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Abstract Potentially harmful elements (PHEs) man-

ganese (Mn), cobalt (Co), copper (Cu), lead (Pb),

nickel (Ni) and zinc (Zn) were measured in human

hair/nails, staple crops and drinking water to ascertain

the level of exposure to dust transference via wind and

rain erosion for members of the Mugala community

living near a mine waste dump in the Zambian

Copperbelt. The mean PHE concentrations of hair in

decreasing order were Zn (137 ± 21 mg/kg), Cu

(38 ± 7 mg/kg), Mn (16 ± 2 mg/kg), Pb (4.3 ±

1.9 mg/kg), Ni (1.3 ± 0.2 mg/kg) and Cr (1.2 ±

0.2 mg/kg), Co (0.9 ± 0.2 mg/kg) and Cd (0.30 ±

0.02 mg/kg). Whilst for toenails the decreasing order

of mean concentrations was Zn (172 ± 27 mg/kg), Cu

(30 ± 5 mg/kg), Mn (12 ± 2 mg/kg), Pb (4.8 ±

0.5 mg/kg), Ni (1.7 ± 0.14 mg/kg) and Co (1.0 ±

0.02 mg/kg), Cr (0.6 ± 0.1 mg/kg) and Cd (0.1 ±

0.002 mg/kg). The concentration of these potentially

harmful elements (PHEs) varied greatly among dif-

ferent age groups. The results showed that Mn, Co, Pb,

Cd and Zn were above the interval values (Biolab in

Nutritional and environmental medicine, Hair Mineral

Analysis, London, 2012) at 0.2–2.0 mg/kg for Mn,

0.01–0.20 mg/kg for Co,\ 2.00 mg/kg for Pb,

\ 0.10 mg/kg for Cd and 0.2–2.00 mg/kg for Zn,

whilst Ni, Cu and Cr concentrations were within the

normal range concentrations of\ 1.40 mg/kg,

10–100 mg/kg and 0.1–1.5 mg/kg, respectively. Diet-

ary intake of PHEs was assessed from the ingestion of

vegetables grown in Mugala village, with estimated

PHE intakes expressed on a daily basis calculated for

Mn (255), Pb (48), Ni (149) and Cd (33) lg/kg bw/day.

For these metals, DI via vegetables was above the

proposed limits of the provisional tolerable daily

intakes (PTDIs) (WHO in Evaluation of certain food

additive and contaminants, Seventy-third report of the

Joint FAO/WHO Expert Committee on Food Addi-

tives, 2011) for Mn at 70 lg/kg bw/day, Pb at 3 lg/kg

bw/day, Ni and Cd 5 lg/kg bw/day and 1 lg/kg

bw/day, respectively. The rest of the PHEs listed were

within the PTDIs limits. Therefore, Mugala inhabi-

tants are at imminent health risk due to lead, nickel and

cadmium ingestion of vegetables and drinking water at

this location.
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Introduction

Potentially harmful elements (PHEs) are natural

constituents of the Earth’s crust (Vogel 1989) and

are non-biodegradable persistent pollutants found in

the environment and can possibly enter the human

body via different routes such as food, drinking water

and air in small amounts and then accumulate in the

body (Stihi et al. 2011).

Living organisms and humans require trace

amounts of some elements which are referred to as

trace elements that include Zinc (Zn), Copper (Cu),

Iron (Fe), Cobalt (Co) and others. These elements are

naturally found in foodstuffs, fruits and vegetables and

in commercially available multivitamin products, but

these can have a negative health effect at excessive

levels (Mcbride 1994). Some non-essential metals

such as cadmium (Cd), mercury (Hg) and lead (Pb) are

toxic at very low concentrations (Nies 1999; Kaewsarn

and Yu 2001) and pose serious risk to human and

ecosystem health (Chan et al. 2003; Gao 2012). For

instance, chronic Cd intoxication may give rise to

renal tubular dysfunction, anaemia and skeletal dam-

age (itai–itai disease) (Horiguchi et al. 1994; Jarup

2013). Prolonged exposure to Pb may cause kidney

and liver damage and has an adverse effect on the

central and peripheral nervous systems, haemopoietic

and cardiovascular system (Liu et al. 2014). Exposure

routes for a wider panel of PHEs associated with

exposure routes from mining activities combining

geochemical and health disciplines are essential to

provide appropriate information for mitigation and

protection of health (Middleton et al. 2019a). There-

fore, it is important to carry out an investigation on

PHEs to assess the potential health risks of PHEs to

humans, particularly where exposure associated with

mining activities exists (Zhuang et al. 2009; Kaninga

et al. 2019; Stewart 2019).

