarbons in air and surface 

soil: case study Kumasi, Ghana. A dissertation submitted for the award of Master of 

Science degree. Available online: 

http://ir.knust.edu.gh/bitstream/123456789/4107/1/NESTA%20BORTEY-SAM.pdf 

Bortey-Sam N, Akoto O, Ikenaka Y, Nakayama SM, Ishizuka M. 2013. Determination of 

benzo[a]pyrene levels in ambient air and the source of polycyclic aromatic hydrocarbons 

using a diagnostic ratio method in Ghana. Japanese Journal of Veterinary Research 61: 

S72-74. 

http://ir.knust.edu.gh/bitstream/123456789/4107/1/NESTA%20BORTEY-SAM.pdf


  

 

206  

  

 

Bortey-Sam N, Ikenaka Y, Nakayama SM, Akoto O, Yohannes YB, Baidoo E, Mizukawa H, 

Ishizuka M. 2014. Occurrence, distribution, sources and toxic potential of polycyclic 

aromatic hydrocarbons (PAHs) in surface soils from the Kumasi Metropolis, Ghana. 

Science of the Total Environment 496: 471-478. 

Bortey-Sam N, Ikenaka Y, Akoto O, Nakayama SM, Yohannes YB, Baidoo E, Mizukawa H, 

Ishizuka M. 2015a. Levels, potential sources and human health risk of polycyclic 

aromatic hydrocarbons (PAHs) in particulate matter (PM10) in Kumasi, Ghana. 

Environmental Science and Pollution Research 22: 9658–9667. 

Bortey-Sam N, Ikenaka Y, Akoto O, Nakayama SM, Yohannes YB, Baidoo E, Saengtienchai 

A, Mizukawa H, Ishizuka M. 2015b. Exposure levels of polycyclic aromatic 

hydrocarbons (PAHs) and heavy metals in wild rats in Kumasi, Ghana. Proceedings of 

the 7th International Toxicology Symposium in Africa, Johannesburg, South Africa. 31st 

August, 2015. Available online:  

http://aa.vetmed.hokudai.ac.jp/en/uploads/2015/10/7th_International_Toxicology_Symposi

um_in_Africa.pdf pp. 67-68. 

Bortey-Sam N, Nakayama SMM, Ikenaka Y, Akoto O, Yohannes YB., Baidoo E, Mizukawa 

H, Ishizuka M. 2015c. Human health risks from metals and metalloid via consumption 

of food animals near gold mines in Tarkwa, Ghana: Estimation of the daily intakes and 

target hazard quotients (THQs). Ecotoxicology and Environmental Safety 111: 160–167. 

Bortey-Sam N, Nakayama SM, Ikenaka Y, Akoto O, Baidoo E, Mizukawa H, Ishizuka M. 

2015d. Health risk assessment of heavy metals and metalloid in drinking water from 

communities near gold mines in Tarkwa, Ghana. Environmental Monitoring and 

Assessment 187(7): 1-12. 

Bortey-Sam N, Nakayama SM, Akoto O, Ikenaka Y, Baidoo E, Mizukawa H, Ishizuka M 

2015e. Ecological Risk of Heavy Metals and a Metalloid in Agricultural Soils in Tarkwa, 

Ghana. International Journal of Environmental Research and Public Health 12(9): 

11448-11465. 

Bortey-Sam N, Nakayama SM, Akoto O, Ikenaka Y, Fobil JN, Baidoo E, Mizukawa H, 

Ishizuka M. 2015f. Accumulation of heavy metals and metalloid in foodstuffs from 

http://aa.vetmed.hokudai.ac.jp/en/uploads/2015/10/7th_International_Toxicology_Symposium_in_Africa.pdf%20pp.%2067-68
http://aa.vetmed.hokudai.ac.jp/en/uploads/2015/10/7th_International_Toxicology_Symposium_in_Africa.pdf%20pp.%2067-68


  

 

207  

  

 

agricultural soils around Tarkwa area in Ghana, and associated human health 

risks. International Journal of Environmental Research and Public Health 12(8): 8811-

8827. 

Bortey-Sam N, Ikenaka Y, Akoto O, Nakayama S.M.M., Marfo J, Saengtienchai A, 

Mizukawa H, Ishizuka M. 2016. Excretion of polycyclic aromatic hydrocarbon 

metabolites (OH-PAHs) in cattle urine in Ghana. Environmental Pollution (under 

review) 

Bostrom CE, Gerde P, Hanberg A, Jernstrom B, Johanson C, Kyrklund T, et al. 2002. Cancer 

risk assessment, indicators, and guidelines for polycyclic aromatic hydrocarbons in the 

ambient air. Environmental Health Perspective 110:451–489. 

Bouchard M, Viau C. 1999. Urinary 1-hydroxypyrene as a biomarker of exposure to 

polycyclic aromatic hydrocarbons: Biological monitoring strategies and methodology 

for determining biological exposure indices for various work environments. Biomarkers 

4: 159−187.   

Bowler RM, Gysens S, Diamond E, Nakagawa S, Drezgic M, Roels HA. 2006. Manganese 

exposure: neuropsychological and neurological symptoms and effects in welders. 

Neurotoxicology 27: 315–326. 

Burczynski ME, Harvey RG, Penning TM. 1998. Expression and Characterization of  

Four Recombinant Human Dihydrodiol Dehydrogenase Isoforms: Oxidation of trans7,8-

Dihydroxy-7,8-dihydrobenzo[a]pyrene to the Activated o-Quinone Metabolite 

Benzo[a]pyrene-7,8-dione. Biochemistry 37, 6781-6790.  

Burgaz S, Borm PJA, Jongeneelen FJ. 1992. Evaluation of excretion of 1hydroxypyrene and 

thioethers in workers exposed to bitumen fumes. Int. Arch. Occup. Environmental 

Health 63: 397–401.  

Bryan Henry R, Liu J, Choudhuri S, Klaassen DC. 1994. Species variation in hepatic 

metallothionein. Toxicology letters 74: 23–33. 

Brzoska MM, Majewska K, Moniuszko-Jakoniuk J. 2004. Mineral status and mechanical 

properties of lumbar spine of female rats chronically exposed to various levels of 

cadmium. Bone 34(3): 517-526. 



  

 

208  

  

 

Caggiano R, Sabia S, D’Emilio M, Macchiato M, Anastasio A, Ragosta M, Paino S. 2005. 

Metal levels in fodder, milk, dairy products, and tissues sampled in ovine farms of 

Southern Italy. Environmental Research 99: 48–57. 

Campo L, Rossella F, Fustinoni S. 2008. Development of a gas chromatography/mass 

spectrometry method to quantify several urinary monohydroxy metabolites of 

polycyclic aromatic hydrocarbons in occupationally exposed subjects. Journal of 

Chromatography B 875: 531–540. 

Cao HB, Chen JJ, Zhang J, Zhang H, Qiao L, Men Y. 2010. Heavy metals in rice and garden 

vegetables and their potential health risks to inhabitants in the vicinity of an industrial 

zone in Jiangsu, China. Journal of Environmental Sciences 22(11): 1792–1799. 

CDC. 2015. Fourth National Report on Human Exposure to Environmental Chemicals, 

Updated Tables, February 2015. http://www.cdc.gov/exposurereport/ (last accessed 22 

December 2015).  

Ceruti R, Ghisleni G, Ferretti E, Cammarata S, Sonzogni O, Scanziani E. 2002. Wild rats as 

monitors of environmental lead contamination in the urban area of Milan, Italy. 

Environmental Pollution 117: 255-259. 

Chen X, Wang G, Li X, Gan C, Zhu G, Jin T, Wang Z. 2013. Environmental level of cadmium 

exposure stimulates osteoclasts formation in male rats. Food and Chemical 

Toxicology 60: 530-535. 

Cobbett C, Goldsbrough P. 2002. Phytochelatins and metallothioneins: role of heavy metal 

detoxification and homeostasis. Annual Review of Plant Physiology and Plant 

Molecular Biology 53: 159–182. 

Cornelissen G, Breedveld GD. 2006. Kalaitzidis S, Christanis K, Kibsgaard A, Oen AMP. 

Strong sorption of native PAHs to pyrogenic and unburned carbonaceous geosorbents 

in sediments. Environmental Science and Technology 40:1197–1203. 

Crossgrove J, Zheng W. 2004. Manganese toxicity upon overexposure. NMR in Biomedicine 

17: 544-553.  

http://www.sciencedirect.com/science/article/pii/S001393510400218X
http://www.sciencedirect.com/science/article/pii/S001393510400218X
http://www.sciencedirect.com/science/article/pii/S001393510400218X
http://www.sciencedirect.com/science/article/pii/S001393510400218X
http://www.sciencedirect.com/science/article/pii/S001393510400218X
http://www.sciencedirect.com/science/article/pii/S001393510400218X
http://www.sciencedirect.com/science/article/pii/S001393510400218X
http://www.sciencedirect.com/science/article/pii/S001393510400218X


  

 

209  

  

 

Cui Y, Zhu Y, Zhai R, Huang Y, Qiu Y, Liang J. 2005. Exposure to metal mixtures and 

human health impacts in a contaminated area in Nanning, China. Environmental 

International 31: 784–790. 

Cui YJ, Zhu YG, Zhai RH, Chen DY, Huang YZ, Qiu Y, Liang JZ. 2004. Transfer of metals 

from soil to vegetables in an area near a smelter in Nanning, China. Environmental 

International 30(6): 785–791. 

Dacasto M, Eeckhoutte C, Capolongoa F, Dupuy J, Carletti M, Calléja C, Nebbia C, 

Alvinerie M, Galtier P. 2005. Effect of breed and gender on bovine liver cytochrome 

P450 3A (CYP3A) expression and inter-species comparison with other domestic 

ruminants. Veterinary Research 36(2): 179-190. 

Chang CY, Yu HY, Chen J.J,  Li FB, Zhang HH, Liu CP. 2014. Accumulation of heavy 

metals in leaf vegetables from agricultural soils and associated potential health risks in 

the Pearl River Delta, South China. Environmental Monitoring and Assessment 186: 

1547–1560. 

