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Abstract Two hundred and fifty samples were collected

from fifty-five (No) boreholes on quarterly basis between

March 2011 and October 2012 covering the wet and dry

seasons within the Lower Pra Basin for water quality

assessment. The analytical results show that groundwater

being used by some communities within the basin is con-

taminated, with Al (19.2 % of boreholes), Se (18.4 % of

boreholes), Cd (18 % of boreholes), As (11.6 % of bore-

holes), Pb (39.6 % of boreholes), Mn (5.6 % of boreholes),

Hg (42 % of boreholes) and Fe (21.6 % of boreholes) at

levels exceeding the WHO (Guidelines for drinking water

quality. Revision of the 1993 guidelines, 2004) guideline

limits for drinking water. The stability of iron species for

the groundwater system under the prevailing pE/pH con-

dition shows that amorphous Fe(OH)3 significantly con-

trols the concentration of iron in groundwater within the

basin. The results also show that pyrite and arsenopyrite

oxidation processes in groundwater within the basin are not

exclusively responsible for the concentration of iron in the

boreholes. Calculated saturation indices (SI) of the iron and

manganese species using PHREEQC for Windows show

that the groundwaters are generally undersaturated with

respect to melanterite (FeSO4�7H2O), siderite (FeCO3),

hausmannite (Mn3O4), pyrolusite (MnO2), rhodochrosite

(MnCO3), manganite (MnOOH) and pyrochroite

[Mn(OH2)], and supersaturated with respect to goethite

(FeOOH) and haematite (Fe2O3). Human health risks

assessment show that, for both adults and children via

ingestion route, the mean HQing levels were found in the

order of Zn[ Fe = Cu[ Pb[Cd[Mn. Results further

show that the HQ/HI is the same for both adults and

children for all trace metals and are less than 1. Thus, the

trace metals considered in this study are not of concern for

potential human health risk caused by exposure to non-

carcinogenic elements.
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Introduction

The quality of groundwater was hitherto generally con-

sidered of ‘‘good quality’’ and therefore served as the pri-

mary source of potable water supply to the world’s

population, especially in rural areas due to the contami-

nation of surface waters through anthropogenic activities.

In view of this, Governments all over the world, especially

in Africa (including Ghana), focused on the provision of

groundwater to serve the drinking and domestic water

needs of their people. However, groundwater has over the

last decades been known to be contaminated through nat-

ural geochemical and biochemical processes as well as

from anthropogenic activities.

One of the environmental concerns in relation to

groundwater contamination is trace metal contaminants.

Elevated concentrations of trace metal contaminants have

widely been reported in groundwater (Smith et al. 2000;

Brindha et al. 2010; Armah et al. 2014). Generally, the

presence of trace metals in the environment is undesirable,

especially if they occur in high amounts due to the non-

biodegradable and persistence characteristics of trace
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metals in the environment. Trace metals constitute the

largest class of elements in the periodic table and are

conventionally defined as elements with metallic properties

and have high atomic numbers with densities greater than

5.0 g/cm3 (Adriano 2001; Thomson 2005). Trace metals

occur naturally at levels that are not considered to have any

toxic effects to plants, animals and humans. The natural

levels of trace metals are normally increased through var-

ious anthropogenic processes (Alloway 1995; Al-Chalabi

and Hawker 1996). Anthropogenic sources of trace metals

include agricultural land uses (fertilizers, animal manures

and pesticides), metallurgy (mining, smelting and metal

finishing), sewage sludge, scrap disposal and energy pro-

duction such as power plants, leaded and unleaded petrol

(Adriano 2001).

Cases of human poisoning by high proportions of trace

metals have been reported. For instance, the World Health

Organization (WHO) (1995) has reported that, due to dis-

eases related to polluted water and toxic metals present in

water, approximately five million cases of deaths were

recorded. In Bangladesh, arsenic concentrations in about

50 % of groundwaters collected from shallow and deep

wells were above the maximum permissible level of

0.05 mg/L. Additionally, 35 % of waters from 41 arsenic-

affected districts in Bangladesh were found to have arsenic

concentrations above 0.05 mg/L (Smith et al. 2000). It has

also been confirmed that groundwater in Bangladesh is

severely contaminated with arsenic (Smith et al. 2000). As

a consequence, a large number of the populations in Ban-

gladesh suffer from the toxic effects of arsenic-contami-

nated water (Smith et al. 2000). Thus, arsenic is capable of

infiltrating groundwater systems irrespective of whether

mining has taken place or not. Trace metals can enter the

body as part of food, through inhalation and ingestion or by

absorption through the skin (Annegarn and Scorgie 2002).

Metallic elements such as Fe, Mo, Cr, Zn, Cu and Co are

known to be essential and play very vital roles in metabolic

processes in plants and animals at trace levels; however,

they are potentially toxic in high concentrations (Chimuka

and John 2005). For instance, copper is an essential trace

element and forms a part of several enzymes including

tyrosinase, which aids the formation of melanin pigment.

Additionally, Cu is very important in the utilization of iron;

however, in high concentrations, Cu is capable of causing

anaemia, liver and kidney damage in addition to stomach

and intestinal irritation (Majolagbe et al. 2013). Trace

metals such as Pb, Ni and Cd are potentially toxic even at

trace concentrations and adversely affect human life under

different health conditions. Cadmium is also an unavoid-

able by-product in the process of Zn refining and is acutely

toxic with chronic exposure (Majolagbe et al. 2013).

Adverse health effects of cadmium include kidney damage;

there is epidemiological evidence that Cd is associated with

an increased incidence of cancer of the prostrate (Majo-

lagbe et al. 2013). Lead is known to have adverse impacts

on brain development in children (Liu et al. 2007). When in

high concentrations, Pb can substitute for calcium in the

bones, which results in Pb poisoning (Majolagbe et al.

2013). Children are particularly susceptible to this form of

lead poisoning due to the high level of calcium required for

the development of skeletal systems (Majolagbe et al.

2013). Several human health risk assessments have been

employed previously to evaluate the adverse health risks

associated with exposure to toxic metals via oral ingestion

and absorption through the skin for children and adults

(USEPA 1989; Wu et al. 2009; Li and Zhang 2010; Liang

et al. 2011).

The Central and Western regions (where the Lower Pra

Basin is located), like any other rural community in Ghana,

heavily rely on groundwater as a primary source of water

supply due to the widespread contamination of surface

water sources through farming and mining activities.

Mining is likely to be the most significant source of metals

in surface and groundwater within the basin. Exposure of

mine waste rocks containing sulphide minerals to the

atmosphere often results in the generation of acid mine

drainage and subsequently the mobilization of trace metals.

Additionally, small-scale mining operations take place

within the basin, where artisanal miners indiscriminately

use mercury (Hg) and other chemicals, which are detri-

mental to human health during mining operations. Conse-

quently, potable water sources including some

groundwaters within the basin have become contaminated

and unsafe for drinking. The major gold ore within the

basin is refractory quartz-Fe/As sulphide lode gold (Mar-

ston et al. 1992). Junner et al. (1942) reported that pyrite is

widespread in several parts of the igneous rocks and quartz

veins that underlie the study area. There is therefore high

probability of heavy metal pollution of the groundwater,

particularly in rocks underlain by the Birimian Supergroup

within the Lower Pra Basin.

Despite the appreciable literature on the susceptibility of

groundwater within the Lower Pra Basin to trace metal

pollution, the results are difficult to interpret due to the

limited nature and scattered distribution of similar studies

within the basin. Consequently, it has been historically

difficult to obtain an explicit understanding of the sources

of trace metals in groundwater within the basin. The aim of

this study therefore is to obtain sufficient groundwater

quality data to assist in the explicit understanding of the

spatial distribution of metals in groundwater within the

basin as well as distinguish geogenic sources of metals

from anthropogenic sources of contamination. The specific

objectives of the study are: (1) to assess the levels of the

selected trace metals in groundwater within the basin; (2)

to identify the sources of the selected trace metals in
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groundwater within the basin; and (3) to assess the health

implications of the selected trace metals (if any) on the

consuming public.

Materials and methods

Study area

The Lower Pra Basin lies within 05�00000 and 06�00000N and

01�00000 and 02�00000W (Fig. 1). The climate falls under the

wet semi-equatorial climatic zone of Ghana (Dickson and

Benneh 1980). The basin comes strongly under the influ-

ence of the moist south-west monsoons during the rainy

season. It is quite humid (humidity 60–95 %) with annual

rainfall that is in the range of 1500–2000 mm. The average

minimum and maximum temperatures are 21 and 32 �C,
respectively, for the cooler periods of June–September/

October (Dickson and Benneh 2004). There are two wet

seasons: the major wet season (April–July) with the max-

imum rains between June and July, and the minor rainy

season (October–November). The Pra Basin is part of the

south-western basin system in Ghana and has a drainage

area of 23,188 km2 and an estimated mean annual dis-

charge of 214 m3/s (Dickson and Benneh 2004). The basin

lies completely within the forest ecological zone of Ghana

and has moist semi-deciduous forest with valuable timber

species (Dickson and Benneh 2004). Owing to the devel-

opment of the cocoa industry, the initial forest has been

modified to a secondary forest consisting of shrubs, soft

Fig. 1 Map of the study area

(Ghana map inset) showing

sampling communities within

the different geological settings

of the Lower Pra Basin
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woody plants and climbers (Dickson and Benneh 2004).

Several trees in the middle and upper layers display

deciduous characteristics (Dickson and Benneh 2004). The

Lower Pra Basin is predominantly dominated by the forest

orchrosols, and to a lesser extent, the forest orchrosol–

oxysol integrate (Dickson and Benneh 2004). The orchro-

sols are highly coloured soils with little leaching charac-

teristics (Dickson and Benneh 2004).

Geology

The basin is predominantly underlain by granitic rocks of

the Cape Coast and Dixcove granitoids (Fig. 1). Various

portions of the basin are also underlain by metasediments

of the Birimian and Tarkwaian (Kesse 1985).