Hair and nails are metabolic end products that

incorporate metals into their structure during the

growth process (Ionescu et al. 2006) (Romanowicz-

Makoska et al. 2011). These two biomarkers have

been reported frequently for use in assessing exposure

to PHEs (Goulle et al. 2009; Button et al. 2009; Oyoo-

Okoth et al. 2012, 2013; Alves et al. 2014; Middleton

et al. 2016a, b, c; Bakri et al. 2017). Rashed and

Hossam (2007) reported using human scalp hair and

fingernails in Aswan, Egypt, as a biological indicator

for the assessment of heavy metal pollution (Rashed

and Hossam 2007). Hair and nail analyses provide a

measure of exposure over 4–8 weeks (Button et al.

2009), smoothing out day-to-day variations which

occur in blood and urine measurements for which

measurements can vary on an hourly basis and provide

an exposure assessment over a 24-h period (Chojnacka

et al. 2005; Middleton et al. 2016b, c, 2019b;

Wongsasuluk et al. 2018). Hair and nails are an

appropriate biomarker for exposure since trace ele-

ments and PHEs bind to the keratin in hair and nails in

much larger concentrations than in any other biolog-

ical samples, providing measurable quantities, partic-

ularly for inductively coupled plasma mass

spectrometry (ICP-MS) (Zhunk and Kist 1995). These

matrices are also useful for determining deficiencies of

essential trace elements in the diet and therefore

indicators of metabolic or physiological disorders

(Dombovari and Papp 1998; Katz and Chatt 1998;

Dombovari et al. 1999). Hair and nails are practical

biological materials owing to the collection and

preservation of the sample compared to blood and

urine, in addition to biosafety for the analyst handling

the sample. Hair analysis for determination of contents

(concentration) of trace elements has been a continual

activity in the field of biomedical and environmental

studies over the past three decades (Ciszewski et al.

1997).

The consummation of PHEs can be estimated

through the calculation of the dietary intake of staple

foodstuffs and drinking water following their elemen-

tal analyses, either assuming full or measurement of

bioaccessibility and consideration of inhibitors for

absorption, such as phytic acid in grains (O’Reilly

et al. 2010; Reason et al. 2015; Zia et al. 2017; Gibson

et al. 2018).

A recent unpublished study conducted in 2016 in

the Zambian Copperbelt showed that crops grown near

a tailings dump contain concentrations of Cu and Co

above the recommended limits prescribed by FAO/

WHO (1999). However, the exposure to PHEs for

populations that consume crops and drinking water

sourced in close proximity to mine tailing dumps in the

Zambian Copperbelt is not well characterised. There-

fore, the aim of this study was to: (1) assess the risk of

exposure to PHEs by populations living near mine

waste dumps, using hair and nails as biomarkers; (2)

determine the dietary intake of PHEs from locally

produced vegetables and drinking water supplies in

Mugala village in close proximity to mine tailings; and
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(3) determine the exposure to PHEs by comparison

between biomarkers of exposure (nails and hair) and

dietary intake estimations from the consumption of

locally produced foodstuffs and drinking water.

Materials and methods

Ethics

The study protocol was approved by the Directorate of

Research, Innovation and Consultancy (DRIC) ethics

committee at the Copperbelt University and all the

participants consented to the test.

Study location

Mugala village is situated in Kitwe West on the

Copperbelt Province of Zambia. It is located near

Mopani (TD 15 A) tailings dump site. The populations

of Mugala village are predominantly subsistence

farmers who grow their crops in the vicinity of TD

15 A. It is a village constantly increasing in population

with over 400 households.

The implications of mining on the Zambian com-

munities, especially on the Copperbelt Province, have

been known to cause serious environmental impacts,

especially where copper mining is concerned. The

substantial amounts of sulphur dioxide emitted into

the atmosphere have been identified to cause acid rain,

soil erosion, crop damage and water pollution. Most of

the Copperbelt has 50 times higher concentrations of

copper in surface soils than in subsurface samples as

reported by Ncube et al. (2012).