Chen T, Liu X, Zhu M, Zhao K, Wu J, Xu J. Huang, P. 2008. Identification of trace element 

sources and associated risk assessment in vegetable soils of the urban–rural transitional 

area of Hangzhou, China. Environmental Pollution 151: 67–78. 

Chen HM, Zheng CR, Tu C, Zhu YG. 1999. Heavy metal pollution in soils in China: status 

and countermeasures. Ambio 28: 130–134. 

Chen TB, Zheng YM, Lei M, Huang, ZC, Wu HT, Chen H, Fan KK, Yu K, Wu X, Tian QZ. 

2005. Assessment of heavy metal pollution in surface soils of urban parks in Beijing, 

China. Chemosphere 60: 542–551. 

Chukwuma CA. 1995. Comparative study of cadmium, lead, zinc, pH and bulk density from 

the Enyigba lead and zinc mine in two different seasons. Ecotoxicology and 

Environmental Safety 31: 246–249. 

Damek-Poprawa M, Sawicka-Kapusta K. 2004. Histopathological changes in the liver, 

kidneys, and testes of bank voles environmentally exposed to heavy metal emissions 

from the steelworks and zinc smelter in Poland. Environmental Research 92:72–78. 



  

 

210  

  

 

Daniell HW. 1976. Osteoporosis of the slender smoker. Obstetrical and Gynecological 

Survey 31(11): 808-810. 

Dayton EA, Basta NT, Payton ME, Bradham KD, Schroder JL, Lamno RP. 2006. Evaluating 

the contribution of soil properties to modifying lead phytoavailability and phytotoxicity. 

Environmental Toxicology and Chemistry 25: 719–725. 

Demirbas A. 1999. Proximate and heavy metal composition in chicken meat and tissues. 

Food Chemistry 6 (1), 27–31. 

Del Rio D, Stewart AJ, Pellegrini N. 2005. A review of recent studies on malondialdehyde 

as toxic molecule and biological marker of oxidative stress. Nutr Metab Cardiovasc 

15(4): 316–328 

Dierckx N, Horvath G, van Gils C, Vertommen J, van de Vliet J, De Leeuw I, Manuel-y-

Keenoy B. 2003. Oxidative stress status in patients with diabetes mellitus: relationship 

to diet. Eur J Clin Nutr 57(8): 999–1008 

Dimashki M, Lim L, Harrison R, Harrad S. 2001. Temporal trends, temperature dependence, 

and relative reactivity of atmospheric polycyclic aromatic hydrocarbons. Environmental 

Science and Technology 35: 2264–2267. 

Directive 2004/107/EC of the European parliament and of the council of 15 December (2004) 

relating to arsenic, cadmium, mercury, nickel and polycyclic aromatic hydrocarbons in 

ambient air 

Dissanayake A, Galloway TS. 2004. Evaluation of fixed wavelength fluorescence and 

synchronous fluorescence spectrophotometry as a biomonitoring tool of environmental 

contamination. Marine Environmental Research 58: 281–285.  

Dockery DW, Speizer FE, Stram DO, et al. 1989. Effects of inhalable particles on respiratory 

health of children. American Review of Respiratory Disease 139:587–594. 

Dorman DC, Struve MF, Marshall MW, Parkinson CU, James RA, Wong BA. 2006. Tissue 

manganese concentrations in young male rhesus monkeys following subchronic 

manganese sulfate inhalation. Toxicological Science 92: 201-210. 

EC. 2006. Commission Regulation (EC) No 1881/2006 of 19 December 2006 setting 

maximum levels for certain contaminants in foodstuff. Off. J. Eur. Union, 2006. 



  

 

211  

  

 

ECETOC, (European Centre for Ecotoxicology of Chemicals). 2001. Aquatic toxicity of 

mixtures. Technical report, 80, Brussels, Belgium. 

ENHIS, (European Environment and Health Information System). 2007. Exposure of 

children to chemical hazards in food. Fact Sheet No. 4.4, CODE: RPG4_Food_EX1. 

World Health Organization. 

Essumang DK, Dodoo DK, Obiri S, Yaney JY. 2007. Arsenic, Cadmium, and Mercury in 

Cocoyam (Xanthosoma sagititolium) and Watercocoyam (Colocasia esculenta) in 

Tarkwa a Mining Community. Bulletin of Environmental Contamamination and 

Toxicology 79: 377–379. 

EU, (European Community). 1998. The quality of water intended to human consumption. 

Directive 1998/83/EC, Official Journal L330/05.12.1998. European Community, pp. 

32–54. 

Fan R. Ramage R, Wang D, Zhou J, She J. 2012a. Determination of ten monohydroxylated 

polycyclic aromatic hydrocarbons by liquid–liquid extraction and liquid 

chromatography/tandem mass spectrometry. Talanta 93: 383-391. 

Fan R, Wang D, Mao C, Ou S, Lian Z, Huang S et al (2012b) Preliminary study of children’s 

exposure to PAHs and its association with 8- hydroxy-2’-deoxyguanasine in 

Guangzhou, China. Environ Int 42: 53–58 

FAO/WHO. 2010. Summary report of the seventy–third meeting of JECFA. Joint 

FAO/WHO Expert Committee on Food Additives. Geneva.  

FAOSTAT, (Food and Agriculture Organization of the United Nations). 2014. 

http://faostat3.fao.org/faostat-gateway/go/to/download/C/CC/E Assessed 15 April 2014.  

FAO/WHO. 2001. Joint FAO/WHO food standards programme–Codex Alimentarius 

Commission. Report of the 33rd session of the codex committee on food additives and 

contaminants. The Netherlands: The Hague.  

Ferley J, Bray F, Pisani P, Parkin DM: GLOBOCAN. 2002. Cancer Incidence, Mortality and 

Prevalence Worldwide. In IARC CancerBase No.5 version 2.0 IARC Press, Lyon, 

France; 2004. 

http://faostat3.fao.org/faostat-gateway/go/to/download/C/CC/E


  

 

212  

  

 

Ferrari S, Mandel F, Berset JD. 2002. Quantitative determination of 1-hydroxypyrene in 

bovine urine samples using high-performance liquid chromatography with fluorescence 

and mass spectrometric detection. Chemosphere 47 (2): 173-182.  

Finley JW. 1998. Manganese uptake and release by cultured human hepato-carcinoma (Hep-

G2) cells. Biological Trace Element Research 64: 101-118. 

Flanagan PR, McLellan JS, Haist J, Cherian MG, Chamberlain MJ, Valberg LS. 1978. 

Increased dietary cadmium absorption in mice and human subjects with iron deficiency. 

Gastroenterology 74: 841–846. 

Florea AM, Busselberg D. 2006. Occurrence, use and potential toxic effects of metals and 

metal compounds. Biometals 19(4): 419–427. 

Flowers L, Rieth SH, Cogliano VJ, Foureman GL, Hertzberg R, Hofmann EL, Murphy DL, 

Nesnow S, Schoeny RS. 2002. Health assessment of polycyclic aromatic hydrocarbon 

mixture: current practices and future directions. Polycyclic Aromatic Compound 

22:811–821. 

FSA, (Food Standard Agency). 2006. Metals and other elements in processed fish and fish 

products: Food Survey Information Sheet 08/06, 

http://www.food.gov.uk/science/surveillance. 

Ghana Statistical Service. Population and Housing census. 2010. 

https://www.google.co.uk/#q=Ghana+Statistical+Service%2C+2010.+Population+and+Ho

using+census+ pp 93 (accessed on 12 May 2013). 

Grant C, Sheppard S. 2008. Fertilizer impacts on cadmium availability in agricultural soils 

and crops. Human and Ecological Risk Assessment 14: 210–228. 

Gehring U, Cyrys J, Sedlimeir G, et al. 2002. Traffic-related air pollution and respiratory 

health during the first 2 years of life. European Respiratory Journal 19:690–698. 

Giri S, Mahato MK, Singh G, Jha VN. 2012. Risk assessment due to intake of heavy metals 

through the ingestion of groundwater around two proposed uranium mining areas in 

Jharkhand, India. Environmental Monitoring and Assessment 184: 1351–1358. 

Godowicz B. 1988. Cadmium-induced liver and spleen damage in inbred mouse strains. Folia 

Biologica 36: 47–52. 

https://www.google.co.uk/#q=Ghana+Statistical+Service%2C+2010.+Population+and+Housing+census
https://www.google.co.uk/#q=Ghana+Statistical+Service%2C+2010.+Population+and+Housing+census


  

 

213  

  

 

Golow AA, Adzei EA, 2002. Zinc in the surface soil and cassava crop in the vicinity of an 

alluvial goldmine at Dunkwa-on-Offin, Ghana. Bull. Environ. Contam. Toxicol. 69, 

638–643. 

Grandjean P, Satoh H, Murata K, Eto K. 2010. Adverse effects of methylmercury: 

environmental health research implications. Environmental Health Perspectives 1:1137-

1145. 

Griego FY, Bogen KT, Price PS, Weed DL. 2008. Exposure, epidemiology and human cancer 

incidence of naphthalene. Regulatory Toxicology and Pharmacology 51 (2): S22–26.  

Grover P, Rekhadevi P, Danadevi K, Vuyyuri S, Mahboob, M, Rahman M. 2010. 

Genotoxicity evaluation in workers occupationally exposed to lead. International 

Journal of Hygiene and Environmental Health 213(2): 99–106. 

Gjoka F, Felix–Henningsen P, Wegener HR, Salillari I, Beqiraj A. 2011. Heavy metals in 

soils from Tirana (Albania). Environmental Monit. Assess. 172, 517–527. 

Guerrero-Castilla A, Olivero-Verbel J, Marrugo-Negrete J. 2014. Heavy metals in wild house 

mice from coal-mining areas of Colombia and expression of genes related to oxidative 

stress, DNA damage and exposure to metals. Mutation Research-Genetic Toxicology 

and Environmental Mutagenisis 762: 24-29. 

Guengerich FP. 2002. Cytochrome P450, in: Ioannides C. (Ed.), Enzyme systems that 

metabolise drugs and other xenobiotics, John Wiley & Sons Inc., New York, pp. 33–65. 