Cape Coast granitoid

The bulk of the Cape Coast granitoid is a granitic to quartz

dioritic gneiss. The gneissic rocks are intruded by both

acidic and basic igneous rocks, which include white and

pink pegmatite, aplites, granodiorites and dykes (Ahmed

et al. 1977). These granitoids also contain several enclaves

of schists and gneisses (Ahmed et al. 1977). The Cape

Coast granitic units are often well foliated, often magmatic

and potash-rich granitoids and are normally in the form of

muscovite, biotite, granite and granodiorite biotite gneiss,

aplites and pegmatites (Ahmed et al. 1977). They are

generally associated with Birimian metasediments, and

their internal structure is always concordant with those of

their host rocks (Ahmed et al. 1977). The Cape Coast

granitoid is believed to represent a multiphase intrusion

consisting of four separate magmatic pulses (Ahmed et al.

1977). It is believed that the last phase of the Cape Coast

granitoid is associated with the upper group of Birimian

metasediments (Ahmed et al. 1977). Their general miner-

alogical composition includes quartz, muscovite, biotite,

microcline, albite, almandine, beryl, spessartite, tourma-

line, columbite/tantalite and kaolin (Kesse 1985).

Dixcove granitoid

The Dixcove granitoid consists of hornblende granite or

granodiorite grading locally into quartz diorite and

hornblende diorite (Ahmed et al. 1977). This complex

forms non-foliated discordant to semi-discordant bodies

in the enclosing country rocks, which are generally

Upper Birimian metavolcanics, numerous enclaves of

which are found within the granite complex (Ahmed

et al. 1977). The Dixcove granitoid is intruded along

deep-seated faults in three distinct phases, which follow

one another from basic to acid gabbro–diorite–granodi-

orite (Ahmed et al. 1977).

Birimian supergroup

The Birimian supergroup comprises the Lower and

Upper Birimian and are separated from the Tarkwaian by

a major unconformity (Kesse 1985). The Lower Birimian

is predominantly pelitic in origin having muds and silts

with beds of coarser sediments (Kesse 1985). The Upper

Birimian is predominantly of volcanic and pyroclastic

origin (Kesse 1985). The rocks consist of bedded group

of tuffs, sediments and mafic lavas (greenstones), with

minor bands of phyllite that include a zone of mangan-

iferous phyllites containing manganese ore (Kesse

1985). The sequence is intruded by batholithic masses of

granite and gneiss (Kesse 1985). These predominantly

argillaceous sediments were metamorphosed to schist,

slate and phyllite, with some interbedded greywacke

(Kesse 1985).

The Tarkwaian

The Tarkwaian consists of an overall fining-upwards thick

clastic sequence of argillaceous and arenaceous sediments

with two well-defined zones of pebbly beds and con-

glomerate in the lower members of the system (Junner

et al. 1942). The Tarkwaian rocks comprise slightly

metamorphosed, shallow-water, sedimentary strata, pri-

marily sandstone, quartzite, shale and conglomerate resting

unconformably on and derived from rocks of the Birimian

supergroup (Junner et al. 1942).

Aquifer characteristics

Boreholes within the basin are generally shallow with

depths which ranged 22–96 m and a mean value of

44.42 m. Borehole yield is generally low and largely

variable, ranging from 0.4 to 51.7 m3/h with a mean value

of 4.55 m3/h. Yields from individual boreholes are usually

greatest in fractured schist and granite bedrock aquifers.

The fractures in the rocks are generally open. The granite

and schist rocks are exposed, whilst the Birimian and

Tarkwaian rocks have thick overburdens. The soils develop

over the same kind of highly weathered parent material

with lateritic to clayey top soil layer, the thickness of which

generally ranges from 4 to 14 m, but the soil layer thick-

ness may be greater in some areas. The static water levels

of the boreholes generally ranged 0.4–22.4 m with a mean

value of 0.37 m. Static water levels in most boreholes are

above the top of the aquifer, suggesting that the aquifers

are either confined or semi-confined. The gneiss and

granite associated with the Birimian rocks are of significant

importance in the water economy of Ghana since they

underlie extensive and usually well-populated areas (Dap-

pah and Gyau-Boakye 2000). Inherently, they are not
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permeable, but have developed secondary permeability and

porosity as a result of fracturing and weathering (Dappah

and Gyau-Boakye 2000). In areas where precipitation is

high and weathering processes penetrate deeply along

fracture systems, the granite and gneiss usually have been

eroded down to low-lying areas (Dappah and Gyau-Boakye

2000). Conversely, in areas where the precipitation is rel-

atively low, the granite occurs in massive poorly jointed

inselbergs that rise above the surrounding lowlands (Dap-

pah and Gyau-Boakye 2000). In some areas, weathered

granite or gneiss forms permeable groundwater reservoir

(Dappah and Gyau-Boakye 2000). Favourable locations for

groundwater storage include major fault zones (Dappah

and Gyau-Boakye 2000). The Birimian phyllite, schist,

slate, greywacke, tuff and lava are generally strongly

foliated and fractured (Dappah and Gyau-Boakye 2000).

Where they crop out or are near the surface, considerable

water may percolate into fractured and weathered bedrock

(Dappah and Gyau-Boakye 2000).

Land uses

Farming (cocoa and food crops) and gold mining are the

primary land uses within the basin. Large acreages of

virgin forest have been removed and replaced with cocoa

farms within the basin. In addition, food crops such as

cassava, yam, cocoyam, plantain as well as fruits such as

banana and oranges are produced together with cocoa for

subsistence. Gold mining within the basin is of two types,

‘‘large scale’’ and ‘‘small scale’’ (‘‘Galamsey’’). ‘‘Large-

scale’’ mining is conducted by heap leach technique or

roasting of ore. Oxidized ores derived from sulphides

(principally arsenopyrite, realgar, orpiment and pyrite) in

the weathered zones are heap leached by cyanidation.

Paleoplacer (free milling ore) are mined from deep zones

crushed, milled and cyanided (Kortatsi 2007). ‘‘Small-

scale’’ mining by artisanal miners involves extracting gold

from ochrosols soils mainly from stream floors by mercury

amalgamation (Kortatsi 2007).

Sampling and analysis

Two hundred and fifty groundwater samples were collected

from fifty-five (No) boreholes on quarterly basis between

March 2011 and October 2012 covering the wet and dry

season within the basin for sulphate and trace metals

assessment. Sampling protocols described by Claasen

(1982) and Barcelona et al. (1985) were strictly observed

during sample collection. Samples for sulphate determina-

tion were collected into high-density linear polyethylene

(HPDE) 1-L bottles without preservation, while samples for

trace element analyses were collected in high-density linear

polyethylene (HPDE) 250-ml bottles. The bottles were

cleaned at the Environmental Chemistry and Sanitation

Engineering Laboratories of the Council for Scientific and

Industrial Research-Water Research Institute (CSIR-WRI)

in Accra using detergent and allowing them to stand for at

least 24 h. The bottles were then triple rinsed with distilled

and de-ionized water. Samples for trace metal analyses

were acidified to a pH\ 2 using concentrated HNO3. On-

site measurements of temperature, pH and electrical con-

ductivity (EC) were carried out using a Hach Sension 1 m,

while on-site measurements of redox potential (Eh) were

carried out using a Hach Sension 156 m. These measure-

ments were undertaken in a separate sampling bottle after

rinsing three times with de-ionized water followed by the

sample to be measured. The reading for each on-site

parameter was recorded only after stability was achieved in

the meter. The possibility of the pump and pump systems

retaining stagnant water was marginal for boreholes since

most of the boreholes were well utilized. However, the

boreholes were pumped/purged before sampling was car-

ried out to avoid taking non-representative samples. Each

borehole was pumped/purged for at least 5 min before

sampling to avoid mixing water with air during sampling.

The temperature, pH, Eh and electrical conductivity were

measured at the water point. All samples were stored on ice

in an ice-chest and transported to the CSIR-Water Research

Institute laboratories in Accra, stored in a refrigerator at a

temperature of\4 �C and analysed within 1 week. Samples

for sulphate determination were analysed using spec-

trophotometer at 420 nm. The concentrations of Cu, Fe,

Mn, Cd, Zn and Pb were determined using Agilent 240FS

atomic absorption spectrometer by direct aspiration of

water samples into an air acetylene flame and Al into nitrous

oxide acetylene flame. Se and As were determined using a

hydride generator attached to the atomic absorption spec-

trometer, while Hg was determined using AAS-cold Vapour

(VGA77) attached to the atomic absorption spectrometer.

The detection limits for the selected trace metals are: Cu

(0.02), Cd (0.002), Mn (0.005), Fe (0.01), Pb (0.005), Hg

(0.01), As (0.001), Al (0.01), Cd (0.002) and Se (0.005).

Quality control

To ensure the accuracy of the trace metal data, standard

reference material (NIVA 1042L) for all trace metals (ex-

cept Hg, As and Se) from the Norwegian Institute for

Water Resources were analysed alongside the samples. In

the case of Hg, As and Se, internal control standards were

prepared using high-purity commercially prepared

reagents. All glasswares used during analysis were thor-
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oughly washed by soaking them in 5 % HNO3 overnight

followed by thorough rinsing in distilled water before use.

To ensure reproducibility, readings were replicated after

every ten samples.

Statistical analysis

In order to determine the mineral reactivity of iron and

manganese species responsible for Fe2? and Mn2? con-

centration in groundwater within the basin, calculated

saturation indices (SI) were performed using PHREEQC

for Windows. To also ensure normality of the data, all trace

metal data and sulphate values (except Eh and pH) were

log-transformed prior to statistical analyses. The trace

metal data were also auto-scaled by calculating the stan-

dard scores (z scores) and ensuring that all z scores were\
±2.5. For concentrations below detection limits, one half

of the value of their respective detection limit was substi-

tuted and used in statistical analysis.