Leaves and roots of cassava and sweet potatoes

grown in the contaminated areas of the Copperbelt are

known to contain elevated metal concentrations,

whilst backyard vegetable gardens are affected by

necrosis due to accumulation of heavy metals in the

soil and SO2 on plant leaves. The contamination from

ongoing mining operations is further aggravated by

windborne dust particles (from dry TDs) resulting in

accumulation of metals (copper and cobalt and other

elements) in the soil (Srivastava and Jokanc 2016). All

of these concerns have gradually affected the health of

the local inhabitants on the Copperbelt Province,

especially in the Mufulira, Chingola and Kitwe

municipalities where copper mining operations are

done on a large scale (Fig. 1).

The local inhabitants were randomly selected

among those who permanently live in the agricultural

study area without migrating. Human hair and nails

were collected from healthy local inhabitants of the

area who consented to the test. The participants were

divided into age groups: 11–20 years, 21–30 years

and 31–40 years. Personal information was collected

by means of face-to-face interviews regarding their

sex, age, body weight, medical histories and dietary

habits. Consented participants with chemically treated

and coloured hair as well as painted nails were

excluded from the study. Hair portions closest to the

scalp were collected from participants. Both human

hair and nails were stored in polyethylene bags at room

temperature until analysis. Drinking water and the

most commonly consumed vegetables available in the

fields (like rape, sweet potato leaves, carrots, pumpkin

leaves, beans, bean leaves, cassava leaves and egg-

plant) were also collected.

Elemental analysis

All PHE measurements were completed on an Agilent

8900 series Inductively Coupled Spectrometry (ICP-

QQQ-MS; Agilent Technologies, USA) at the British

Geological Survey laboratories. Reagents and stan-

dards used were of ultrapure reagent grade, and all

solutions were prepared in deionised water as

described in Joy et al. (2015).

Hair and nail samples were firstly cleaned by

scraping physical materials, rinsing in deionised water

and then immersion in acetone, in a sonic bath for

5 min, then rinsed three times with deionised water

Residen�al

Agricultural fields

Mine 
tailings

Fig. 1 An aerial photo showing proximity of Mugala village

and fields (centre) used for growing food to the adjacent tailings

dump TD 15 A
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and the process repeated twice more as reported in

Button et al. (2009) and Middleton et al. (2016a).

Vegetables were washed three times with deionised

water and dried at 40 �C in an oven and then blended

to a fine powder using a coffee grinder. The dissolution

of hair and nail samples utilised a nitric acid/hydrogen

peroxide (4:1 ml) solution and heating using a CEM

MARSX microwave (CEM Corporation, USA) as

described in Middleton et al. (2016a). The resultant

solutions were diluted to 30 ml with deionised water

into a 30-ml wide-necked Nalgene bottle for ICP-MS

analysis. Vegetable samples followed the same pro-

cedure as for nail and hair samples, with the exception

of an addition of 1 ml of hydrogen peroxide after one

heating cycle and the second heating applied and final

dilution to 60 ml with deionised water as described in

Joy et al. (2015). Multielemental analyses of hair,

nails, vegetables and water by ICP-MS were under-

taken using an Agilent 8900 ICP-MS, as described in

Middleton et al. (2016a).

Appropriate quality-assurance procedures and pre-

cautions were carried out to ensure reliability of the

results. Limit of detection was calculated as 3SD of the

reagent blanks as follows: Mn, Co, Cu, Pb, Ni, Cd, Cr

and Zn were\0.6,\0.007,\0.07,\0.007,\0.03,

\0.005,\0.03 and\2.00 mg/kg, respectively. Certi-

fied reference materials (CRMs) data are summarised in

Tables 1, 2 and 3 for CRMs: 1570a spinach leaves

(n = 3), 1573a tomato leaves (n = 3), GBW 07601

human hair (n = 3) and BAPS2014 in-house human

nails (n = 3) and provided acceptable recoveries.

Statistical analysis

The Pearson’s correlation coefficient was calculated to

investigate the relationship of the PHEs in hair to

toenails. Linear regression analysis was performed to

quantify relationships between levels of PHEs in

human hair and toenails. A p value of less than 0.05

was assumed to be statistically significant.