Guo H, Huang K, Zhang X, Zhang W, Guan L, Kuang D, Deng Q, Deng H, Zhang X, He M. 

Christiani D. 2014. Women are more susceptible than men to oxidative stress and 

chromosome damage caused by polycyclic aromatic hydrocarbons exposure. Environ. 

Mol. Mutagen. 55(6): 472-481.  

Guo Y, Senthilkumar K, Alomirah H, Moon HB, Minh TB, Mohd MA, Kannan K. 2013. 

Concentrations and profiles of urinary polycyclic aromatic hydrocarbon metabolites 

(OH-PAHs) in several Asian countries. Environmental Science and Technology 47 (6): 

2932-2938.  



  

 

214  

  

 

Gupta UC. 1998. Trace element toxicity relationships to crop production and livestock and 

human health: implications for management. Communications in Soil Science and Plant 

Analysis 29: 1491-1522. 

Hakanson L. 1980. An ecological risk index for aquatic pollution control: a sedimentological 

approach. Water Research 14: 975–1001. 

Halek F, Nabi G, Kavousi A. 2008. Polycyclic aromatic hydrocarbons study and toxic 

equivalency factor (TEFs) in Teheran, Iran. Environmental Monitoring and Assessment 

143:303–311. 

Hamilton DL, Valberg LS. 1974. Relationship between cadmium and iron absorption. 

American Journal of Physiology 227: 1033–1037. 

Hani A, Pazira E. 2011. Heavy metals assessment and identification of their sources in 

agricultural soils of Southern Tehran, Iran. Environmental Monitoring and Assessment 

176: 677–691. 

Hanna-Attisha M, LaChance J, Sadler RC, Champney Schnepp A. 2016. Elevated blood lead 

levels in children associated with the Flint drinking water crisis: a spatial analysis of risk 

and public health response. American journal of public health (0): 1-8. 

Hansen AM, Mathiesen L, Pedersen M, Knudsen LE. 2008. Urinary 1- 

hydroxypyrene (1-HP) in environmental and occupational studies—a review. 

International Journal of Hygiene and Environmental Health 211: 471–503. 

Harrison RM, Smith DTJ, Luhana L. 1996. Source apportionment of atmospheric polycyclic 

aromatic hydrocarbons collected from an urban location in Birmingham, UK. 

Environmental Science and Technology 30:825–832. 

Hatzinger PB, Alexander M. 1997. Biodegradation of organic compounds sequestered in 

organic solids or in nanopores within silica particles. Environmental Toxicology and 

Chemistry 16 (11): 2215–2221. 

Hayford EK, Amin A, Osae EK, Kutu J. 2008. Impact of gold mining on soil and some staple 

foods collected from selected mining communities in and around Tarkwa Prestea Area. 

West African Journal of Applied Ecology 14: 1–12. 



  

 

215  

  

 

Hernandez L, Probst A, Probst JL, Ulrich E. 2003. Heavy metal distribution in some French 

forest soils: evidence for atmospheric contamination. Science of the Total Environment 

312: 195–219. 

Hogarh JN, Adu-Gyamfi E, Nukpezah D, Akoto O, Adu-Kumi S. 2016. Contamination from 

mercury and other heavy metals in a mining district in Ghana: discerning recent trends 

from sediment core analysis. Environmental Systems Research 5(1): 1-9. 

Ho KF, Lee SC, Chiu GMY. 2002b. Characterization of selected volatile organic compounds, 

polycyclic aromatic hydrocarbons and carbonyl compounds at a roadside monitoring 

station. Atmospheric Environment 36:57–65. 

Homady M, Helmi H, Jiries A, Mahasneh A, AlNasir F, Khleifat K. 2002. Survey of some 

heavy metals in sediments from vehicular service stations in Jordan and their effects on 

social aggression in prepubertal male mice. Environmental Research 8 (1): 43-49. 

Honda R, Tsuritani I, Noborisaka Y, Suzuki H, Ishizaki M. 2003. Urinary cadmium excretion 

is correlated with calcaneal bone mass in Japanese women living in an urban area. 

Environmental Research 91: 63–70. 

Hunter BA, Johnson MS, Thompson DJ. 1989. Ecotoxicology of copper and cadmium in 

contaminated grassland ecosystem. 4. Tissue distribution and age accumulation in small 

mammals. Journal of Applied Ecology 26: 89–99. 

Husain A, Al-Rashdan A, Al-Awadhi A, Mahgoub B, Al-Amiri H. 1996. Toxic metals in 

food products originating from locally reared animals in Kuwait. Bulletin of 

Environmental Contamination and Toxicology 57: 549–555. 

IARC, International Agency for Research on Cancers. 2006. Monograph on the Evaluation 

of Cancer Risks to Humans. Volume 92. Polycyclic aromatic hydrocarbons. Lyon, 

France: IARC Press. 

IARC, International Agency for Research on Cancers. GLOBOCAN. 2008: Country Fast 

Stats, Ghana. Lyon, France: IARC; 2008. 

Ihedioha JN, Okoye COB. 2013. Dietary intake and health risk assessment of lead and 

cadmium via consumption of cow meat for an urban population in Enugu State, Nigeria, 

Ecotoxicology and Environmental Safety 93: 101–106. 



  

 

216  

  

 

Ikeda M, Ezaki T, Tsukahara T, Moriguchi J. 2004. Dietary cadmium intake in polluted and 

non-polluted areas in Japan in the past and in the present. International Archives of 

Occupational and Environmental Health 77(4): 227-234. 

Islam E, Liu D, Li T, Yang X, Jin X, Mahmood Q, Tian S, Li J. 2008. Effect of Pb toxicity 

on leaf growth, physiology and ultrastructure in the two ecotypes of Elsholtzia argyi. 

Journal pf Hazardous Matererial 154(1–3): 914–926. 

Itoh H, Iwasaki M, Sawada N, Takachi R, Kasuga Y, Yokoyama S, Onuma H, Nishimura H, 

Kusama R, Yokoyama K, Tsugane S. 2014. Dietary cadmium intake and breast cancer 

risk in Japanese women: a case–control study. International journal of hygiene and 

environmental health. 217(1): 70-77. 

Jamhari AA, Sahani M, Latif MT, Chan KM, Tan HS, Khan MF, Tahir NM. 2014. 

Concentration and source identification of polycyclic aromatic hydrocarbons (PAHs) in 

PM10 of urban, industrial and semi-urban areas in Malaysia. Atmospheric Environment 

86:16–27. 

Jarup L, Akesson A. 2009. Review: current status of cadmium as an environmental health 

problem. Toxicology and Applied Pharmacology 238: 201–208. 

Jarup L. 2002. Cadmium overload and toxicity. Nephrology Dialysis Transplantion 17(2): 

35–39. 

Jia C, Batterman SA. 2010. Critical review of naphthalene sources and exposures relevant to 

indoor and outdoor air. International Journal of Environmental Research and Public 

Health 7 (7): 2903–2939. 

Jiang P, Jin SY, Hao XZ, Zhou DM, Li LZ, Lv JL. 2010. Distribution characteristics of heavy 

metals in feeds, pig manures, soils and vegetables. Journal of Agro–Environment 

Science 29: 942–947. 

Jiao W, Chen W, Chang AC, Page AL. 2012. Environmental risks of trace elements 

associated with long-term phosphate fertilizers applications: a review. Environmental 

Pollution 168: 44–53. 

John GF, Andrew BA. 2011. Lead isotopic study of the human bioaccessibility of lead in 

urban soils from Glasgow, Scotland. Science of the Total Environment 409: 4958–4965. 



  

 

217  

  

 

Jongeneelen FJ. 2001. Benchmark guideline for urinary 1- hydroxypyrene as biomarker of 

occupational exposure to polycyclic aromatic hydrocarbons. The Annals of 

Occupational Hygiene 45 (1): 3–13.  

Kabata-Pendias A, Pendias H. 1992. Trace Elements in Soils and Plants, second ed. CRC 

Press, London, pp. 413. 

Kabata-Pendias A, Sadurski W. 2004. Trace elements and compounds in soil. In: Elements 

and Their Compounds in the Environment, 2 ed.; Wiley-VCH: Weinheim, Germany,  

Kacmaz H, Nakoman ME. 2010. Shallow groundwater and cultivated soil suitability 

assessments with respect to heavy metal content in the Koprubasi U mineralization area 

(Manisa, Turkey). Bulletin of Environmental Contamination and Toxicology, 85: 37–

41. 

Kagi JHR, Vallee BL. 1960. Metallothionein: a cadmium- and zinc-containing protein from 

equine renal cortex. The Journal of Biological Chemistry 235: 3460–3465. 

Kapaj S, Peterson H, Liber K, Bhattacharya P. 2006. Human health effects from chronic 

arsenic poisoning–a review. Journal of environmental science and health. Part A, 

Toxic/hazardous substances and environmental engineering 41: 2399–2428. 

Kendall RJ, Lacher TE, Bunck C, Daniel B, Driver C, Grue CE, Leighton F, Stansley W, 

Watanabe PG, Whitworth M. 1996. An ecological risk assessment of lead shot exposure 

in non-waterfowl avian species: Upland game birds and raptors. Environmental 

Toxicology and Chemistry 15(1): 4–20. 

Khan S, Cao Q, Zheng Y, Huang Y, Zhu Y. 2008. Health risks of heavy metals in 

contaminated soils and food crops irrigated with wastewater in Beijing, China. 

Environmental Pollution 152: 686–692. 

Kim H, Cho SH, Kang JW, Kim YD, Nan HM, Lee CH, Lee H, Kawamoto T. 2000. Urinary 

1-hydroxypyrene and 2-naphthol concentrations in male Koreans. Internatinal Archive 

of Occupational Environmental Health 74(1): 59-62.  

Kim M, Kim DG, Bong YH, Jang JH, Son SW. 2013. Concentrations of PCDD/Fs, dioxin-

like PCBs, PBDEs, and hexachlorobenzene in fat samples from cattle of different ages 

and gender in Korea. Food chemistry 138(2): 1786-1791. 