Results and discussion

Table 1 presents the mean trace metal concentrations in

groundwater within the Lower Pra Basin and their GPS co-

ordinates, while Table 2 presents the summary statistics for

trace metal levels in groundwater within the Lower Pra

Basin and guideline limits for trace metal constituents in

drinking water. Table 3 presents the trace metal doses and

their implications for human health alongside the per cent

(%) of population with possible potential exposure to

contamination based on WHO (2004). Table 4 presents

Fe2?/SO4
2- molar ratios for groundwater within the Lower

Pra Basin, while Table 5 presents the saturation indices for

iron species in groundwater calculated using PHREEQC

for Windows and Table 6 presents the saturation indices of

manganese species in groundwater calculated using

PHREEQC for Windows. Mean concentrations of trace

metals were compared with the WHO (2004) guideline

limit. The results show that the mean concentrations of Fe,

Pb and Hg were above the WHO (2004) guideline limit,

while the mean concentrations of Cd, Cu, Mn, Zn, Se, Al

and As were below the WHO (2004) guideline limit. The

quotient (the ratio of the mean concentration to the WHO

guideline limit) of trace metals in groundwater was either

many times above or below the WHO guideline limit

(Table 2). The results also show that Al (19.2 % of bore-

holes), Se (18.4 % of boreholes), Cd (18 % of boreholes),

As (11.6 % of boreholes), Pb (39.6 % of boreholes), Mn

(5.6 % of boreholes), Hg (42 % of boreholes) and Fe

(21.6 % of boreholes) exceeded the WHO (2004) guideline

limit. It is thus recommended that much greater attention

should be paid to managing contaminants of particular

concern (Fe, Pb and Hg) in groundwater within the basin.

Iron (Fe)

Fe2? concentrations in groundwater within the basin ran-

ged 0.005–2.53 mg/L, with a mean value and standard

deviation of 0.34 (±0.46) mg/L. The WHO (2004) guide-

line limit for iron in drinking water is 0.3 mg/L (Table 2).

The results obtained in this study have indicated that

21.6 % of boreholes had iron concentrations above the

WHO (2004) guideline limit for drinking water (Table 3).

The relatively high levels of Fe2? found in 21.6 % bore-

holes within the basin could be due to the presence of

pyrite and arsenopyrite in the rock matrix of the Birimian

rocks, which is associated with some portions of the

geology of the Lower Pra Basin (Kesse 1985). The oxi-

dation and dissolution of pyrite and arsenopyrite are

expected to be a substantial source of Fe2? and SO4
2- in

groundwater within the basin. Equations 1 and 2 show how

iron and sulphate are released by the oxidation of pyrite

and arsenopyrite, respectively:

4FeS2ðSÞ
ðPyriteÞ

þ15O2 þ 14H2O ¼ 4Fe OHð Þ3ðsÞþ8SO2�
4

þ 16Hþ
ðaqÞ ð1Þ

4FeAsS
Arsenopyriteð Þ

þ13O2 þ 6H2O ¼ 4Fe2þ þ 4AsO3�
4 þ 4SO2�

4

þ 12Hþ ð2Þ

Ideally, these reactions produce high sulphate concen-

trations, low pH and Fe2?/SO4
2- molar ratios of 0.5 (for

pyrite oxidation) and 1.0 (for arsenopyrite oxidation). On

the contrary, the generally very low SO4
2- concentration of

0.04–0.95 mmol/L (except Zion camp with a sulphate

concentration of 3.68 mmol/L) coupled with the fact that

no groundwater satisfied the Fe2?/SO4
2- molar ratios of

0.5 and 1.0 for the stoichiometry of pyrite and arsenopyrite

oxidation, respectively (Table 4) suggests that pyrite and

arsenopyrite oxidation processes in groundwater within the

basin are not exclusively responsible for the concentration

of iron in the boreholes.

The stability of iron species for the groundwater system

under the existing pE/pH condition (at 25 �C and 1 atmo-

sphere) within the Lower Pra Basin is presented in Fig. 2,

while the calculated saturation indices (SI) of the iron

species: goethite (FeOOH), melanterite (FeSO4�7H2O),

haematite (Fe2O3), siderite (FeCO3) and amorphous

Fe(OH)3 as calculated using PHREEQC for Windows are

presented in Table 5. Figure 2 shows that groundwaters

plot in the Fe2?/Fe (OH)3 field, suggesting that amorphous

Fe(OH)3 significantly controls the concentration of iron in

groundwater within the Lower Pra basin. From Eq. 1, acid
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Table 1 Mean trace metal concentrations in groundwater within the Lower Pra Basin and their GPS co-ordinates (n = 250)

Sample source BHID Longitude Latitude Cd Mn Pb Fe Se Zn Cu Al Hg As

AssinNyakomase 5.75724 -1.29063 0.029 0.058 0.028 0.228 0.102 0.016 0.043 0.053 0.005 0.0005

AssinNyakomase 5.75719 -1.29084 0.001 0.046 0.032 0.134 0.057 0.027 0.014 0.263 0.136 0.0005

AssinNyakomase 5.75897 -1.28652 0.001 0.035 0.012 0.260 0.070 0.010 0.010 0.224 0.077 0.003

Brofoyedru Habitat 101 BU3 5.73346 -1.28457 0.001 0.011 0.04 0.065 0.060 0.003 0.023 0.041 0.006 0.0005

Akonfude 5.82570 -1.30988 0.002 0.099 0.012 0.268 0.054 0.018 0.026 0.042 0.006 0.0005

Akonfude 5.82950 -1.81011 0.002 0.125 0.029 0.304 0.005 0.036 0.013 0.077 0.005 0.0005

Akonfude 5.82614 -1.30953 0.001 0.211 0.003 0.005 0.002 0.003 0.010 0.005 0.005 0.0005

AssinBreku 5.86801 -1.34094 0.003 0.050 0.037 0.314 0.040 0.011 0.027 0.155 0.005 0.0006

AssinBreku (Gyidi) 102 BU3 5.87059 -1.33603 0.001 0.176 0.035 0.011 0.009 0.029 0.013 0.011 0.005 0.0005

AssinBreku (SDA) 100 BU3 5.86625 -1.33603 0.001 0.013 0.016 0.073 0.156 0.006 0.010 0.034 0.005 0.0005

Techiman No. 1 396 BU3 5.80432 -1.36792 0.001 0.018 0.023 0.049 0.094 0.084 0.131 0.033 0.004 0.0006

Kwame Ankra 411 BU3 5.81542 -1.38199 0.001 0.027 0.028 0.029 0.061 0.007 0.014 0.074 0.003 0.0005

Ninkyiso 5.82117 -1.39912 0.001 0.024 0.022 0.023 0.046 0.017 0.010 0.103 0.003 0.0005

Sabina 380 BU1 5.86974 -1.27172 0.001 0.062 0.018 0.044 0.099 0.006 0.010 0.026 0.003 0.001

Ayitey 094 BU3 5.88353 -1.25584 0.002 0.052 0.021 0.207 0.101 0.011 0.011 0.015 0.005 0.0006

Nkrafo 098 BU3 5.87809 -1.23364 0.002 0.048 0.012 0.301 0.091 0.003 0.010 0.005 0.005 0.001

Nkrafo 096 BU3 5.88087 -1.23862 0.002 0.102 0.013 0.177 0.018 0.042 0.019 0.063 0.004 0.002

Obirikwaku 099 BU3 5.91571 -1.23661 0.002 0.169 0.016 0.118 0.145 0.042 0.046 0.022 0.005 0.0005

Odumase Camp 405 BU2 5.82454 -1.19147 0.002 0.127 0.033 1.035 0.206 0.048 0.010 0.067 0.004 0.0005

Odumase Camp 5.82490 -1.17768 0.001 0.065 0.005 0.411 0.004 0.037 0.010 0.208 0.005 0.004

Obobakokrowa 246 J BU1 5.83276 -1.17653 0.002 0.163 0.023 0.082 0.112 0.153 0.023 0.037 0.003 0.002

Obobakokrowa 407 BU2 5.82181 -1.19419 0.001 0.103 0.025 0.084 0.271 0.006 0.010 0.005 0.003 0.0005

Dwedaama 5.90170 -1.20496 0.001 0.131 0.027 0.919 0.006 0.006 0.010 0.023 0.002 0.0006

Dwedaama 5.80159 -1.20575 0.001 0.016 0.087 0.206 0.042 0.043 0.099 0.338 0.004 0.0005

Amoakokrom 5.85972 -1.25611 0.001 0.055 0.036 0.063 0.089 0.080 0.023 0.085 0.005 0.003

Worakese habitat 097 BU3 5.76443 -1.13154 0.001 0.060 0.003 0.271 0.044 0.015 0.010 0.175 0.004 0.0006

Antoabasa 5.77196 -1.46878 0.003 0.010 0.004 0.121 0.074 0.050 0.010 0.109 0.003 0.0006

Antoabasa 5.77018 -1.46948 0.001 0.070 0.007 0.221 0.004 0.013 0.010 0.145 0.003 0.0006

Bediadua 5.77278 -1.49722 0.003 0.050 0.004 0.101 0.007 0.009 0.015 0.112 0.005 0.0006

Anum 086 BU3 5.78219 -1.50224 0.001 0.152 0.003 0.717 0.004 0.006 0.010 0.023 0.003 0.0006

Kyeikurom 090 BU3 5.82504 -1.52242 0.001 0.041 0.009 0.187 0.004 0.008 0.010 0.109 0.003 0.0005

Adukurom 088 BU3 5.82278 -1.52444 0.001 0.016 0.003 0.032 0.034 0.011 0.010 0.329 0.003 0.0006

Subriso 5.82474 -1.54799 0.001 0.200 0.019 0.265 0.004 0.189 0.060 0.037 0.003 0.0006

Nsuekyir 219 BU1 5.68667 -1.49722 0.001 0.031 0.013 0.252 0.006 0.010 0.010 0.088 0.003 0.0018

DanyiaseDomeabra 092 BU3 5.74806 -1.53806 0.003 0.060 0.003 0.418 0.013 0.005 0.010 0.102 0.004 0.0005