Results and discussion

Potentially harmful elements in human hair

and nail samples

The mean concentrations of PHEs for hair and toenail

samples are summarised in Tables 4 and 5. The

average concentrations of Mn, Co, Cu, Pb, Ni, Cd, Cr

and Zn in hair samples were 16.3 ± 2.15 mg/kg,

0.9 ± 0.15 mg/kg, 38 ± 6.88 mg/kg, 4.3 ± 1.95 mg/kg,

1.3 ± 0.23 mg/kg, 0.3 ± 0.02 mg/kg, 1.2 ± 0.21 mg/kg

and 137 ± 21.1 mg/kg. Zinc existed with the highest

average concentration and cadmium with the least. The

average concentrations of heavy metals in toenails in the

decreasing order were as follows: Zn[Cu[Mn[
Pb[Ni[Co[Cr[Cd having mean concentrations

of 172 ± 27.4 mg/kg, 29.6 ± 4.80 mg/kg, 12.0 ±

2.02 mg/kg, 4.8 ± 0.53 mg/kg, 1.7 ± 0.14 mg/kg, 1.0 ±

0.02 mg/kg, 0.6 ± 0.08 mg/kg and 0.1 ± 0.002 mg/

kg. Like in hair samples Zn represented the highest

PHE concentration and Cd with the least in toenails.

The PHE concentrations in hair samples were

compared to normal values, or intervals of concen-

tration of some analysed metals in healthy individ-

uals set by Biolab (2012). The results showed that

Mn, Co, Pb, Cd and Zn were above the guideline

values of 0.2–2.0 mg/kg for Mn, 0.01–0.2 mg/kg for

Co,\ 2.0 mg/kg for Pb,\ 0.1 mg/kg for Cd and

10–100 mg/kg for Zn where Ni, Cu and Cr

concentrations were within the normal range con-

centrations of\ 0.4 mg/kg, 160–240 mg/kg and

0.1–1.5 mg/kg, respectively. The mean

Table 1 PHE

concentrations of CRMs for

vegetables (mg/kg)

PHEs n Mn Co Cu Pb Ni Cd Cr Zn

1570a spinach

leaves

3 71.3 0.34 11.1 0.165 1.95 2.624 1.53 79.8

Certified value 76 0 12 2 3 82

% Accuracy 94 85 91 91 91 97

1573a tomato leaves 3 233 0.52 4.17 0.56 1.47 1.388 1.77 30.1

Certified value 246 0.57 4.7 1.59 1.52 1.99 30.9

% Accuracy 95 92 89 92 91 89 97
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concentration of Pb was greatly higher than the

concentrations reported from other studies like

Poland (Chojnacka et al. 2005) and Beijing (Gang

et al. 2017)as given in Table 6, of course this could

be due to different dietary habits by individuals and

the geographical location of the sites studied.

PHE concentrations in toenails were compared to

the findings done by Ndilila (2009) in Zambia.

Table 2 PHE concentrations of GBW07601A CRM—human hair in mg/kg

PHEs n Mn Co Cu Pb Ni Cd Cr Zn

Mean ± SD 3 6.5 ± 1.7 0.06 ± 0.02 11.5 ± 3.2 10.1 ± 2.8 0.7 ± 0.2 0.13 ± 0.03 0.18 ± 0.04 210 ± 58

Certified

value

6.3 0.07 10.6 8.8 0.8 0.11 0.37 190

% Accuracy 100 100 108 115 86 118 49 111

where n is the number of analyses

Table 3 PHE concentrations of BAPS2014 in-house CRM—human nails in mg/kg

PHEs n Mn Co Cu Pb Ni Cd Cr Zn

Mean ± SD 4 0.25 ± 0.24 0.02 ± 0.006 4.43 ± 0.11 0.22 ± 0.019 0.31 ± 0.036 0.01 ± 0.002 3.6 ± 0.2 125 ± 3

Target

value

0.33 0.012 4.418 0.218 0.327 0.006 3.7 131

% Accuracy 75 125 100 101 95 105 97 95

where n is the number of analyses

Table 4 Potentially

harmful element (PHE)

concentrations in human

hair (mean ± SD mg/kg)

Metals Mean ± SD (mg/kg) Interquartile range (mg/kg) Range (mg/kg)

Mn 16.3 ± 2.3 12.3 3.9–44.0

Co 0.9 ± 0.2 0.86 0.06–1.82

Cu 38 ± 6.9 28.4 3.6–143

Pb 4.3 ± 1.95 3.19 0.3–15.8

Ni 1.3 ± 0.23 0.48 0.21–6.06

Cd 0.3 ± 0.02 0.06 0.02–2.14

Cr 1.2 ± 0.21 1.12 0.2–1.8

Zn 137 ± 21.1 84.9 39–192

Table 5 Potentially

harmful element (PHE)

concentrations in human

toenails (mean ± SD mg/

kg)