  

 

218  

  

 

Kim H, Cho SH, Kang JW, Kim YD, Nan HM, Lee CH, Lee H,  Kawamoto T. 2000. Urinary 

1-hydroxypyrene and 2-naphthol concentrations in male Koreans. International Archive 

of Occupational and Environmental Health 74(1): 59-62. 

Kim YY, Yang YY, Lee Y. 2002. Pb and Cd uptake in rice roots. Plant Physiology 116: 368–

372. 

Klos KJ, Chandler M, Kumar N, Ahiskog JE, Josephs KA. 2006. Neuropsychological 

profiles of manganese neurotoxicity. European Journal of Neurology 13: 1139–1141. 

Knight and Scott. 2002. Bogoso Gold Limited: Environmental impact assessment for Prestea 

north project, London: Knight and Scott, Winston, Inc.  

Kobayashi S, Susa T, Tanaka T, Wada Y, Okuda S, Doi M, et al. 2011. Urinary 8- hydroxy-

2′-deoxyguanosine reflects symptomatic status and severity of systolic dysfunction in 

patients with chronic heart failure. European Journal of Heart Failure 13: 29–36. 

Komárek M, Chrastný V, Mihaljevič M. 2008. Lead isotopes in environmental sciences: a 

review. Environmental International 34: 562–577. 

Korsh J, Shen A, Aliano K, Davenport T. 2015. Polycyclic Aromatic Hydrocarbons and 

Breast Cancer: A Review of the Literature. Breast Care l10 (5): 316-318. 

Kowel NE. 1988. Urinary cadmium and beta2-microglobulin: correlation with nutrition and 

smoking history. Journal of Toxicology and Environmental Health 25: 179–183. 

Kramer ML, Kratzin HD, Schmidt B, Romer A, Liemann OW, Hornemann S, Kretzschmar 

H. 2001. Prion protein binds copper within the physiological concentration range. 

Journal of Biological Chemistry 276: 16711–16719. 

Kríbek B, Majer V, Knésl I, Nyambe I, Mihaljevic M, Ettler V, Sracek O. 2014. 

Concentrations of arsenic, copper, cobalt, lead and zinc in cassava (Manihot esculenta 

Crantz) growing on uncontaminated and contaminated soils of the Zambian Copperbelt. 

Journal of African Earth Sciences 99: 713–723. 

Kuang D, Zhang W, Deng Q, Zhang X, Huang K, Guan L, Hu D, Wu T, Guo H. 2013. Dose-

response relationships of polycyclic aromatic hydrocarbons exposure and oxidative 

damage to DNA and lipid in coke oven workers. Environmental Science and 

Technology. 47(13): 7446-7456. 



  

 

219  

  

 

Kumar KS, Sajwan KS, Richardson JP, Kannan K. 2008. Contamination profiles of heavy 

metals, organochlorine pesticides, polycyclic aromatic hydrocarbons and alkylphenols 

in sediment and oyster collected from marsh/estuarine Savannah GA, USA. Marine 

Pollution Bulletin 56(1): 136–149. 

Laflamme RE, Hites RA. 1978. The global distribution of polyaromatic hydrocarbons in 

recent sediments. Geochimica et Cosmochimica Acta  42: 289– 303.  

Lai HY, Hseu ZY, Chen TC, Chen BC, Guo HY, Chen ZS. 2010. Health risk–based 

assessment and management of heavy metals–contaminated soil sites in Taiwan. 

International Journal of Environmental Research and Public Health 7: 3595–3614. 

Lake JL, Norwood C, Dimock C, Bowen R. 1979. Origins of polycyclic aromatic 

hydrocarbons in estuarine sediments. Geochimica et Cosmochimica Acta 43: 1847–

1854.  

Langford NJ, Ferner RE. 1999. Toxicology of mercury. Journal of Human Hypertension 13: 

651–656. 

Laryea DO, Awuah B, Amoako YA, Osei-Bonsu E, Dogbe J, Larsen-Reindorf R, Ansong D, 

Yeboah-Awudzi K, Oppong JK, Konney TO, Boadu KO. 2014. Cancer incidence in 

Ghana, 2012: evidence from a population-based cancer registry. BMC cancer 14: 362 

Lee MW, Chen ML, Lung SC, Tsai CJ, Lai CF, Yang SC, Mao IF. 2012. Increase of urinary 

concentrations of 8-hydroxy- 2′-deoxyguanosine in diesel exhaust emission inspector 

exposed to polycyclic aromatic hydrocarbons. International Archive of Occupational 

and Environmental Health 85 (3): 273−282. 

Levine H, Berman T, Goldsmith R, Göen T, Spungen J, Novack L, Amitai Y, Shohat T, 

Grotto I. 2015. Urinary concentrations of polycyclic aromatic hydrocarbons in Israeli 

adults: demographic and life-style predictors. International Journal of Hygiene and 

Environmental Health 218 (1): 123–131.  

Licata P, Naccari F, Lo Turco V, Rando R, Di Bella G, Dugo G. 2010. Levels of Cd (II), Mn 

(II), Pb (II), Cu (II), and Zn (II) in Common Buzzard (Buteo buteo) from Sicily (Italy) 

by Derivative Stripping Potentiometry. International Journal of Ecology 1-7. 

https://www.google.co.uk/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwjN75Sv6tXMAhUD3KYKHa-LDCIQFggfMAA&url=http%3A%2F%2Fwww.sciencedirect.com%2Fscience%2Fjournal%2F00167037&usg=AFQjCNHgygUzdBeQMCme4OdA26XhCLYqhg&bvm=bv.122129774,d.dGo
https://www.google.co.uk/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwjN75Sv6tXMAhUD3KYKHa-LDCIQFggfMAA&url=http%3A%2F%2Fwww.sciencedirect.com%2Fscience%2Fjournal%2F00167037&usg=AFQjCNHgygUzdBeQMCme4OdA26XhCLYqhg&bvm=bv.122129774,d.dGo


  

 

220  

  

 

Lim HS, Lee JS, Chon HT, Sager M. 2008. Heavy metal contamination and health risk 

assessment in the vicinity of the abandoned Songcheon Au–Ag mine in Korea. Journal 

of Geochemical Exploration 96(2): 223–230. 

Lin HJ, Sunge T, Cheng CY, Guo HR. 2013. Arsenic levels in drinking water and mortality 

of liver cancer in Taiwan. Journal of Hazardous Materials 263: 1132-1138. 

Lindsay R, Dempster DW, Clemens T, Herrington BS, Wilt S. 1984. Incidence, cost, and 

risk factors of fracture of the proximal femur in the USA. Osteoporosis 1: 311-315. 

Lim HS, Lee JS, Chon HT, Sager M. 2008. Heavy metal contamination and health risk 

assessment in the vicinity of the abandoned Songcheon Au–Ag mine in Korea. Journal 

Geochemical Exploration 96: 223–230. 

Liu JL, Li YL, Zhang B, Cao JL, Cao ZG, Domagalski J. 2009. Ecological risk of heavy 

metals in sediments of the Luan River source water. Ecotoxicology 18: 748–758. 

Liu J, Liu Y, Goyer RA, Achanzar W, Waalkes MP. 2000. Metallothionein-I/II null mice are 

more sensitive than wild-type mice to the hepatotoxic and nephrotoxic effects of chronic 

oral or injected inorganic arsenicals. Toxicological Sciences 55: 460-467. 

Li J, Fan R, Lu S, Zhang D, Zhou Y, Lv Y. 2015. Exposure to polycyclic aromatic 

hydrocarbons could cause their oxidative DNA damage: a case study for college students 

in Guangzhou, China. Environmental Science and Pollution Research 22(3): 1770-1777. 

Li YL, Liu YG, Liu JL, Zeng GM, Li X. 2008. Effects of EDTA on lead uptake by Typha 

orientalis Presl: a new lead-accumulating species in southern China. Bulletin of 

Environmental Contamination and Toxicology, 81, 36–41. 

Li Z, Mulholland JA, Romanoff LC, Pittman EN, Trinidad DA, Lewin MD, et al. 2010. 

Assessment of non-occupational exposure to polycyclic aromatic hydrocarbons through 

personal air sampling and urinary biomonitoring. Journal of Environmental Monitoring 

12: 1110–1118.  

Li Z, Sandau CD, Romanoff LC, Caudill SP, Sjodin A, Needham LL, Patterson DG, Jr. 2008. 

Concentration and profile of 22 urinary polycyclic aromatic hydrocarbon metabolites in 

the US population. Environmental Research 107: 320−331.  



  

 

221  

  

 

López-Alonso M, Miranda M, García-Partida P, Cantero F, Hernández J, Benedito JL. 2007. 

Use of dogs as indicators of metal exposure in rural and urban habitats in NW Spain. 

Science of the Total Environment 372: 668–675. 

Loska K, Wiechula D. 2003. Application of principal component analysis for the estimation 

of source of heavy metal contamination in surface sediments from the Rybnik Reservoir. 

Chemosphere 51: 723–733. 

Lu AX, Wang JH, Qin XY, Wang KY, Han P, Zhang SZ. 2012. Multivariate and 

geostatistical analyses of the spatial distribution and origin of heavy metals in the 

agricultural soils in Shunyi, Beijing, China. Science of the Total Environment 425: 66–

74. 

Luo L, Ma YB, Zhang SZ, Wei DP, Zhu YG. 2009. An inventory of trace element inputs to 

agricultural soils in China. Journal of Environmental Management 90: 2524–2530. 

Loutfy, N., Fuerhacker, M., Tundo, P., Raccanelli, S., El Dien, A.G., Ahmed, M.T., 2006. 

Dietary intake of dioxins and dioxin-like PCBs, due to the consumption of dairy 

products, fish/seafood and meat from Ismailia city, Egypt. Sci. Tot. Environ. 370, 1–8. 

Manoli E, Samara C, Konstantinou I, Albanis T. 2000. Polycyclic aromatic hydrocarbons in 

the bulk precipitation and surface waters of Northern Greece. Chemosphere 41: 1845–

1855 

Magi E, Bianco R, Ianni C, Carro MD. 2002. Distribution of polycyclic aromatic 

hydrocarbons in the sediments of the Adriatic Sea. Environmental Pollution 119:91–98. 