AnyinaseAnkase 030 BU3 5.59446 -1.60279 0.001 0.016 0.006 0.015 0.010 0.031 0.024 0.073 0.002 0.0005

Gromsa 032 BU3 5.58991 -1.60607 0.001 0.110 0.008 0.129 0.065 0.021 0.028 0.305 0.006 0.0005

Somnyamekodur 048D033 BU3 5.66046 -1.58376 0.001 0.053 0.009 0.083 0.084 0.022 0.020 0.289 0.006 0.0005

Somnyamekodur 5.66449 -1.58478 0.001 0.084 0.026 0.149 0.004 0.016 0.010 0.099 0.006 0.0006

TwifoAgona 263 BU2 5.74595 -1.50398 0.001 0.051 0.003 0.227 0.163 0.012 0.010 0.016 0.003 0.0006

Nyamebekyere 339 BU3 5.80139 -1.72139 0.002 0.031 0.012 0.222 0.029 0.023 0.042 0.204 0.003 0.0006

Jerusalem 0502B1/6/097-

01

5.81667 -1.7175 0.001 0.023 0.007 0.097 0.104 0.045 0.015 0.014 0.003 0.0006

Akwa Yaw 5.44157 -1.4658 0.001 0.055 0.005 0.081 0.004 0.046 0.010 0.192 0.004 0.0005

TwifoManpong 5.52016 -1.55449 0.003 0.071 0.003 0.254 0.004 0.085 0.010 0.225 0.003 0.0005

TwifoManpong 5.52359 -1.55681 0.003 0.058 0.007 0.107 0.006 0.050 0.014 0.023 0.004 0.0005

Subreso 048D035 BU3 5.65596 -1.67676 0.001 0.319 0.006 1.801 0.005 0.056 0.017 0.205 0.005 0.0007

AtuKurom 5.63657 -1.6785 0.001 0.221 0.016 0.196 0.006 0.068 0.014 0.119 0.003 0.0005

Breman 260 BU2 5.70878 -1.60277 0.001 0.438 0.009 0.853 0.005 0.011 0.010 0.009 0.002 0.001
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mine drainage in groundwater within the basin produces

principally Fe(OH)3, which is, perhaps, the source of iron

in groundwater within the basin. Additionally, the

groundwaters are generally undersaturated with respect to

melanterite and siderite (Table 5) and therefore capable of

dissolving more melanterite and siderite depending on

equilibrium or pE/pH conditions. The groundwaters are

also generally supersaturated with respect to goethite and

haematite (Table 5). Supersaturation of these minerals

suggests that the groundwaters may have reacted with these

minerals long enough to attain equilibrium and therefore

not capable of dissolving more of these minerals (Kortatsi

2004). Thus, the groundwaters are capable of precipitating

these iron minerals to reduce Fe2?/SO4
2- ratio (Kortatsi

2004). However, none of the boreholes had Fe2?/SO4
2-

ratio close to or equal to 0.5 (pyrite oxidation) or 1.0

(arsenopyrite oxidation). Petrographic evidence exists for

the presence of pyrite and arsenopyrite within the basin,

especially in the Birimian rocks (Kesse 1985); therefore,

the reduction of Fe2?/SO4
2-ratios due to the continuous

precipitation of goethite and haematite is possible. Iron

(Fe2?) in groundwater within the basin thus may have been

derived significantly from continuous dissolution of

amorphous Fe(OH)3, melanterite and siderite in the pres-

ence of organic matter until the water has attained equi-

librium with these minerals (Kortatsi 2004). Though the

organic matter content in the soil zone of the boreholes was

not measured in this study, the brown colouration of

streams and rivers within the basin throughout the study

period is an indication of the presence of organic matter in

the soil zone (Kortatsi 2004). Additionally, iron in

groundwater within the basin may have been derived from

leaching of minerals such as actinolite, chlorite, ankerite,

hornblende, mica and biotite present in the rock matrices of

the basin as a result of attack on these minerals by

aggressive carbon dioxide (CO2)-charged groundwaters.

Table 1 continued

Sample source BHID Longitude Latitude Cd Mn Pb Fe Se Zn Cu Al Hg As

Breman 5.70720 -1.60261 0.002 0.165 0.023 0.757 0.006 0.013 0.010 0.007 0.004 0.001

Zion Camp 014 BU3 5.87217 -1.64602 0.001 0.137 0.013 0.074 0.006 0.005 0.019 0.005 0.005 0.001

Mampong 22/D/73-1 5.11147 -1.73174 0.001 0.320 0.016 0.529 0.015 0.071 0.015 0.031 0.003 0.002

Essamang 5.05042 -1.67979 0.001 0.155 0.004 0.184 0.034 0.051 0.027 0.105 0.006 0.0005

Mamponso 24/B/85-1 5.42906 -1.63002 0.001 0.141 0.039 0.177 0.013 0.071 0.023 0.162 0.004 0.0005

Sienchem 24/B/32-1 5.47123 -1.65053 0.002 0.346 0.015 0.186 0.006 0.185 0.195 0.082 0.005 0.0005

Sienchem 24/B/32-2 5.47246 -1.65156 0.002 0.778 0.006 0.077 0.028 0.012 0.023 0.010 0.032 0.0005

All parameters are in mg/L

n Number of boreholes

Table 2 Summary statistics for

trace metal levels in

groundwater within the Lower

Pra Basin and the WHO

Guideline Limits for trace metal

constituents in drinking water

(n = 250)

Parameter Groundwater within the Lower Pra Basin WHO (2004) Guideline limit

Range of value Mean value SD Mean/WHO

Irontotal (Fe)
a 0.005–2.53 0.32 0.46 1.07 0.3

Copper (Cu) 0.015–0.395 0.028 0.05 0.014 2.0

Manganese (Mn) 0.003–2.28 0.162 0.34 0.405 0.4

Cadmium (Cd) 0.001–0.003 0.001 0.00 0.33 0.003

Zinc (Zn)a 0.003–0.395 0.021 0.02 0.007 3.0

Lead (Pb) 0.003–0.062 0.017 0.02 1.7 0.01

Selenium (Se) 0.001–0.01 0.005 0.001 0.5 0.01

Aluminium (Al) 0.005–0.727 0.136 0.17 0.68 0.2

Arsenic (As) 0.001–0.019 0.005 0.002 0.5 0.01 (p)

Mercury (Hg) total 0.001–0.01 0.003 0.002 3.0 0.001 (p)

All units in mg/L

p Provisional guideline value, StdDev standard deviation, n number of samples, Mean/WHO quotient of the

mean trace metal concentration to the WHO Guideline limit expressing how many times each metal

concentration is above or below the WHO Guideline limit
a Constituents in drinking water, which although not necessarily harmful to health, may give rise to

consumers complaints when in excess
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Copper (Cu)

The results have shown that most of the boreholes had Cu

concentrations below detection limits. The WHO (2004)

guideline limit of copper in drinking water is 2.0 mg/L

(Table 2). Based on the WHO (2004), Cu concentrations in

groundwater within the basin pose neither physiological nor

aesthetic problems to groundwater quality within the basin.

Cu2? concentrations in groundwater within the basin could be

attributed to the presence of oxygen andorganicmatter, thereby

enhancing the process of aerobic degradation of organicmatter,

which, invariably, is intimately related to the deposition of

Cu2? (Das and Nolting 1993). A principal source of Cu in

groundwater within the basin is perhaps, corrosion of interior

copper plumbing (IPCS 1998; US NRC 2000).

Manganese (Mn)

Manganese occurs in groundwater within the basin mainly

as manganese and manganiferous oxides, particularly in

areas underlain by Birimian rocks (Junner et al. 1942;

Kesse 1985). Saturation indices of the manganese species

using PHREEQC for Windows (Parkhurst and Appelo

1999) (Table 6) have shown that groundwater within the

basin is generally undersaturated with respect to all of the

common manganese oxides and hydroxides such as haus-

mannite (Mn3O4), manganite (MnOOH), pyrochroite

[Mn(OH2)], pyrolusite (MnO2) and rhodochrosite

(MnCO3). Undersaturation occurs when: (1) the rock is

depleted with respect to the mineral concerned, (2) the

water has limited contact time with the rock to react to

equilibrium, and (3) the ions exist in other forms in water

(Kortatsi 2004). However, petrographic evidence exists for

the presence of manganese and manganiferous oxides

within the rocks of the basin, and therefore, sub-saturation

due to depletion of the minerals in the rock is not likely.