Metals Mean ± SD (mg/kg) Interquartile range (mg/kg) Range (mg/kg)

Mn 12.0 ± 2.02 10.7 0.6–47.1

Co 1.0 ± 0.02 0.65 0.04–5.3

Cu 29.6 ± 4.8 14.9 4.6–90.7

Pb 4.8 ± 0.53 0.67 0.1–56.5

Ni 1.7 ± 0.14 0.52 0.3–4.3

Cd 0.1 ± 0.002 0.066 0.002–0.7

Cr 0.6 ± 0.08 0.53 0.09–1.8

Zn 172 ± 27.4 38.6 88–1261
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Elevated environmental concentrations were found in

samples collected in mining town residents which

nearly show the same results as from this study area in

some of the PHEs examined. Toenail concentrations in

Co, Pb, Cd and Cu were lower than the concentrations

recorded by Ndilila from the mining town residents at

1.39 mg/kg, 21.4 mg/kg, 0.37 and 132 mg/kg. How-

ever, Zn and Ni concentrations of 172 mg/kg and

1.7 mg/kg, respectively, in this study were extremely

higher than the 113 mg/kg and 0.37 mg/kg recorded

from Ndilila’s study (Table 7).

Potentially harmful element concentrations

in human hair and nails of different age groups

The mean PHE concentrations varied with different

age groups for the selected elements measured in

human hair samples and toenails as shown in Fig. 2.

Zinc was highest not shown in both figures, copper

was second and cadmium was lowest in all age groups

for toenails and hair. Metal concentrations in hair

samples for all age groups showed different orders

among the PHEs in decreasing order as follows:

11–20 years: Zn[Cu[Mn[ Pb[Co[Cr[
Ni[Cd, 21–30 years: Zn[Cu[Mn[ Pb[
Ni[Cr[Co[Cd and 31–40 years: Zn[Cu[
Mn[ Pb[Cr[Ni[Co[Cd. These differences

in distribution in the PHE levels among age groups

could mainly be due to the metabolic process,

environmental exposure and physiological factors

(Ashraf et al. 1995; Khalique et al. 2005). Neverthe-

less, the order of PHE concentrations in human

toenails showed the same decreasing order as follows:

Zn[Cu[Mn[ Pb[Ni[Co[Cr[Cd for all

age groups.

Exposure assessment for vegetable consumption

The mean PHE concentrations in consumed vegeta-

bles are presented in Table 8 and illustrated in Fig. 3.

The concentration values of Co, Pb, Ni and Cd in all

vegetables were all above the safe values of 0.1, 0.3,

1.5 and 0.2 mg/kg of foodstuffs recommended by

Joint FAO/WHO (1999) Expert Committee. This

indicates that vegetables are a potential source to the

higher concentrations seen in hair samples for the

inhabitants of the local community. The highest

contributing vegetables to the PHE intake in Co, Pb,

Ni and Cd were green beans, cassava leaves and

cabbage. The mean PHE concentrations of Co, Cu and

Zn were also above the recommended concentrations

of foodstuffs (Joint FAO/WHO 1999) except in green

beans and in carrots where the concentrations were

observed to be below the guideline values. Cobalt

concentrations in all vegetables were above the

guideline values reported by Joint FAO/WHO

(1999) Expert Committee.

Table 6 Comparison of potentially harmful element (PHE) concentrations in human hair with Biolab (2012) interval values

(mean ± SD mg/kg)

Country Pb Ni Cd Cr Zn

Poland 2.05 ± 1.39 0.114 ± 0.14 0.568 ± 1.04

Beijing 1.56 ± 0.78 0.071 ± 0.032 0.782 ± 0.39

Biolab interval values \ 2.00 \ 1.40 \ 0.10 0.1–1.50 10–100

Zambia—this study 4.3 ± 3.8 1.3 ± 1.7 0.3 ± 0.6 1.2 ± 1.0 137.1 ± 101.4

Table 7 Comparison of potentially harmful element (PHE) concentrations in toenails with a study conducted from the mining town

residents in Zambia (mean mg/kg)

Country Co Cu Pb Ni Cd Zn

Zambia—2014 1.39 132 21.4 0.37 0.37 113

Zambia—2019 (this study) 1 29.6 4.8 1.7 0.1 172
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Zinc concentrations in the vegetables were

observed to be higher than the guideline value in

green beans and cassava leaves as shown in Fig. 3;

however, for the rest of the vegetables Zn was below

the guideline value. Manganese in all of the vegeta-

bles was below the guideline value of 500 mg/kg.
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Fig. 2 Comparison of

potentially harmful element

(PHE) concentrations in

human hair and toenails

between different age

groups

Table 8 Potentially harmful element (PHE) concentrations in vegetables (mg/kg)