Maliszewska-Kordybach B. 1996. Polycyclic aromatic hydrocarbons in agricultural soil in 

Poland, preliminary proposals for criteria to evaluate the level of soil contamination. 

Applied Geochemistry 11:121–127. 

Manno E, Varrica D, Dongarra G. 2006. Metal distribution in road dust samples collected in 

an urban area close to a petrochemical plant at Gela, Sicily. Atmospheric Environment 

40: 5929–5941. 

Ma WC, Denneman W, Faber J. 1991. Hazardous exposure of groundliving small mammals 

to cadmium and lead in contaminated terrestrial ecosystem. Archive of Environmental 

Contamination and Toxicology 20: 266–270. 



  

 

222  

  

 

Ma WC. 2011. Lead in mammals. In Beyer & Meador (Eds.), Environmental contaminants 

in biota: interpreting tissue concentrations (2nd ed., pp. 595–607). New York: CRC 

Press. 

Manta DS, Angelone M, Bellanca A, Neri R, Sprovieri M. 2002. Heavy metals in urban soils: 

a case study from the city of Palermo (Sicily), Italy. Science of the Total Environment 

300: 229–243. 

Marczynski B, Preuss R, Mensing T, Angerer J, Seidel A, El Mourabit A, et al. 2005. 

Genotoxic risk assessment in white blood cells of occupationally exposed workers 

before and after alteration of the polycyclic aromatic hydrocarbon (PAH) profile in the 

production material: comparison with PAH air and urinary metabolite levels. 

International Archive of Occupational and Environmental Health 78: 97–108.  

Margoshes M, Valle BL. 1957. A cadmium protein from equine kidney cortex. Journal of the 

American Chemical Society. 799: 4813–4814. 

Martinez-Finley EJ, Gavin CE, Aschner M, Gunter TE. 2013. Manganese neurotoxicity and 

the role of reactive oxygen species. Free Radical Biology and Medicine 62: 65–75. 

Mead MN. 2005. Arsenic: a global poison. Environmental Health Perspectives 113: 379–386. 

Mastral AM, Callén MS. 2000. A review on polycyclic aromatic hydrocarbon (PAH) 

emissions from energy generation. Environmental Science and Technology 34:3051–

3057. 

Meeker JD, Barr DB, Serdar B, Rappaport SM, Hauser R. 2007. Utility of urinary 1-naphthol 

and 2-naphthol levels to assess environmental carbaryl and naphthalene exposure in an 

epidemiology study. Journal of Exposure Science and Environmental Epidemiology 17 

(4): 314-320. 

Mercury Act. 1989. Government of Ghana, P.N.D.C. Law 217. Accessed on November, 2015. 

http://www.epa.gov.gh/ghanalex/acts/Acts/MERCURY%20ACT,1989.pdf.  

Mining Industry of Ghana. Assessed on 16 June 2016. Available online: 

https://en.wikipedia.org/w/index.php?title=Special:Book&bookcmd=download&collection

_id=7919c971dfb5920675c6c96553fec95a5e0853a3&writer=rdf2latex&return_to=Mi

ning+industry+of+Ghana 



  

 

223  

  

 

Mireles F, Davila JI, Pinedo JL, Reyes E, Speakman RJ, Glascock MD. 2012. Assessing 

urban soil pollution in the cities of Zacatecas and Guadalupe, Mexico by instrumental 

neutron activation analysis. Microchemical Journal 103: 158–164. 

Mollerup S, Berge G, Baera R, Skaug V, Hewer A, Phillips DH, Stangeland L, Haugen A. 

2006. Sex differences in risk of lung cancer: Expression of genes in the PAH 

bioactivation pathway in relation to smoking and bulky DNA adducts. International 

Journal of Cancer 119: 741–744.  

Montuori P, Lama P, Aurino S, Naviglio D, Triassi M. 2013. Metals loads into the 

Mediterranean sea: estimate of Sarno River inputs and ecological risk. Ecotoxicology 

22: 295–307. 

Mordukhovich I, Beyea J, Herring AH, Hatch M, Stellman SD, Teitelbaum SL, Richardson 

DB, Millikan RC, Engel LS, Shantakumar S, Steck SE. 2016. Vehicular traffic–related 

polycyclic aromatic hydrocarbon exposure and breast cancer incidence: the Long Island 

Breast Cancer Study Project (LIBCSP). Environmental health perspectives. 124(1): 30-

38. 

Mostert MMR, Ayoko GA, Kokot S. 2010. Application of chemometrics to analysis of soil 

pollutants. Trends in Analytical Chemistry 29:430–435. 

Motorykin O, Schrlau J, Jia Y, Harper B, Harris S, Harding A, Stone D, Kile M, Sudakin D, 

Simonich SLM. 2015. Determination of parent and hydroxy PAHs in personal PM 2.5 

and urine samples collected during Native American fish smoking activities. Science of 

The Total Environment 505: 694-703. 

Naccari C, Cristani M, Cimino F, Arcoraci T, Trombetta D. 2009. Common buzzards (Buteo 

buteo) bio-indicators of heavy metals pollution in Sicily (Italy). Environmental 

International 35: 594–598. 

Nadal M, Schuhmacher M, Domingo JL. 2004. Levels of PAHs in soil and vegetation 

samples from Tarragona County, Spain. Environmental Pollution 132:1–11. 

Nagajyoti PC, Lee KD, Sreekanth TVM. 2010. Heavy metals, occurrence and toxicity for 

plants: a review. Environmental Chemistry Letters 8(3): 199–216. 



  

 

224  

  

 

Nakayama SM, Ikenaka Y, Hamada K, Muzandu K, Choongo K, Teraoka H, Mizuno N, 

Ishizuka M. 2011. Metal and metalloid contamination in roadside soil and wild rats 

around a Pb–Zn mine in Kabwe, Zambia. Environmental Pollution 159(1): 175-181. 

Nakayama SM, Ikenaka Y, Hamada K, Muzandu K, Choongo K, Yabe J, Umemura T, 

Ishizuka M. 2013. Accumulation and biological effects of metals in wild rats in mining 

areas of Zambia. Environmental Monitoring and Assessment 185(6): 4907-4918. 

Nam JJ, Thomas GO, Jaward FM, Steinnes E, Gustafsson O, Jones KC. 2008. PAHs in 

background soils from Western Europe: Influence of atmospheric deposition and soil 

organic matter. Chemosphere 70 (9): 1596–1602.  

National Toxicology Program, NTP. 1992. Toxicology and Carcinogenesis Study of 

Naphthalene in B6C3F1 Mice (Inhalation Studies). Research Triangle Park, NC.  

National Toxicology Program, NTP. 2000. Toxicology and Carcinogenesis Study of 

Naphthalene in F344/N Rats (Inhalation Studies). Research Triangle Park, NC.  

Navarro MC, Perez–Sirvent C, Martinez-Sanchez MJ, Vidal J, Tovar PJ, Bech J. 2008. 

Abandoned mine sites as a source of contamination by heavy metals: a case study in a 

semi-arid zone. Journal of Geochemical Exploration 96: 183–193. 

Nebbia C. 2001. Biotranformation enzymes as determinants of xenobiotic toxicity in 

domestic animals. The Veterinary Journal 161: 238–252. 

Nermell B, Lindberg AL, Rahman M, Berglund M, Persson LA, El Arifeen S, Vahter M. 

2008. Urinary arsenic concentration adjustment factors and malnutrition. Environmental 

Research 106: 212-218.  

Neves O, Matias MJ. 2008. Assessment of groundwater quality and contamination problems 

ascribed to an abandoned uranium mine (Cunha Baixa region, Central Portugal). 

Environmental Geology 53: 1799–1810. 

Nganje TN, Adamu CI, Ukpong EE. 2010. Heavy metal concentrations in soils and plants in 

the vicinity of Arufu lead-zinc mine, Middle Benue Trough, Nigeria. Chinese Journal of 

Geochemistry 29: 167–174. 

Ngole VM. 2011. Using soil heavy metal enrichment and mobility factors to determine 

potential uptake by vegetables. Plant Soil Environment 57(2): 75–80. 



  

 

225  

  

 

Nicholson F, Smith S, Alloway B, Carlton–Smith C, Chambers B. 2003. An inventory of 

heavy metals inputs to agricultural soils in England and Wales. Science of the Total 

Environment 311: 205–219. 

Northridge ME, Yankura J, Kinney PL, et al. 1999. Diesel exhaust exposure among 

adolescents in Harlem: a community-driven study. American Journal of Public Health 

89:998–1002. 

Oanh NTK, Reutergardh LB, Dung NT, Yu MH, Yao WX, Co HX. 2000. Polycyclic 

aromatic hydrocarbons in the airborne particulate matter at a location 40KM north of 

Bangkok, Thailand. Atmospheric Environment 34:4557–4563. 

Obiri S. 2007. Determination of heavy metals in water from boreholes in Dumasi in the 

Wassa West District of the Western Region of the Republic of Ghana. Environmental 

Monitoring and Assessment 130: 455–463. 

Okoye COB, Ugwu JN. 2010. Impact of environmental cadmium, lead, copper and zinc on 

quality of goat meat in Nigeria. Bulletin of Chemical Society of Ethiopia 24 (1): 133–

138. 

Onyedika GO, Nwosu GU. 2008. Lead, zinc and cadmium in root crops from mineralized 

galena-sphalerite mining areas and environment. Pakistan Journal of Nutrition 7: 418–

420. 

Orjuela MA, Liu X, Miller RL, Warburton D, Tang D, Jobanputra V, Perera FP. 2012. 

Urinary naphthol metabolites and chromosomal aberrations in 5-year-old children. 

Cancer Epidemiology, Biomarkers and Prevention 21 (7): 1191-1202.  

Owa JA, Izedonmwen OE, Ogundaini AO, Ogungbamila FO. 1993. Quantitative analysis of 

1-naphthol in urine of neonates exposed to mothballs: the value in infants with 

unexplained anaemia. African Journal of Medicine and Medical Sciences 22 (1): 71–76.  