Reactions involving manganese are similar to those

involving iron. Thus, if the contact time is largely sufficient

for groundwater to be supersaturated with respect to most

of the iron oxides as is the case of groundwater within the

Table 3 Trace metal doses and their implications on human health alongside the per cent (%) of population with possible potential exposure to

contamination based on WHO (2004)

Trace

metal

Per cent (%) of consumers

exposed to human health

Safe limit in

groundwater (WHO

2004)

Health implication

Cd 18 0.003 A toxic effect of long-term cadmium exposure in drinking water is noticeable

in the kidney

Mn 5.6 0.4 No known adverse health effect on humans. However, drinking water

containing manganese at levels above 0.4 mg/L may not be acceptable to

consumers

Pb 39.6 0.01 Accumulation in the skeleton and very toxic to both central and peripheral

nervous systems, inducing sub-encephalopathic neurological and

behavioural effects. Adverse neurotoxic effects other than cancer may also

occur at very low concentrations of lead

Fe 21.6 0.3 No known adverse health effect on humans. However, Fe at levels above

0.3 mg/L may not be acceptable to consumers

Se 18.4 0.01 Toxic effects of long-term selenium exposure in drinking water are noticeable

in nails, hair and liver

Zn – 3.0 No known adverse health effect on humans. However, drinking water

containing zinc at levels above 3 mg/L may not be acceptable to consumers

Cu – 2.0 Recent studies have delineated the threshold for the effects of copper in

drinking water on the gastrointestinal tract, but there is still some

uncertainty regarding the long-term effects of copper on sensitive

populations

Al 19.2 0.2 Long-term aluminium exposure in drinking water is a risk factor for the

development of onset of Alzheimer disease in humans

As 11.6 0.01 Adverse health effects of arsenic in drinking water include the development

of cancer of the skin, bladder and lung

Hg 42 0.001 Acute oral poisoning results primarily in haemorrhagic gastritis and colitis;

the ultimate damage is to the kidney following short- and long-term

exposure. The overall evidence of Hg poisoning is that mercury(II) chloride

can potentially increase the incidence of some benign tumours at sites

where tissue damage is apparent and that it possesses weak genotoxic

activity but does not cause point mutations

All concentrations are in mg/L [After, WHO (2004)]
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Table 4 Fe2?/SO4
2- molar ratios for groundwater within the Lower Pra Basin

Sample source BHID Fe2?(mg/L) Fe2?(mmol/L) SO4
2-(mg/L) SO4

2- (mmol/L) Fe2?/SO4
2-

Sabina 380 BU1 0.526 0.01 18.8 0.20 0.05

Ayitey 094 BU3 0.160 0.00 8.9 0.09 0.03

Nkrafo 098 BU3 0.576 0.01 4.7 0.05 0.21

Nkrafo 096 BU3 0.075 0.00 10.9 0.11 0.01

Obirikwaku 099 BU3 0.465 0.01 18.4 0.19 0.04

Odumase Camp 405 BU2 0.714 0.01 11.8 0.12 0.10

Obobakokrowa 0.492 0.01 14.1 0.15 0.06

Odumase Camp 407 BU2 0.472 0.01 31.7 0.33 0.03

Dwedaama 0.156 0.00 35.0 0.36 0.01

Dwedaama 0.087 0.00 14.0 0.15 0.01

Worakese Habitat 097 BU3 0.044 0.00 7.4 0.08 0.01

Brofoyedru Habitat 101 BU3 0.042 0.00 17.9 0.19 0.00

AssinNyakomase 0.042 0.00 55.6 0.58 0.00

AssinNyakomase 0.186 0.00 18.1 0.19 0.02

AssinNyakomase 0.068 0.00 18.7 0.19 0.01

Akonfude 0.040 0.00 17.9 0.19 0.00

Akonfude 0.088 0.00 31.2 0.32 0.00

AssinBreku (SDA) 100 BU3 2.130 0.04 25.3 0.26 0.14

AssinBreku (Gyidi) 102 BU3 0.249 0.00 4.0 0.04 0.11

AssinBreku 0.068 0.00 43.4 0.45 0.00

Techiman No. 1 396 BU3 0.047 0.00 6.2 0.06 0.01

Kwame Ankra 411 BU3 0.106 0.00 13.0 0.14 0.01

Ninkyiso 0.409 0.01 9.3 0.10 0.08

Amoakokrom 337 BU3 0.121 0.00 12.6 0.13 0.02

Nyamebekyere 339 BU3 0.108 0.00 24.1 0.25 0.01

Jerusalem 0502B1/6/09701 0.010 0.00 3.6 0.04 0.00

Antoabasa 0.476 0.01 7.5 0.08 0.11

Antoabasa 0.178 0.00 31.8 0.33 0.01

Bediadua 0.038 0.00 21.9 0.23 0.00

Anum 086 BU3 0.368 0.01 18.3 0.19 0.03

Kyeikurom 090 BU3 0.045 0.00 10.3 0.11 0.01

Adukurom 088 BU3 0.101 0.00 16.7 0.17 0.01

Subriso 0.101 0.00 3.6 0.04 0.05

Nsuekyir 219 BU1 0.924 0.02 24.2 0.25 0.07

DanyiaseDomeabra 092 BU3 0.010 0.00 22.2 0.23 0.00

TwifoMampong 0.178 0.00 22.2 0.23 0.01

TwifoMampong 0.081 0.00 77.8 0.81 0.00

Akwa Yaw 0.078 0.00 76.8 0.80 0.00

Breman 260 BU2 0.181 0.00 23.8 0.25 0.01

Breman 0.514 0.01 75.7 0.79 0.01

TwifoAgona 263 BU2 0.220 0.00 44.9 0.47 0.01

Zion Camp 014 BU3 0.103 0.00 353.2 3.68 0.00

Somnyamekordur 048D033 BU3 0.441 0.01 22.6 0.24 0.03

Somnyamekordur 0.150 0.00 13.6 0.14 0.02

AtuKurom 0.186 0.00 10.4 0.11 0.03

Subreso 048D035 BU3 0.010 0.00 58.7 0.61 0.00

Gromsa 032 BU3 2.430 0.04 62.1 0.65 0.07

AnyinaseAnkase 030 BU3 0.103 0.00 23.8 0.25 0.01
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Lower Pra Basin, then the contact time for groundwater to

be supersaturated with respect to manganese oxides and

hydroxides should similarly be sufficient. Undersaturation

with respect to the common manganese oxides and

hydroxides therefore suggests that manganese exists in

other forms, perhaps insoluble manganese complexes

formed with other chemical constituents different from the

common oxides and hydroxides.

Manganese dissolves under mildly reducing conditions to

produce mobile divalent manganous ion (Mn2?). When

exposed to air, the manganous ion is oxidized to hydrated

oxides, which forms black colouration and stain on plumbing

fixtures and laundry textiles. The growth of certain problem-

atic bacteria that concentratemanganese and give rise to taste,

odour and turbidity problems in distributed water is also

supported by manganese (Griffin 1960; Wolfe 1960). Expo-

sure to manganese at levels common in groundwater is asso-

ciated with intellectual impairment in children (Bouchard

et al. 2011). As is the case of iron, the sensory effect that it

produces results to the rejection and abandoning of boreholes.

The WHO (2004) guideline limit for manganese in drinking

water is 0.4 mg/L (Table 2). Manganese concentrations in

groundwater within the basin ranged 0.003–2.28 mg/L with a

mean value and standard deviation of 0.162 (±0.34) mg/L.

Results show that 5.6 % of boreholes had manganese con-

centrations above the WHO (2004) guideline limit for drink-

ingwater (Table 3). Boreholeswithmanganese concentration

above the WHO (2004) guideline limit have the tendency of

being abandoned in spite of the high cost of drilling. There is

therefore the need to treat these boreholes by reducing the

levels of manganese. Construction of iron removal treatment

systems attached to these boreholes might be a possible

solution as most of the boreholes with high iron content

incidentally had high manganese content. Ferric hydroxide

thatmay form in the iron removal plant during aeration has the

capacity to absorbmanganous ions, and therefore, the removal

of both iron andmanganese would take place (Kortatsi 2004).

Cadmium (Cd)

Cadmium concentration in groundwater within the Lower

Pra Basin ranged 0.001–0.003 mg/L, with a mean value

and standard deviation of 0.001 (±0.0) mg/L. Based on the

result from this study, approximately 18 % of groundwater

within the basin had cadmium concentrations in excess of

WHO (2004) guideline limit for drinking water of

0.003 mg/L (Table 3). Sources of cadmium contamination

include plating operations and the disposal of cadmium-

containing wastes (Smith et al. 1995). Other sources of

cadmium in drinking water are corrosion of galvanized

pipes, erosion of natural deposits, discharge from metal

refineries, runoff from waste batteries and paints. However,

there are no metal refineries and runoffs from waste bat-

teries and paints are rare within the basin. This leaves

corrosion of galvanized fittings used for the construction of

the boreholes as one of the probable source through which

cadmium can be released in significant quantities into

groundwater within the basin.

Zinc (Zn)

Zinc concentrations in groundwater within the Lower Pra

Basin ranged 0.003–0.395 mg/L, with a mean value and

standard deviation of 0.021 (±0.02) mg/L. This study

therefore shows that zinc concentrations in groundwater

within the Lower Pra Basin do not pose quality problem for

groundwater supply and development within the basin.

Lead (Pb)

Lead concentrations in groundwater within the Lower Pra

Basin ranged 0.003–0.062 mg/L with a mean value and

standard deviation of 0.017 (±0.02) mg/L. The results have

indicated that approximately 39.6 % of boreholes within the

basin had lead levels in excess of WHO (2004) guideline

limit of 0.01 mg/L (Table 3). The relatively high levels of

lead in groundwater occurred in Assin Breku, Ass-

inNyankomase, Brofoyedru Habitat, Sabina, Som-

nyamekordur, Nkrafo, Ayitey, Obirikwaku, Obobakokrowa,

Akonfude and Mamponso communities, which are under-

lain by rocks of the Cape Coast/Dixcove granitoid and by

Birimian rocks. This suggests that consumers living in these

communitiesmay be potentially at risk of possiblemetabolic

poisoning, particularly children under 5 years and pregnant

women are at potential risk of elevated lead levels in the

blood stream (Moskowitz et al. 1986).