Vegetables name n Mn Co Cu Pb Ni Cd Zn

Green beans 30 28.2 ± 8.97 1.39 ± 1.20 26.8 ± 12.1 22.7 ± 22.6 44.1 ± 31.9 2.89 ± 2.37 75.6 ± 52.5

Bean leaves 30 93.2 ± 34.6 14.0 ± 13.3 66.8 ± 37.7 14.7 ± 12.9 36.7 ± 22.4 3.61 ± 2.67 35.3 ± 25.6

Pumpkin leaves 25 84.7 ± 31.5 10.2 ± 8.0 98.5 ± 35.3 11.8 ± 9.77 33.4 ± 8.70 4.33 ± 2.64 46.2 ± 22.0

Carrots 20 7.71 ± 4.88 1.6 ± 1.41 8.06 ± 3.13 10.8 ± 7.19 31.9 ± 10.7 9.59 ± 6.49 17.9 ± 11.0

Sweet potato leaves 27 76.1 ± 36.5 1.22 ± 0.97 78.0 ± 30.2 18.9 ± 9.99 16.4 ± 5.57 1.62 ± 1.37 35.5 ± 15.6

Rape 30 55.6 ± 3.03 22.1 ± 14.7 70.1 ± 36.7 5.2 ± 3.73 25.8 ± 10.3 2.07 ± 1.21 34.4 ± 24.1

Cabbage 30 68.7 ± 28.7 34.8 ± 20.2 63.6 ± 30.3 1.2 ± 0.71 39.4 ± 0.08 32.8 ± 1.69 1.75 ± 1.48

Cassava leaves 30 75.3 ± 35.8 10.3 ± 6.08 95.0 ± 31.1 6.00 ± 4.24 58.0 ± 28.3 6.00 ± 4.24 63.0 ± 7.07

WHO/FAO 500 0.1 40 0.3 1.5 0.1 60

where n is the number of data points for each food type
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Co Cu Pb Ni Cd Zn Mn
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Fig. 3 Mean potentially

harmful element (PHE)

concentrations in staple

vegetables
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Cobalt, Pb and Cd are PHEs whose higher concentra-

tions in vegetables are likely a major contributor to

human hair concentrations, for which PHEs were

above the normal values set by Biolab (2012).

Similarly, the high PHE burden in vegetables was

likely a contribution to the higher concentrations of

Pb, Co, Cu and Ni in toenails as will be discussed.

Dietary intakes of PHEs from vegetables

The estimated daily intakes and total intakes of each

metal through vegetable consumption were calculated

for the local community. The calculations of the

dietary daily intakes for the selected PHEs were done

by multiplying the mean PHE concentration in veg-

etables by the weight of vegetables consumed by an

average individual (Gang et al. 2017). The average

daily consumption rate of vegetables was considered

to be 0.25 kg/person/day (Qadir et al. (2000)). The

average adult body weight for the inhabitants of the

local community was assumed to be 60 kg.

To evaluate the health risks derived from the

dietary intakes of the selected PHEs Pb, Ni, Cd, Mn,

Co, Cu and Zn, the daily intakes (DIs) were calculated

and compared to the respective provisional tolerable

daily intakes (PTDIs) established by WHO (1993)

(Table 9). The estimated DIs through vegetable con-

sumption were 255, 50, 264, 48, 149, 33 and 187 lg/

kg bw/day for Mn, Co, Cu, Pb, Ni, Cd and Zn,

respectively, following a decreasing order of DI-

Cu[DI-Mn[DI-Zn[DI-Ni[DI-Co[DI-

Pb[DI-Cd. The calculated daily intakes in Mn, Pb,

Ni and Cd were all above the recommended PTDIs,

and the rest of the heavy metals were appreciably

below the PTDIs (500 lg/kg bw/day for Cu,

40–70 lg/kg bw/day for Mn, 1000 lg/kg bw/day for

Zn, 5 lg/kg bw/day for Ni, 100 lg/kg bw/day for Co,

3 lg/kg bw/day for Pb and 1 lg/kg bw/day for Cd).