Pandey J, Pandey U. 2009. Accumulation of heavy metals in dietary vegetables and 

cultivated soil horizon in organic farming system in relation to atmospheric deposition 

in a seasonally dry tropical region of India. Environmental Monitoring and Assessment 

148: 61–74. 



  

 

226  

  

 

Palackal NT, Lee SH, Harvey RG, Blair IA, Penning TM. 2002. Activation of polycyclic 

aromatic hydrocarbon trans-dihydrodiol proximate carcinogens by human aldo-keto 

reductase (AKR1C) enzymes and their functional overexpression in human lung 

carcinoma (A549) cells. The Journal of Biological Chemistry 277 (27): 24799−24808. 

PCD (Pollution Control Department). 2000. Groundwater standards for drinking proposes. 

Manual inspection of contaminated groundwater standards for drinking proposes. 

Manual inspection of contaminated groundwater from waste disposal facilities, Ministry 

of Natural Resources and Environment. 

PCD (Pollution Control Department). 2004. Ministry of Natural Resources and Environment. 

Drinking water standards. http://www.pcd.go.th/info_serv/en_reg_std_water01.html#s1 

Peplow D, Edmonds R. 2004. Health risks associated with contamination of groundwater by 

abandoned mines near Twisp in Okanogan County, Washington, USA. Environmental 

Geochemistry and Health 26: 69–79. 

Pereira R, Pereira ML, Ribeiro R, Gonçalves F. 2006. Tissues and hair residues and 

histopathology in wild rats (Rattus rattus L.) and Algerian mice (Mus spretus Lataste) 

from an abandoned mine area (Southeast Portugal). Environmental Pollution 139: 561-

575. 

Penning TM, Drury JE. 2007. Human aldo-keto reductases: Function, gene regulation, and 

single nucleotide polymorphisms. Archive of Biochemistry abd Biophysics 464 (2): 

241−250 

Perera FP, Chang HW, Tang D, Roen EL, Herbstman J, Margolis A, Huang TJ, Miller RL, 

Wang S, Rauh V. 2014. Early-life exposure to polycyclic aromatic hydrocarbons and 

ADHD behavior problems. PLoS One 9 (11): e111670 

Peter F, Rainer F, Olivier J. 2012. Health impact and damage cost assessment of pesticides 

in Europe. Environmental International 49: 9–17. 

Ping LF, Luo YM, Zhang HB, Li QB, Wu LH. 2007. Distribution of polycyclic aromatic 

hydrocarbons in thirty typical soil profiles in the Yangtze River Delta region, east China. 

Environmental Pollution147:358–365. 

http://www.pcd.go.th/info_serv/en_reg_std_water01.html#s1


  

 

227  

  

 

Pokkamthanam AS, Riederer AM, Anchala R. 2011. Risk assessment of ingestion of arsenic-

contaminated water among adults in Bandlaguda, India. Blacksmith Institute Journal of 

Health Pollution 1: 8–15. 

Pompe–Gotal J, Crnic AP. 2002. Cadmium in tissue of roe deer (Capreolus capreolus) in 

Croatia. Veterinarski arhiv 72: 303–310. 

Rapant S, Krcmova K. 2007. Health risk assessment maps for arsenic groundwater content: 

Application of national geochemical databases. Environmental Geochemistry and 

Health 29: 131–141. 

Ravindra K, Sokhi R, Van Grieken R. 2008. Atmospheric polycyclic aromatic hydrocarbons: 

source attribution, emission factors and regulation. Atmospheric Environment 42:2895–

2921. 

Rey-Salgueiro L, Martínez-Carballo E, García-Falcón MS, Simal-Gándara J. 2008. Effects 

of a chemical company fire on the occurrence of polycyclic aromatic hydrocarbons in 

plant foods. Food Chemistry 108: 347–353.  

Riojas-Rodriguez H, Schilmann A, Marron-Mares AT, Masera O, Li Z, Romanoff L, et al. 

2011. Impact of the improved patsari biomass stove on urinary polycyclic aromatic 

hydrocarbon biomarkers and carbon monoxide exposures in rural Mexican women. 

Environmental Health Perspective 119 (9): 1301–1307.  

Roychowdhury T, Tokunaga H, Ando M. 2003. Survey of arsenic and heavy metals in food 

composites and drinking water and estimation of dietary intake by the villagers from an 

arsenic-affected area of West Bengal, India. Science of the Total Environment 308: 15–

35. 

Rubio MR, Sigrist ME, Encinas ET, Baroni E, Coronel JE, Boggio JC, et al. 1998. Cadmium 

and lead levels in cow’s milk from a milking region in region in Santa Fe, Argentine. 

Bulletin of Environmental Contamination and Toxicology 60: 164–167. 

Rudell B, Ledin MC, Hammarstron U, et al. 1996. Effects on symptoms and lung functions 

in humans experimentally exposed to diesel exhaust. Occupational and Environmental 

Medicine 53:658–662. 

SAC/MOHC, (The Standardization Administration China/Ministry of Health, China). 2005. 



  

 

228  

  

 

Maximum levels of contaminants in foods (GB2762–2005). Beijing. 

Saengtienchai A, Ikenaka Y, Nakayama SM, Mizukawa H, Kakehi M, Bortey Sam N, 

Darwish WS, Tsubota T, Terasaki M, Poapolathep A, Ishizuka M. 2014. Identification 

of interspecific differences in phase II reactions: Determination of metabolites in the 

urine of 16 mammalian species exposed to environmental pyrene. Environmental 

Toxicology and Chemistry 33 (9): 2062-2069.  

Salam MA, Shirasuna Y, Hirano K, Masunaga S. 2011. Particle associated polycyclic 

aromatic hydrocarbons in the atmospheric environment of urban and suburban 

residential area. International Journal of Environmental Science and Technolology 

8:255–266. 

Saha N, Zaman MR. 2012. Evaluation of possible health risks of heavy metals by 

consumption of foodstuffs available in the central market of Rajshahi City, Bangladesh; 

Environmental Monitoring and Assessment 185: 3867–3878. 

Saipan P, Ruangwises S. 2009. Health risk assessment of inorganic arsenic intake of 

Ronphibun residents via duplicate diet study. Journal of the Medical Association of 

Thailand, 92(6): 849–856. 

Salisbury RM, Staples ELJ, Sutton M. 1958. Lead poisoning of chickens, New Zealand 

Veterinary Journal 6 (1) 2–7. 

Sammut M, Noack Y, Rose J, Hazemann J, Proux O, Depoux Ziebel M, Fiani E. 2010. 

Speciation of Cd and Pb in dust emitted from sinter plant. Chemosphere 78(4):445–450 

Steinemann A. 2000. Rethinking human health impact assessment. Environmental Impact 

Assessment Review 20: 627–645. 

Saville PD, Nilsson BE. 1966. Height and weight in symptomatic postmenopausal 

osteoporosis. Clinical Orthopaedics and Related Research 45: 49-54. 

Sawicka-Kapusta K, Zakrzewska M, Kowalska A, Lenda B, Skrobacz M. 1995. Heavy metal 

concentrations in small mammals from Borecka forest. Archive Ochr. Środ. 3(4): 229–234. 

Scheuhammer AM. 1987. The chronic toxicity of aluminium, cadmium, mercury, and lead 

in birds: a review. Environmental Pollution 46: 263–295. 

http://www.springer.com/medicine/orthopedics/journal/11999


  

 

229  

  

 

Schubert P, Schantz MM, Sander LC, Wise SA. 2003. Determination of polycyclic aromatic 

hydrocarbons with molecular weight 300 and 302 in environmental matrix standard 

reference materials by gas chromatography/mass spectrometry. Analytical Chemistry 

75:234–246. 

Schulz C, Angerer J, Ewers U, Heudorf U, Wilhelm M, 2009. Human Biomonitoring 

Commission of the German Federal Environment Agency. Revised and new reference 

values for environmental pollutants in urine or blood of children in Germany derived 

from the German environmental survey on children 2003-2006 (GerES IV). 

International Journal of Hygiene and Environmental Health 212(6): 637-47. 

Seregin IV, Ivanov VB. 2001. Physiological aspects of cadmium and lead toxic effects on 

higher plants. Russian Journal of Plant Physiology 48(4): 523–544. 

Shen GF, Tao S, Wei SY, Zhang YY, Wang R, Wang B, Li W, Shen HZ, Huang Y, Yang 

YF, Wang W, Wang XL, Simonich SM. 2012. Retene emission from residential solid 

fuels in China and evaluation of retene as a unique marker for soft wood combustion. 

Environmental Science and Technology 46:4666–4672. 

Shen H, Ong C. 2000. Detection of oxidative DNA damage in human sperm and its 

association with sperm function and male infertility. Free Radical Biology and Medicine 

28 (4): 529−536. 

Singh AN, Zeng DH, Chen FS. 2005. Heavy metal concentrations in redeveloping soil of 

mine spoil under plantations of certain native woody species in dry tropical environment, 

Indian Journal of Environmental Science 1: 168–174. 

Smedley PL. 1996. Arsenic in rural groundwater in Ghana. Journal of African Earth Sciences, 

22: 459–470. 

Smedley PL, Edmunds WM, Pelig–Ba KB. 1996. Mobility of arsenic in groundwater in the 

Obuasi gold-mining area of Ghana: some implications for human health. Environmental 

Geochemistry and Health, 113: 163–181. 

Smedley PL, Kinniburgh D.G. 2002. A review of the source, behavior and distribution of 

arsenic in natural waters. Applied Geochemistry, 17, 517–568. 



  

 

230  

  

 

Soewu DA, Agbolade OM, Oladunjoye RY, Ayodele IA. 2014. Bioaccumulation of heavy 

metals in cane rat (Thryonomys swinderianus) in Ogun State, Nigeria. Journal of 

Toxicology and Environmental Health Sciences 6(8): 154-160. 

Soghoian S, Nyadedzor C, Ed Nignpense B, Clarke EEK, Hoffman RS. 2012. Health risks 

of using mothballs in Greater Accra, Ghana. Tropical Medicine and International Health 

17 (1): 135-138.  