Table 4 continued

Sample source BHID Fe2?(mg/L) Fe2?(mmol/L) SO4
2-(mg/L) SO4

2- (mmol/L) Fe2?/SO4
2-

Sienchem 24/B/32-1 0.108 0.00 9.9 0.10 0.02

Sienchem 24/B/32-2 0.105 0.00 91.0 0.95 0.00

Mamponso 24/B/85-1 0.068 0.00 31.9 0.33 0.00

Essamang 0.170 0.00 32.2 0.34 0.01

Mampong 22/D/73-1 0.125 0.00 75.9 0.79 0.00
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Table 5 Saturation indices for iron species in groundwater calculated using PHREEQC for Windows

Sample source BHID T �C pH Anh(SI) Cal(SI) Dol(SI) Fe(OH)3 (SI) Geo

(SI)

Mel(SI) Gyp(SI) Hem(SI) Sid(SI) SiO2

(a) (SI)

Assin

Nyankomase

28.6 5.1 -0.4 -1.4 -3.4 -3.6 2.3 -5.0 -0.1 6.8 -1.5 -0.8

Assin

Nyankomase

27.6 5.6 -0.8 -1.1 -1.9 -1.9 4.0 -4.9 -0.6 10.2 -0.6 -1.1

Assin

Nyankomase

29.6 6.1 -1.1 -0.8 -1.0 -0.6 5.3 -5.2 -0.9 12.8 -0.3 -0.5

Sabina 094BU3 28.5 6.1 -0.5 -1.2 -3.0 -3.0 3.0 -5.4 -0.3 7.8 -1.6 -0.7

Ayitey 098BU3 27.6 6.1 -0.3 -0.9 -2.2 -3.4 2.5 -5.4 -0.1 7.2 -1.5 -1.3

Nkrafo 096BU3 27.1 6.1 -0.4 -1.1 -2.1 -3.4 2.5 -5.5 -0.2 7.0 -1.5 -1.1

Nkrafo 099BU3 27.5 7.0 -0.7 -0.2 -0.6 -1.7 4.1 -5.4 -0.5 10.5 -0.3 -1.2

Obirikwaku 405BU2 27.9 6.2 -0.2 -0.6 -1.5 -3.5 2.4 -5.4 -0.1 6.8 -1.4 -1.2

Odumase Camp 407BU2 28.1 6.0 -0.8 -1.5 -3.7 -3.6 2.3 -5.6 -0.6 6.6 -1.7 -0.6

Odumase Camp 246JBU1 27.8 5.9 -0.8 -0.7 -1.4 -0.6 5.3 -5.4 -0.7 12.8 -0.4 -0.4

Obobakokrowa 29.4 5.5 -0.5 -0.4 -1.6 -1.8 4.1 -5.5 -0.3 10.3 -0.8 -1.2

Dwedaama 27.5 6.4 -0.7 -0.9 -1.7 -2.6 3.3 -5.8 -0.5 8.9 -1.4 -1.0

Dwedaama 097BU3 26.5 5.6 -0.2 -0.6 -1.5 -2.6 3.3 -5.2 -0.3 9.0 -0.9 -1.2

Worakese

Habitat

101BU3 27.5 5.5 -0.7 -0.1 -0.4 -1.0 4.9 -5.4 -0.5 12.0 -0.1 -0.1

Brofoyedru

Habitat

26.4 5.9 -0.6 -0.7 -1.5 -2.9 2.9 -5.3 -0.4 8.2 -0.7 -0.1

Akonfude 26.7 5.8 -0.5 -0.2 -0.8 -0.2 5.7 -4.2 -0.3 13.7 -0.8 -1.2

Akonfude 27.9 5.4 -0.1 -0.4 -1.5 -2.7 3.2 -5.1 -0.1 8.8 -0.8 -1.1

Assin Breku

(SDA)

100BU3 27.9 6.1 -0.7 -0.1 -0.1 -0.5 6.4 -4.6 -0.5 15.0 -0.6 -0.4

Assin Breku

(Gyidi)

102BU3 26.2 6.9 -0.2 -0.7 -1.4 -0.7 5.2 -0.1 -3.4 12.7 -0.7 -0.9

Assin Breku 27.6 6.2 -0.4 -0.7 -1.9 -3.6 2.3 -0.2 -0.6 6.9 -1.3 -0.3

Techiman No. 1 396BU2 26.7 5.5 -0.6 -0.8 -1.8 -3.6 2.3 -0.4 -5.6 6.9 -1.1 -0.7

Kwame Ankra 411BU2 26.5 5.5 -0.3 -0.3 -1.3 0.5 6.3 -0.1 -3.4 15.0 -1.1 -1.0

Ninkyiso 27.6 5.1 -1.1 -0.3 -0.4 0.1 -0.9 -5.4 -0.5 14.1 -0.1 -0.9

Amoakokrom 337BU3 28.4 5.3 -0.4 -0.3 -0.9 -1.7 4.2 -5.7 -0.2 10.6 -1.0 -1.0

Nyamebekyere 339BU3 26.9 5.8 -0.3 -0.2 -0.6 0.1 6.0 -0.1 -4.0 14.3 -0.7 -0.9

Jerusalem 339BU3 26.5 5.4 -0.4 -0.4 -1.2 -2.3 3.6 -0.2 -5.8 9.6 -1.2 -1.0

Antoabasa 0502B1/01/

097-01

27.5 5.8 -0.3 -0.4 -1.1 -2.9 -0.1 -5.9 -0.2 8.3 -1.4 -1.1

Antoabasa 27.8 5.6 -0.4 -0.9 -2.0 -1.9 4.0 -0.3 -4.1 10.5 -0.2 -0.9

Bediadua 28.1 6.5 -0.5 -0.6 -1.6 -0.5 5.4 -0.3 -4.0 13.1 -0.6 -1.1

Anum 26.9 5.9 -1.1 -0.3 -0.3 -2.1 3.8 -0.9 -6.5 10.1 -1.0 -0.8

Kyeikurom 086BU3 27.3 5.8 -0.3 -0.3 -0.5 -0.3 5.6 -0.1 -3.9 13.4 -0.7 -0.9

Adukrom 088BU3 26.8 6.4 -0.5 -0.3 -1.1 -2.2 3.7 -0.3 -5.4 9.5 -0.7 -1.0

Subriso 26.8 6.8 -0.2 -0.1 -1.1 -1.5 4.4 -0.2 -4.7 13.0 -0.1 -1.1

Nsuekyir 219BU1 28.0 6.0 -0.5 -0.7 -1.6 -2.2 3.7 -0.3 -4.9 10.9 -0.3 -0.9

Denyease

Domeabra

093BU3 27.1 6.7 -0.5 -0.7 -1.6 -2.0 4.0 -0.3 -4.6 9.8 -0.4 -0.9

Twifo Mampong 27.4 6.0 -0.3 -0.4 -0.8 -2.6 3.3 -0.1 -5.3 10.2 -0.1 -1.1

Twifo Mampong 27.9 6.2 -0.3 -0.5 -0.9 -1.4 4.5 -0.1 -4.7 8.7 -0.9 -1.1

Akwa Yaw 26.5 6.2 -0.2 -0.1 -0.1 -0.7 5.2 -0.1 -4.8 11.2 -0.3 -1.0

Breman 260BU2 27.4 6.7 -0.1 -0.7 -1.6 -3.2 2.7 -0.1 -4.7 12.6 -0.1 -1.2

Breman 27.9 6.6 -0.3 -0.5 -0.9 -2.7 3.2 -0.1 -5.1 7.8 -0.7 -1.1

Twifo Agona 236BU2 26.8 5.9 -0.1 -0.5 -1.1 -2.6 3.3 -0.1 -4.9 8.6 -0.6 -1.1
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Selenium (Se)

Sources of selenium contamination include: discharge from

petroleum and metal refineries; erosion of natural deposits;

and discharge from mines. However, there are no petro-

leum and metal refineries within the basin. The most likely

source of selenium in the basin is discharge from mines

(small-scale mining activities) through which selenium can

be released in significant quantities into groundwater. The

concentrations of selenium in groundwater within the basin

ranged 0.001–0.01 mg/L with a mean value and standard

deviation of 0.005 (±0.001) mg/L. The WHO (2004)

guideline limit of selenium in drinking water is 0.01 mg/L

(Table 2). Based on WHO (2004), approximately 18.4 %

of boreholes within the basin had selenium levels above the

WHO (2004) guideline limit. Selenium could pose a seri-

ous threat to groundwater management and development in

these communities.

Aluminium (Al)

Aluminium concentrations are often controlled by the

precipitation of amorphous hydroxide [Al(OH)]5 (Šrácek

and Zeman 2004). Thus, water with lower pH (acidic) is

often accompanied by high concentration of aluminium

(Šrácek and Zeman 2004). As expected, relatively higher

aluminium concentrations in groundwater within the basin

are associated with boreholes with lower pH values in

some communities even though no distinct pattern was

established (Fig. 3). Aluminium concentrations in

groundwater within the Lower Pra basin ranged

0.005–0.727 mg/L, with a mean value and standard devi-

ation of 0.136 (±0.17) mg/L. Aluminium speciation using

PHREEQC for Windows (Parkhurst and Appelo 1999)

suggests a phenomenon of Al3? as the thermodynamically

favoured under the prevailing pH/Eh conditions. Generally,

aluminium (Al3?) appears to have only little deleterious

effect on human. However, aluminium toxicity has been

associated with central nervous system disorders including

Alzheimer’s disease and dialysis dementia (Moskowitz

et al.1986). The greatest problem associated with alu-

minium metal is the incidence of discolouration it produces

in drinking water and its distribution systems that increases

when aluminium concentrations exceed 0.2 mg/L, thereby

rendering the drinking water aesthetically unaccept-

able (WHO 2004). On this basis, aluminium concentrations

in groundwater within the Lower Pra Basin seem to pose a

major quality problem to borehole water owing to the fact

that, approximately, 19.2 % of the boreholes had Al3?

concentration exceeding the WHO (2004) guideline limit

for drinking water (Table 3).