Therefore, from these results there is an indication that

these PHEs pose or might pose a health concern for the

local people due to the high dietary intakes in Mn, Pb

and Cd, also confirmed by the hair analysis results

where these three PHEs were extremely higher than

the guideline values set by Biolab Medical Unit

(2010). Nevertheless, the other PHEs (Co and Zn)

recorded to be above the Biolab Medical Unit

guidelines in human hair were appreciably below the

PTDI posing little to no threat for human health. The

levels of Pb and Ni accumulated in toenail corre-

sponded with the high dietary intake levels in vegeta-

bles for the two PHEs.

Exposure assessment for water intake

A total of 150 groundwater samples were collected

from five wells at different sampling times and

analysed for PHEs with measurements for some of

them above the guideline values set by WHO (2017) as

given in Table 10. Wells labelled 1 up to 5 were all

above the guideline values set for Ni. For Mn, only

well number 4 was above the guideline value of

0.4 mg/l and well 1 was the only well with Co

concentration above its guideline value of 0.05 mg/l.

The results show that all wells used as sources of

drinking water in the studied community are highly

contaminated with Ni. Some wells constituted higher

concentrations of Mn, Co and Cu above the WHO

guideline values. The high concentrations of Co, Cu

and Ni from the labelled wells were observed in

toenails, whereas Mn and Co were observed to be

much higher in human hair, indicating that drinking

water was rather a minor contributor to the potentially

harmful elements accumulation in body tissues.

Dietary intakes of PHEs from water

PHE contribution from drinking water was determined

from the daily intakes (DI) per day calculated by

multiplying the PHE concentration by 1.7 l/day (Beal

et al. 2017) as given in Table 11. The results show that

Mn, Cu and Ni were above the tolerable daily intakes

(TDI) established by WHO (2017). Mn, Co, Cu, Ni

Table 9 Dietary intakes of potentially harmful element (PHE) concentrations from vegetables (lg/kg bw/day)

Mn Co Cu Pb Ni Cd Zn

Estimated dietary intakes 255 50 264 48 149 33 187

Provisional tolerable daily intakes 40–70 100 500 3 5 1 1000
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and Zn were all above the guideline values set by

WHO. However, Co and Zn concentrations were

below the estimated tolerable daily intakes. The high

DI from Cu and Ni was confirmed in toenails, where

they were highly accumulated and recorded to be

extremely higher than a comparative study conducted

in the mining towns of Zambia (Ndilila 2009). Mn had

a high DI compared to its TDI which can also be seen

in hair analysis results where its concentration was

above the Biolab (2012) interval values. This shows

that Mn was highly accumulated in hair in comparison

with toenails.

A total dietary intake from drinking water and

vegetables showed that Mn, Cu and Ni were above the

total provisional tolerable daily intake (Table 12).

Water contributed about 94% of Cu to the total daily

intake whose DI was seen to be lower than the

provisional tolerable daily intake in vegetables, and

this shows that such Cu levels as well as Mn and Ni

could cause an effect to human health. Toenails

accumulated a high concentration of Cu which could

be originated from the uptake of vegetables and

groundwater from the community and agricultural

fields in the vicinity of a tailing dump.

Relationship between biomarkers

and environmental samples

A Pearson’s correlation coefficient was investigated

between the studied PHE concentrations in human hair

and toenails, and the results showed that there was a

significant positive relationship between Cd and Co

concentrations (R2 = 0.265, p\ 0.05).

Multiple comparisons were applied between hair

and vegetables, hair and drinking water, toenails and

vegetables as well as toenails and drinking water as

given in Tables 13, 14, 15 and 16. Strong correlations

were observed (in bold), with correlations been

significant at the 0.05 level showing how hair and

toenails correlated to vegetables and drinking water

and a positive correlation was observed between

toenails (Cu) and vegetables (Mn) concentrations with

a correlation value of 0.910.

Conclusion

This study presented PHE data for drinking water,

vegetables, human hair and human toenails at Mugala

village in close proximity to a mine tailing dump.

Vegetables were shown to accumulate Co, Pb, Ni and

Cd above permissible limits of 0.1, 0.3, 0.1 and

0.1 mg/kg, respectively (FAO/WHO 1999), suggest-

ing an environmental influence from the mine tailings.