Speir TW, Van Schaik AP, Percival HJ, Close ME, Pang LP. 2003. Heavy metals in soil, 

plants and groundwater following high-rate sewage sludge application to land. Water 

Air Soil Pollution 150: 319–358. 

Srogi K. 2007. Monitoring of environmental exposure to polycyclic aromatic hydrocarbons: 

a review. Environmental Chemistry Letters 5 (4): 169–195. 

Streets DG, Hao JM, Wu Y, Jiang JK, Chan M, Tian HZ, Feng XB. 2005. Anthropogenic 

mercury emissions in China. Atmospheric Environment 39: 7789–7806. 

Sul D, Ahn R, Im H, Oh E, Kim JH, Kim JG, Kim P, et al. 2012. Korea National Survey for 

Environmental Pollutants in the human body 2008: 1-hydroxypyrene, 2- naphthol, and 

cotinine in urine of the Korean population. Environmental Research 118: 25–30.  

Suresh G, Sutharsan P, Ramasamy V, Venkatachalapathy R. 2012. Assessment of spatial 

distribution and potential ecological risk of the heavy metals in relation to granulometric 

contents of Veeranam lake sediments, India. Ecotoxicology and Environmental Safety 

84: 117–124. 

Suwan-ampai P, Navas-Acien A, Strickland PT, Agnew J. 2009. Involuntary 

tobacco smoke exposure and urinary levels of polycyclic aromatic hydrocarbons in the 

United States, 1999 to 2002. Cancer Epidemiol. Biomarkers Prevent 18, 884–893. 

Świergosz‐Kowalewska R. 2001. Cadmium distribution and toxicity in tissues of small 

rodents. Microscopy Research and Technique 55: 208-222. 

Szolar OHJ, Rost H, Braun R, Loibner AP. 2002. Analysis of polycyclic aromatic 

hydrocarbons in soil: Minimizing sample pretreatment using automated Soxhlet with 

ethyl acetate as extraction solvent. Analytical Chemistry 74:2379–2385. 



  

 

231  

  

 

Taguchi T, Suzuki S. 1981. Influence of sex and age on the biological half-life of cadmium 

in mice. Journal of Toxicology and Environmental Health 7: 239–249. 

Tay CK, Biney CA. 2013. Levels and sources of polycyclic aromatic hydrocarbons (PAHs) 

in selected irrigated urban agricultural soils in Accra, Ghana. Environmental Earth 

Sciences 68: 1773–1782. 

Thai PK, Heffernan AL, Toms LML, Li Z, Calafat AM, Hobson P, Broomhall S, Mueller JF. 

2016. Monitoring exposure to polycyclic aromatic hydrocarbons in an Australian 

population using pooled urine samples. Environmental International 88: 30-35. 

Thorsen WA, Cope WG, Shea D. 2004. Bioavailability of PAHs: effects of soot carbon and 

PAH source. Environmental Science and Technology 38: 2029–2037. 

Tobiszewski M, Namiesnik, J. 2012. PAHs diagnostic ratios for the identification of pollution 

emission sources. Environmental Pollution 162:110–119. 

Tohyama C, Sugihira N, Saito H. 1987. Critical concentration of cadmium for renal toxicity 

in rats. Journal of Toxicology and Environmental Health 22: 255–259. 

Tubaro A, Hungerford J. 2007. Environmental toxicology. In Gupta RC, ed, Veterinary 

Toxicology: Basic and clinical principles. Academic, New York, NY, USA, pp. 663–

725. 

Tudorean L, Phillips CJC. 2004. Modeling cadmium uptake and accumulation in plants. 

Advances in Agronomy 84: 121–157. 

Tung G, Temple PJ. 1996. Uptake and localization of lead in corn (Zea mays L.) seedlings, 

a study by histochemical and electron microscopy. Science of the Total Environment 

188(2–3): 71–85. 

Tsai PJ, Shih TS, Chen HL, Lee WJ, Lai CH, Liou SH. 2004. Assessing and predicting the 

exposures of polycyclic aromatic hydrocarbons (PAHs) and their carcinogenic potencies 

from vehicle engine exhausts to highway toll station workers. Atmospheric Environment 

38:333–343. 

Uluozlua OD, Tuzen M, Mendil D, Soylak M. 2009. Assessment of trace element contents 

of chicken products from turkey. Journal of Hazardous Materials 163, 982–987. 



  

 

232  

  

 

Uriu K, Morimoto I, Kai K, Okazaki Y, Okada Y, Qie YL, et al. 2000. Uncoupling between 

bone formation and resorption in ovariectomized rats with chronic cadmium exposure. 

Toxicology and Applied Pharmacology 164:264–72.  

USDA. 2006. Foreign Agricultural Service GAIN Report Global Agriculture Information 

Network Voluntary Report-public distribution GAIN Report Number CH 6064, China 

Peoples Republic of FAIRS Product. Specific maximum levels of contaminants in foods, 

Jim Butterworth and Wu Bugang. 

USEPA, (US Environmental Protection Agency). 1980. Water quality criteria documents; 

availability. 45 Federal Register, 45(231), 79318–79379. 

USEPA, (US Environmental Protection Agency). 1992. Definitions and general principles 

for exposure assessment. Guidelines for exposure assessment. Washington, D.C.: Office 

of Pesticide Programs, USA. 

USEPA, (US Environmental Protection Agency). 1997. Exposure Factors Handbook 

(EPA/600/P-95/002Fa) (Update to Exposure Factors Handbook (EPA/600/8–89/043), 

Environmental Protection Agency Region I, Washington, D.C., USA. 

USEPA, (US Environmental Protection Agency). 1999. A Risk Assessment–Multiway 

exposure spreadsheet calculation tool. United States Environmental Protection Agency, 

Washington, D.C. 

USEPA, (US Environmental Protection Agency). 2000. Risk-based concentration table. 

Philadelphia PA: United States Environmental Protection Agency, Washington DC;  

USEPA, (US Environmental Protection Agency). 2000. Supplementary guidance for 

conducting health risk assessment of chemical mixtures, Risk Assessment Forum 

Technical Panel, [EPA/630/R-00/002]. 

USEPA (US Environmental Protection Agency). 2001. Baseline human health risk 

assessment, Vasquez Boulevard and I–70 superfund site, Denver CO. 

http://www.epa.gov/ region8/superfund/sites/VB-170-Risk.pdf 

USEPA, (US Environmental Protection Agency). 2002. Region 9, preliminary remediation 

goals. http://www.epa.gov/region09/waste/sfund/prg. Assessed 12 Oct 2013. 

http://www.epa.gov/
http://www.epa.gov/region09/waste/sfund/prg


  

 

233  

  

 

USEPA, (United States Environmental Protection Agency). 2004. Framework for inorganic 

metals risk assessment. Draft EPA/630/P-04/068B, 20460. US EPA, Washington DC.  

USEPA (US Environmental Protection Agency). 2005. Guidance for Developing Ecological 

Soil Screening Levels. OSWER–Directive 9285.7–55.  

http://www.epa. gov/ecotox/ecossl/ (accessed on 14 May 2013). 

USEPA, Integrated Risk Information System–database (IRIS). 2007. Philadelphia PA; 

Washington, DC. 

USEPA (US Environmental Protection Agency). 2005. Human health risk assessment 

protocol for hazardous waste combustion facilities. 

http://www.epa.gov/region6/6pd/rcra_c/ protocol/protocol.htm 

USEPA (US Environmental Protection Agency). 2005a. Guidelines for Carcinogenic Risk 

Assessment. Available from: http://www.epa.gov/raf/publications/ 

pdfs/CANCER_GUIDELINES_FINAL_3-25-05.PDF (assessed November 2013) 

USEPA, (US Environmental Protection Agency). 2009. National primary/secondary and 

drinking water regulations, Washington, D.C. 

USEPA IRIS (US Environmental Protection Agency’s Integrated Risk Information System). 

2011. http://www.epa. gov/iris/ 

USEPA, (United States Environmental Protection Agency) 2012. Ground water and drinking 

water http://www.water.epa.gov/drink/ index.cfm. 

Uppstad H, Osnes GH, Cole KJ, Phillips DH, Haugen A, Mollerup S. 2011. Sex differences 

in susceptibility to PAHs is an intrinsic property of human lung adenocarcinoma cells. 

Lung Cancer 71: 264–270.  

Uzu G, Sobanska S, Aliouane Y, Pradere P, Dumat C. 2009. Study of lead phytoavailability 

for atmospheric industrial micronic and sub-micronic particles in relation with lead 

speciation. Environmental Pollution 157(4): 1178–1185. 

Valavanidis A, Vlachogianni T, Fiotakis C. 2009. 8-hydroxy-2′-deoxyguanosine (8-OHdG): 

a critical biomarker of oxidative stress and carcinogenesis. Journal of Environmental 

Science and Health Part C Environmental Carcinogenesis & Ecotoxicology Reviews 27: 

120–139. 

http://www.epa/
http://www.water.epa.gov/drink/


  

 

234  

  

 

Varol M. 2011. Assessment of heavy metal contamination in sediments of the Tigris River 

(Turkey) using pollution indices and multivariate statistical techniques. Journal of 

Hazardous Materials 195: 355–364. 

Villar TC, Elaine J, Kaligayahan P, Flavier ME. 2005. Lead and cadmium levels in edible 

internal organs and blood of poultry chicken. Journal of Applied Sciences 5 (7): 1250–

1253. 

Volety AK. 2008. Effects of salinity, heavy metals and pesticides on health and physiology 

of oysters in the Caloosahatchee Estuary, Florida. Ecotoxicology 17: 579–590. 

Waalkes MP, Ward JM, Liu J, Diwan BA. 2003. Transplacental carcinogenicity of inorganic 

arsenic in the drinking water: induction of hepatic, ovarian, pulmonary, and adrenal 

tumors in mice. Toxicology and Applied Pharmacology 186: 7 –17.  

Wang G, Su MY, Chen YH, Lin FF, Luo D, Gao SF. 2006b. Transfer characteristics of 

cadmium and lead from soil to the edible parts of six vegetable species in south eastern 

China. Environmental Pollution 144(1): 127–135. 