Arsenic (As)

Groundwater within the Lower Pra Basin generally had As

concentrations, which ranged 0.001–0.019 mg/L, with a

mean value and standard deviation of 0.005 (±0.002) mg/

L. Based on these values, 11.4 % of the shallow boreholes

(depths \100 m) had arsenic concentrations in excess of

the WHO (2004) guideline limit of 0.01 (p) mg/L

(Table 3). The generally low concentrations of arsenic in

groundwater within the basin notwithstanding the presence

of pyrite and arsenopyrite minerals in the rocks within the

basin suggest a level of co-precipitation of arsenic with

ferric oxyhydroxide in the creeks before possible infiltra-

tion into the aquifer (Kortatsi 2004). The generally very

Table 5 continued

Sample source BHID T �C pH Anh(SI) Cal(SI) Dol(SI) Fe(OH)3 (SI) Geo

(SI)

Mel(SI) Gyp(SI) Hem(SI) Sid(SI) SiO2

(a) (SI)

Zion Camp 014BU3 26.4 6.8 -1.0 -0.1 -0.1 -3.2 2.7 -1.2 -4.5 7.6 -0.9 -1.2

Somnyamekordur 138BU1 27.7 6.7 -0.2 -0.3 -0.6 -0.1 5.9 -0.1 -3.4 8.8 -0.7 -1.1

Somnyamekordur 033BU3 27.3 5.8 -0.2 -0.3 -0.7 -1.4 4.5 -0.1 -4.6 14.0 -1.2 -1.0

Atu Kurom 28.3 5.6 -1.1 -0.3 -0.7 -0.2 5.7 -0.9 -4.7 11.3 -0.1 -0.9

Subreso 26.4 6.5 -1.2 -0.1 -0.1 1.6 7.5 -1.0 -4.7 13.6 -0.7 -0.8

Gromsa 032BU3 27.5 6.4 -0.3 -0.1 -0.1 -1.7 4.2 -0.1 -5.3 17.2 -1.1 -0.8

Anyinase Ankase 030BU3 27.3 5.9 -1.4 -0.1 -0.4 0.4 6.3 -1.2 -5.8 10.6 -0.4 -1.0

Sienkyem 24/B/32/1 26.6 5.4 -0.3 -0.4 -0.3 -0.4 4.2 -1.3 -5.0 14.6 -0.3 -0.7

Sienkyem 24/B/32/1 26.4 5.5 -0.1 -0.2 -0.6 -1.9 4.0 -0.1 -4.9 14.6 -0.7 -1.1

Mamponso 24-B-85-1 27.2 5.8 -0.3 -0.1 -0.7 -0.3 5.6 -0.1 -4.7 10.1 -0.4 -0.8

Essamang 26.8 5.3 -1.4 -0.8 -0.1 -1.8 4.0 -0.3 -1.1 13.4 -0.1 -1.0

Mampong 22/D/73-1 27.8 5.5 -0.3 -0.1 -0.3 -1.4 4.5 -0.7 -4.5 8.8 -0.4 -0.7

SI saturation index, Anh anhydrite, Cal calcite, Dol dolomite, Hem Haematite, Sid Siderite, Goe goethite, Gym gypsum, Mel melanterite, SiO2(a)

amorphous silica
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Table 6 Saturation indices of manganese species in groundwater within the Basin calculated using PHREEQC for Windows

Sample Source BHID T (�C) pH Hausmannite(SI) Manganite(SI) Pyrochroite(SI) Pyrolusite(SI) Rhodochrosite(SI)

AssinNyankomase 28.6 5.1 -26.8 -11.1 -10.0 -17.7 -1.3

AssinNyankomase 27.6 5.6 -22.7 -9.5 -9.0 -15.7 -0.5

AssinNyankomase 29.6 6.1 -21.3 -8.9 -8.9 -14.9 -0.9

Sabina 094BU3 28.5 6.1 -27.0 -10.9 -10.3 -17.4 -1.9

Ayitey 098BU3 27.6 6.1 -24.5 -10.1 -9.2 -16.9 -0.6

Nkrafo 096BU3 27.1 6.1 -24.6 -10.2 -9.3 -16.5 -0.6

Nkrafo 099BU3 27.5 7.0 -24.2 -10.2 -9.5 -16.1 -0.9

Obirikwaku 405BU2 27.9 6.2 -26.2 -10.7 -9.8 -17.5 -0.9

Odumase Camp 407BU2 28.1 6.0 -27.4 -11.1 -10.0 -18.1 -1.6

Odumase Camp 246JBU1 27.8 5.9 -20.1 -8.7 -8.7 -14.4 -0.9

Obobakokrowa 29.4 5.5 -23.1 -9.6 -9.2 -15.7 -0.9

Dwedaama 27.5 6.4 -23.4 -9.9 -9.8 -15.8 -0.9

Dwedaama 097BU3 26.5 5.6 -23.3 -9.8 -9.2 -16.0 -0.5

Worakese Habitat 101BU3 27.5 5.5 -20.6 -8.8 -8.8 -14.4 -0.2

Brofoyedru Habitat 26.4 5.9 -27.9 -11.5 -10.5 -17.9 -1.5

Akonfude 26.7 5.8 -18.8 -8.4 -8.0 -13.9 -0.4

Akonfude 27.9 5.4 -23.0 -9.9 -9.1 -16.0 -0.3

AssinBreku (SDA) 100BU3 27.9 6.1 -17.0 -7.8 -7.8 -12.9 -0.3

AssinBreku (Gyidi) 102BU3 26.2 6.9 -20.0 -9.1 -8.5 -15.0 -0.1

AssinBreku 27.6 6.2 -25.8 -10.9 -9.3 -17.8 -0.9

Techiman No.1 396BU2 26.7 5.5 -24.8 -10.5 -9.4 -17.1 -0.4

Kwame Ankra 411BU2 26.5 5.5 -18.7 -8.2 -7.9 -13.9 -0.2

Ninkyiso 27.6 5.1 -19.8 -8.3 -8.5 -13.7 -0.7

Amoakokrom 337BU3 28.4 5.3 -20.0 -8.8 -8.5 -14.2 -0.2

Nyamebekyere 339BU3 26.9 5.8 -19.7 -8.6 -8.5 -13.8 -0.3

Jerusalem 339BU3 26.5 5.4 -20.4 -8.9 -8.5 -14.5 -0.1

Antoabasa 0502B1/01/097-01 27.5 5.8 -25.7 -10.7 -10.1 -16.6 -1.4

Antoabasa 27.8 5.6 -23.4 -10.3 -9.3 -16.2 -0.4

Bediadua 28.1 6.5 -24.0 -10.0 -9.6 -15.8 -1.2

Anum 26.9 5.9 -20.0 -8.8 -8.5 -14.3 -0.1

Kyeikurom 086BU3 27.3 5.8 -20.5 -8.7 -8.4 -14.7 -0.1

Adukrom 088BU3 26.8 6.4 -22.4 -9.5 -8.9 -15.6 -0.2

Subriso 26.8 6.8 -20.4 -8.7 -8.4 -14.1 -0.6

Nsuekyir 219BU1 28.0 6.0 -21.3 -9.0 -8.5 -15.1 -0.1

DenyeaseDomeabra 093BU3 27.1 6.7 -23.8 -10.2 -9.5 -16.1 -0.7

TwifoMampong 27.4 6.0 -22.5 -9.7 -8.9 -15.8 -0.1

TwifoMampong 27.9 6.2 -24.2 -10.0 -8.4 -16.4 -0.6

Akwa Yaw 26.5 6.2 -24.6 -10.1 -9.7 -16.1 -1.3

Breman 260BU2 27.4 6.7 -19.0 -8.2 -8.2 -13.9 -0.2

Breman 27.9 6.6 -24.6 -10.5 -9.4 -16.9 -0.3

TwifoAgona 236BU2 26.8 5.9 -26.9 -11.1 -10.3 -17.4 -1.3

Zion Camp 014BU3 26.4 6.8 -27.8 -11.4 -10.6 -17.7 -1.8

Somnyamekordur 138BU1 27.7 6.7 -24.9 -10.5 -9.6 -16.8 -0.5

Somnyamekordur 033BU3 27.3 5.8 -20.7 -8.9 -8.5 -14.7 -0.1

AtuKurom 28.3 5.6 -22.1 -9.4 -8.9 -15.3 -0.3

Subreso 26.4 6.5 -20.2 -8.8 -8.5 -14.4 -0.1

Gromsa 032BU3 27.5 6.4 -14.8 -6.7 -7.1 -11.6 -0.5

AnyinaseAnkase 030BU3 27.3 5.9 -19.1 -8.4 -7.8 -14.3 -0.6
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low SO4
2- concentration of 0.04–0.95 mmol/L coupled

with the fact that no sample satisfied the iron to sulphate

(Fe2?/SO4
2-) molar ratios of 0.5 and 1.0 for the stoi-

chiometry of pyrite and arsenopyrite oxidation,

respectively (Table 4) suggests that pyrite and arsenopyrite

oxidation processes in groundwater within the basin may

not be exclusively responsible for the concentration of As

in the boreholes. According to Smedley et al. (1995),

arsenic occurs in high concentrations in association with

manganese and iron ores, especially sulphide minerals and

particularly pyrites. Saturation indices of the iron species

melanterite, siderite and amorphous Fe (OH)3, as calcu-

lated using PHREEQC for Windows (Table 4) suggests

that the groundwaters are generally undersaturated with

respect to these minerals and therefore will continuously

dissolve in solution depending on the Eh/pH conditions.

This suggests that pyrite and arsenopyrite minerals may

have undergone extensive oxidation, hydrolysis and co-

precipitation of iron and arsenic as Fe3?/ferrihydrite as a

result of the introduction of oxygenated air within the

aquifer. The generally low levels of As in groundwater

within the basin suggest that currently mining has an

insignificant impact on As concentrations in groundwater

within the basin.

The WHO (1993) restricted the level of As in drinking

water based on its carcinogenicity, and taking into con-

sideration its potential nutrient requirement, provisionally

to 0.01 mg/L. Thus, the 11.6 % of boreholes which had

arsenic slightly in excess of the WHO (2004) guideline

limit located in Odumase Camp, Dwendaama, Sienchem,

Akonfude and Atu kurom posses potential diseases asso-

ciated with long-term low-level exposure to consumers in

these communities. Nevertheless, Wang and Huang (1994)

noted that no morbidity cases were found where As con-

centrations in drinking water were less than 0.1 mg/L but

morbidity increased exponentially as aqueous As

increased, and indeed, mild As poisoning was observed in

the range of 0.1–0.2 mg/L. Since no borehole within the

basin had As concentration exceeding 0.1 mg/L, it suggests

that though the concentrations were slightly in excess of

the WHO (2004) guideline limit, no morbidity is expected.

Mercury (Hg)

Groundwater within the Lower Pra Basin generally had Hg

concentrations which ranged 0.001–0.01 mg/L with a mean

value and standard deviation of 0.003 (±0.002) mg/L.