In addition, the evaluation of health risks in vegeta-

bles has shown that Mn, Pb, Ni and Cd were above the

PTDIs of 40–70, 3, 5 and 1 lg/kg bw/day, respectively

Table 10 Mean potentially harmful element (PHE) concen-

trations in groundwater used for human consumption (mg/l)

Wells Mn Co Cu Pb Ni Zn

1 0.02 0.6 0.043 0.013 0.77 2.4

2 0.045 0.018 0.017 0.01 2.58 2.1

3 0.042 0.022 1.25 0.01 0.02 2.18

4 1.47 0.022 2.35 0.022 0.8 2.2

5 0.01 0.01 0.01 0.01 1.57 2.6

WHO (2003) 0.4 0.05 2 0.01 0.02 3

Table 11 Potentially harmful element (PHE) daily intakes from drinking water

Mn Co Cu Pb Ni Zn

Daily intake (mg/day) 2.65 1.08 4.25 0.04 4.64 4.68

Tolerable daily intake (mg/day) 0.012 n/a 3 1.75 2.4 GV

However, drinking water containing Zn at levels above the guideline value may not be acceptable for consumers (WHO 2017)

n/a data not available, GV guideline value of 3 mg/l is considered to be acceptable for Zn

Table 12 Total dietary intakes of potentially harmful ele-

ments from vegetables and drinking water (lg/kg bw/day)

Mn Co Cu Pb Ni Zn

Total EDI 2905 1130 4514 88 4789 4867

Total PTDI 52–82 – 3500 1838 2405 –
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and could therefore present PHE exposure to the local

inhabitants.

Drinking water at Mugala village contained Mn,

Co, Cu and Ni above WHO (2003) guideline values of

0.40, 0.05, 2.00 and 0.02 mg/l, respectively. The daily

intakes from drinking water for health risks evaluation

were determined, and the results showed that Mn, Cu

and Ni were all above the tolerable daily intakes

(TDIs) established by WHO (2017), indicating that the

local people are at risk of different health effects

associated with exposure to PHEs of environmental

origin.

Total daily intakes for Mn, Cu and Ni were 2905,

4514 and 4789 lg/kg bw/day, respectively, which

were all above total PTDIs for each PHE. The high Cu

levels in toenails could originate from the intake of

contaminated vegetables and groundwater sourced

within community and its agricultural fields in the

vicinity of the Mugala mine tailing dump.

The results presented in this paper revealed that the

concentration of Co, Pb and Ni was above ‘interval’

concentration ranges for these metals found in hair by

the Biolab (2012), indicating that the local inhabitants

of the studied area are at potential risk of exposure and

require an in-depth study on the implications of

exposure and specific exposure pathways. Positive

correlations between hair and toenails as biomarkers

of exposure and the dietary intake of vegetables and

drinking water from Mugala village indicated a link

between contamination of the agricultural fields and

groundwater supplies either as a natural geogenic

input or from the nearby mine tailing. Therefore,

regular monitoring of these elements in drinking

water, soils and vegetables is essential alongside the

identification of the specific source (e.g. wind-blown

dust) of the elevated PHE concentrations.

Table 13 Potentially harmful elements in hair to vegetable correlation coefficients matrix

Mn-hair Cu-hair Cd-hair Mn-vegetables Cu-vegetables Pb-vegetables

Mn-hair 1

Cu-hair 0.869 1

Cd-hair 0.599 0.655 1

Mn-vegetables - 0.0566 - 0.0776 0.33 1

Cu-vegetables - 0.15 - 0.259 0.226 0.888 1

Pb-vegetables 0.829 0.834 0.571 - 0.158 - 0.29 1

Table 14 Potentially

harmful elements in toenails

to vegetables correlation

coefficients matrix

*p\ 0.05

Co-toenail Cu-toenail Mn-vegetables Cu-vegetables Pb-vegetables

Co-toenail 1

Cu-toenail 0.614 1

Mn-vegetables 0.377* 0.825* 1

Cu-vegetables 0.338 0.819 0.888 1

Pb-vegetables - 0.713 - 0.504 - 0.158 - 0.29 1

Table 15 Potentially harmful elements in hair to water cor-

relation coefficients matrix

Mn-hair Pb-hair Mn-water Pb-water

Mn-hair 1

Pb-hair - 0.835 1

Mn-water - 0.654 0.903* 1

Pb-water - 0.454 0.781 0.966 1

*p\ 0.05

Table 16 Potentially harmful elements in toenails to water

correlation coefficients matrix

Co-toenail Cu-toenail Mn-water Pb-water

Co-toenail 1

Cu-toenail 0.874 1

Mn-water - 0.576 - 0.788 1

Pb-water - 0.76 0.91* 0.966 1

*p\ 0.05
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