Wang CL, Zhang FT, Cao WX, Wang JW. 2013. The identification of apolipoprotein C-I in 

rare minnow (Gobiocypris rarus) and its expression following cadmium exposure. 

Environ. Toxicol. Pharmacol. 35, 419–426. 

Wang X, Sato T, Xing B, Tao S. 2005. Health risk of heavy metals to the general public in 

Tianjin, China via consumption of vegetables and fish. Science of the Total Environment 

350: 28–37. 

Wayne RO. 1990. A physical explanation of the lognormality of pollutant concentrations. 

Journal of the Air and Waste Managment Association 40: 1378–1383.  

Wcislo E, Ioven D, Kucharski R, Szdzuj J. 2002. Human health risk assessment case study: 

an abandoned metal smelter site in Poland. Chemosphere 47: 507–515. 

Wei B, Yang L. 2010. A review of heavy metal contaminations in urban soils, urban road 

dusts and agricultural soils from China. Microchemical Journal 94(2): 99–107. 

Whelton BD, Peterson DP, Moretti ES, Dare H, Bhattacharyya MH. 1997. Skeletal changes 

in multiparous, nulliparous and ovariectomized mice fed either a nutrient-sufficient or -

deficient diet containing cadmium. Toxicology 119: 103–121. 



  

 

235  

  

 

White AJ, Bradshaw PT, Herring AH, Teitelbaum SL, Beyea J, Stellman SD, Steck SE, 

Mordukhovich I, Eng SM, Engel LS, Conway K. 2016. Exposure to multiple sources of 

polycyclic aromatic hydrocarbons and breast cancer incidence. Environment 

International 89: 185-92. 

WHO, (World Health Organization). 1981. Environmental Health Criteria 18. Arsenic. 

International Programme on Chemical Safety.World Health Organization, Finland. 

WHO, (World Health Organization). 1996. Trace Elements in Human Nutrition and Health. 

Geneva. 

WHO, (World Health Organization). 2000. Evaluation of certain food additives and 

contaminants. Report of the Fifty–Third of the Joint FAO/WHO Expert Committee on 

Food Additives. Technical Report Series No. 896. Geneva.  

WHO, (World Health Organization). 2000. Air Quality Guidelines for Europe, second ed. 

WHO, Regional Office for Europe 

WHO, (World Health Organization). 2001. Environmental Health Criteria 224: Arsenic and 

Arsenic Compounds. Second ed., Geneva, World Health Organization. 

WHO, (World Health Organization).  2006. Behaviour and Environmental Risk Factors. 

Country Health System Fact Sheet 2006, Ghana. Available online: 

http://www.afro.who.int/dnc/infobase/Ghana.pdf 

WHO, (World Health Organization). 2010. Ghana Factsheets of Health Statistics 2010. Non-

communicable diseases and conditions. last assessed: 28 April, 2016. Available online: 

https://www.ecoi.net/file_upload/1788_1322492448_ghana-statistical-factsheet.pdf 

WHO, (World Health Organization). 2011. Guidelines for drinking-water quality (4th ed., 

http://www.whqlibdoc.who.int/publications/2011/9789241548151_eng.pdf). Geneva. 

WHO, (World Health Organization). 2011. Noncommunicable Diseases Country Profiles. 

Behavior and Environmental Risk Factors. Last assessed: 28 April, 2016. pp 81. 

Available online: http://www.who.int/nmh/publications/ncd_profiles2011/en/ 

Wongsasuluk P, Chotpantarat S, Siriwong W, Robson M. 2014. Heavy metal contamination 

and human health risk assessment in drinking water from shallow ground water wells in 

https://www.ecoi.net/file_upload/1788_1322492448_ghana-statistical-factsheet.pdf
http://www.who.int/nmh/publications/ncd_profiles2011/en/


  

 

236  

  

 

an agricultural area in Ubon Ratchathani province, Thailand. Environmental 

Geochemistry and Health 36: 169–182. 

Wronski TJ, Schenk PA, Cintron M, Walsh CC. 1987. Effect of body weight on osteopenia 

in ovariectomized rats. Calcified Tissue International 40(3): 155-159. 

Wu LL, Chiou CC, Chang PY, Wu JT. 2004. Urinary 8-OHdG: a marker of oxidative stress 

to DNA and a risk factor for cancer, atherosclerosis and diabetics. Clinica Chimica Acta 

339: 1–9. 

Wyler C, Braun-Fahrlander C, Kunzli N, et al. 2000. Exposure to motor vehicle traffic and 

allergic sensitization. Epidemiology 11:450–456. 

Xu X, Cook RL, Ilacqua VA, Kan H, Talbott EO, Kearney G. 2010. Studying associations 

between urinary metabolites of polycyclic aromatic hydrocarbons (PAHs) and 

cardiovascular diseases in the United States. Science of the Total Environment 408, 

4943–4948.  

Yabe J, Ishizuka M, Umemura T. 2010. Current levels of heavy metal pollution in Africa. 

Journal of Veterinary Medical Sciences 72: 1257–1263. 

Yabe J, Nakayama MMS, Ikenaka Y, Muzandu K, Choongo K, Mainda G, Mabeta M, 

Ishizuka M, Umemura T. 2013. Metal distribution in tissues of free-range chickens near 

a lead–zinc mine in Kabwe, Zambia. Environmental Toxicology and Chemistry 32 (1): 

189–192. 

Yang Q, Qiu X, Li R, Ma J, Li K, Li G. 2015. Polycyclic aromatic hydrocarbon (PAH) 

exposure and oxidative stress for a rural population from the North China Plain. 

Environmental Science and Pollution Research 22(3): 1760-1769. 

Yaylalı–Abanuz G. 2011. Heavy metal contamination of surface soil around Gebze industrial 

area, Turkey. Microchemical Journal 99(1): 82–92. 

Zhang CS. 2006. Using multivariate analyses and GIS to identify pollutants and their spatial 

patterns in urban soils in Galway, Ireland. Environmental Pollution 142: 501–511. 

Zhang GS, Liu DY, Wu HF, Chen LF, Han QX. 2012. Heavy metal contamination in the 

marine organisms in Yantai coast, northern Yellow Sea of China. Ecotoxicology 21: 

1726–1733. 



  

 

237  

  

 

Zhang NN, Zang SY, Sun QZ. 2014. Health risk assessment of heavy metals in the water 

environment of Zhalong Wetland, China. Ecotoxicology 23: 518–526. 

Zheng N, Wang QC, Zheng DM. 2007. Health risk of Hg, Pb, Cd, Zn, and Cu to the 

inhabitants around Huludao zinc plant in China via consumption of vegetables. Science 

of the Total Environment 383(1–3): 81–89. 

Zhuang P, Mcbridge BB, Xia HP, Li NY, Li ZA. 2009. Health risk from heavy metals via 

consumption of food crops in the vicinity of Dabaoshan mine, South China. Science of 

the Total Environment 407: 1551–1561. 

Zhu W, Bian B, Li L. 2008. Heavy metal contamination of road deposited sediments in a 

medium size city of China. Environmental Monitoring and Assessment 147: 171–181. 

 

 

 

 



  

 

238  

  

 

Environmental contamination in Ghana: Environmental fate and risk 

assessment of heavy metals and polycyclic aromatic hydrocarbons 

 

(ガーナにおける環境汚染：金属と多環芳香族炭化水素の環境動態と

リスクアセスメント) 

 

要旨 (Abstract in Japanese)  

ガーナでは近年、産業化が急速に増大しており、それに伴う環境汚染が深刻化している。そこ

で、ガーナの都市の１つであるクマシと金鉱山地域であるタクワにおける多環芳香族炭化水素

類（PAHs）と金属レベルの測定とリスク評価を実施した。ウシおよびヒトの尿中 PAH 代謝産物

（OH-PAH）を分析した結果、いずれも高濃度で検出され、とくに 2-OHNap が最も高値であった。

ナフタレンは水浄化、殺虫剤または清浄剤目的として使用される mothballs に含有されており、

これの使用が原因であると考えられた。一方、クマシにおいて、各患者の尿中 PAH 代謝物濃度

と各種健康症状を疫学的に解析した結果、PAH曝露により、咳(OR = 2.5, CI: 1.33-4.70)、頭

痛 (OR = 1.89, CI: 1.66-16.0)、呼吸器疾患 (OR = 46.2, CI: 2.88-742)、頻脈 (OR = 3.65, 

CI: 1.50-8.88)、呼吸困難 (OR = 4.11, CI: 1.75-9.65)が高いオッズで検出された。尿中 2-

OHNap が最も高く検出されたのはマンヒア病院の女性労働者で、長期間の咳、頭痛、めまい、

頻脈、筋肉痛、鼻詰まり、炎症などの症状が認められており、これら全てはナフタレンの毒性

影響と一致していた。人の尿中 OH-PAHs 濃度は男性に比べての女性で高値であり、OH-PAHs 濃

度と脂質酸化ストレスのバイオマーカーであるマロンジアルデヒドや 8-水酸化-2-デオキシグ

アノシンとの正の相関も認められた。タクワにおける金属およびメタロイドを分析したところ、

飲料水や食料品、ニワトリなどの家畜や土壌などを介した曝露が明らかとなり、居住者、とく

に子どもにおける腫瘍を含む健康悪影響が心配された。さらに、野生ネズミの肝臓と腎臓中の

金属濃度を分析したところ、メスのネズミにおける As、Cd、Zn 濃度はオスと比べて高値であ

った。野生ネズミの体重と臓器中 Cd レベルの間に強い正の相関が認められ、骨減少に対する

防御メカニズムであると考えられた。本研究で検出されたタクワの野生ネズミの腎臓中 Pb 濃

度より毒性影響を推察したところ、29%のネズミで近位尿細管細胞の核内封入体や核・細胞巨

大化が、6%のネズミで構造および機能的な腎臓障害が、また、9%のネズミでは糸球体腫脹がそ
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の毒性学的基準レベルを超過していた。主成分分析を行った結果、タクワの野生ネズミは掘削

孔の飲み水や土壌を介して金属に暴露されていることが明らかとなった。 
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