Table 6 continued

Sample Source BHID T (�C) pH Hausmannite(SI) Manganite(SI) Pyrochroite(SI) Pyrolusite(SI) Rhodochrosite(SI)

Sienkyem 24/B/32/1 26.6 5.4 -18.2 -7.7 -7.9 -13.3 -0.1

Sienkyem 24/B/32/1 26.4 5.5 -18.3 -7.8 -8.0 -13.2 -0.2

Mamponso 24-B-85-1 27.2 5.8 -19.9 -8.5 -7.9 -14.9 -0.7

Essamang 26.8 5.3 -14.2 -6.4 -6.4 -12.3 -1.6

Mampong 22/D/73-1 27.8 5.5 -25.8 -10.8 -9.9 -17.2 -0.8
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Basin. NB Boundaries valid at 25 �C, 1 atmosphere total pressure,

total iron activity of dissolved species 10-6. Groundwaters from the

Lower Pra Basin are as shown

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0

A
l (

m
g/

L)

pH (pH units)

Fig. 3 Relationship between pH and Aluminium levels in ground-

water within the Basin

Environ Earth Sci (2016) 75:1236 Page 15 of 19 1236

123



Based on these values, approximately 42 % of the shallow

boreholes (depths \100 m) had mercury concentrations

significantly in excess of the WHO (2004) guideline limit

of 0.001 (p) mg/L (Table 3). However, there is no petro-

graphic evidence of Hg in the rocks within the basin,

neither are there industrial activities within the basin apart

from small-scale mining activities that can release mercury

in significant quantities into groundwater. The temporal

variation of Hg in groundwater within the basin (Fig. 4)

presents a trend which suggests that the concentrations of

Hg in the boreholes are significantly in excess of the WHO

(2004) guideline limit of 0.001 mg/L for drinking water

during the rainy seasons (June–October). However, the

concentrations of Hg become 0.0 mg/L or below detection

limit during the dry seasons (January–March). This

observation suggests that Hg concentrations in groundwa-

ter within the basin increase during the rainy season.

Assuming that the mercury concentration in groundwater

within the basin was derived from the rocks, it would have

been expected that there would be a uniform and even

distribution in Hg concentrations within the basin regard-

less of the season (wet or dry) all year round (Kortatsi

2004). However, the results suggest a relation between the

recharge regimes of polluted surface water and Hg con-

centrations, in which case during the rainy season surface

water resources polluted with Hg as a result of the small-

scale mining (‘‘Galamsey’’) activities recharge groundwa-

ter through infiltration and therefore reach the groundwater

table. Subsequently, groundwater within the basin is

potentially under threats of mercury contamination due to

contaminated surface water resources, perhaps as a result

of the indiscriminate use of mercury amalgamation through

small-scale mining activities. The implication of the sig-

nificantly higher Hg concentrations (in excess of WHO

2004 guideline limit for drinking water) mostly during the

wet season is that consumers in the affected communities

within the basin are potentially at risk from mercury poi-

soning and its associated health hazards such as kidney

failure, brain and nervous breakdown, gastrointestinal tract

irritation, ulceration and diarrhoea (WHO 1980).

Health effects of trace metals through drinking

water consumption within the Lower Pra Basin

Several human health risk assessment studies on toxic trace

metals in aquatic ecosystems have previously been under-

taken (USEPA 1989; Wu et al. 2009; Li and Zhang 2010;

Liang et al. 2011). Human lives may be exposed to toxic

metals through three main pathways such as direct inges-

tion, inhalation through mouth and nose, and dermal

absorption through skin exposures. According to USEPA

(1989), Wu et al. (2009), direct ingestion and dermal

absorption are often common for water exposure. A report

contained in the USEPA Risk Assessment Guidance for

Superfund (RAGS) methodology has indicated that the

numeric expressions for risk assessment can be presented

as in Eqs. 3 and 4(USEPA 1989):

Ding ¼
Cwater � IR� EF� ED

BW� AT
ð3Þ

Dderm ¼ Cwater � SA� Kp � ET� EF� ED� CF

BW� AT
ð4Þ

where Ding is the exposure dose through ingestion of

water (lg/kg-day); Dderm is the exposure dose through

Fig. 4 Temporal variation in Hg concentration in groundwater within the Basin
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dermal absorption (lg/kg-day); Cwater is concentration of

the estimated metals in groundwater (lg/L); IR is the

ingestion rate (L/day, 2.2 for adults and 1.8 for children);

EF is the exposure frequency (days/year, 350); ED is the

exposure duration (years, 70 for adults and 6 for chil-

dren); BW is the average body weight (kg, 70 for adults

and 15 for children); AT is the averaging time (days,

25,550 for adults and 2190 for children); SA is the

exposed skin area (cm2, 18,000 for adults and 6600 for

children); ET is the exposure time (h/day, 0.58 for adults

and 1 for children); CF is the unit conversion factor (L/

cm3, 0.001); and Kp is the dermal permeability coeffi-

cient (cm/h), 0.001 for Fe, Mn, Cu, and Cd; 0.002; 0.004

for Pb, and 0.0006 for Zn (USEPA 1989; Li and Zhang

2010; Liang et al. 2011).

Assessment of the potential non-carcinogenic risks for

exposure to contaminants was done by comparison of the

calculated contaminant exposures from each exposure

route with the reference dose (RfD) in order to produce the

hazard quotient (HQ), defined as follows (USEPA 1989):

HQing=derm ¼
Ding=derm

RfDing=derm
ð5Þ

where HQing/derm is the hazard quotient via ingestion or

dermal contact and is unitless and RfDing/derm is the

oral/dermal reference dose (lg/kg-day). The RfDing and

RfDderm values are contained in the literature (USEPA

1989; Wu et al. 2009; Li and Zhang 2010; Liang et al.

2011). The hazard quotient is a numeric estimation of the

systemic toxicity potential posed by a single element

within a single exposure route. In order to evaluate the

overall potential for non-carcinogenic effects posed by

more than one element, the computed hazard quotient for

each element is integrated and expressed as a hazard index

(HI) (USEPA 1989):

HI ¼
Xn

i¼1

HQing=derm ð6Þ

where HIing/derm is the hazard index via ingestion or dermal

contact and is unitless. An HQ/HI[ 1 is a concern for

potential human health risks caused by exposure to non-

carcinogenic elements (USEPA 1989).

A summary of the non-carcinogenic health risk assess-

ment for the trace metals assessed in groundwater within

the Pra basin is presented in Table 7. The results show that,

for both adults and children via ingestion route, the mean

HQing levels were found in the order of Zn[Fe =

Cu[ Pb[Cd[Mn. The human health risks posed by Al,

Se, As and Hg were not assessed because their dermal

permeability coefficients (Kp) and the oral (RfDing) and

dermal (RfDderm) reference doses were not available. The

results also show that the HQ/HI is the same for both adults

and children for all trace metals and are less than 1 (i.e.

HQ/HI\ 1). Thus, the trace metals considered in this study

are not of concern for potential human health risk caused

by exposure to non-carcinogenic elements.

Conclusions and recommendations

Results from this study show that groundwater in some

communities within the basin contains metal concentra-

tions in excess of drinking water guideline concentrations,

with Al (19.2 % of boreholes), Se (18.4 % of boreholes),

Cd (8.8 % of boreholes), As (11.6 % of boreholes), Pb

(39.6 % of boreholes), Mn (5.6 % of boreholes), Hg (42 %

of boreholes) and Fe (21.6 % of boreholes) concentrations

exceeding the WHO (2004) guideline limits for drinking

water. An assessment of the stability of iron species in

groundwater under the prevailing pE/pH conditions

Table 7 Summary of the non-carcinogenic health risk assessment for trace metals in groundwater within the Lower Pra Basin (adults and

children)

Trace

metal

RFDing

(lg/kg-day)
RFDderm

(lg/kg-day)
Ding/Dderm HQing/derm HQ/HI

Adults Children Adults Children Adults Children

Cd 0.5 0.025 2.107 E ? 02 2.73 E-02 1.054 E ? 01 1.364 E-02 5.566 E-02 5.566 E-03

Mn 24 0.96 2.107 E ? 03 2.73 E-03 8.429 E ? 00 1.091 E-02 4.453 E-02 4.453 E-03

Pb 1.4 0.42 5.268 E ? 01 6.80 E-02 1.580 E ? 01 2.026 E-02 8.349 E-02 8.349 E-03

Fe 700 140 2.107 E ? 03 2.73 E-03 4.215 E ? 00 5.455 E-02 2.226 E-01 2.226 E-02

Se NA NA NA NA NA NA NA NA

Zn 300 60 2.107 E ? 03 2.73 E-03 7.024 E ? 01 9.371 E-02 3.711 E-01 3.711 E-02

Cu 40 8 2.107 E ? 03 2.73 E-03 4.215 E ? 00 5.455 E-02 2.226 E-01 2.226 E-02

Al NA NA NA NA NA NA NA NA

As NA NA NA NA NA NA NA NA

Hg NA NA NA NA NA NA NA NA

NA not available
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suggests that amorphous Fe(OH)3 controls the concentra-

tion of iron in groundwater within the basin. The results

also suggest that the oxidation of pyrite and arsenopyrite

within the basin is not exclusively responsible for the

concentration of iron in the boreholes, since the Fe2?/

SO4
2- molar ratios for pyrite and arsenopyrite oxidation in

groundwater within the basin do not match the required

stoichiometry for these reactions. The calculated saturation

indices (SI) of the iron and manganese species using

PHREEQC for Windows have indicated that the ground-

waters are generally undersaturated with respect to mel-

anterite (FeSO4�7H2O), siderite (FeCO3), hausmannite

(Mn3O4), pyrolusite (MnO2), rhodochrosite (MnCO3),

manganite (MnOOH), and pyrochroite [Mn(OH2)], and

supersaturated with respect to goethite (FeOOH) and hae-

matite (Fe2O3). Human health risks assessment show that,

for both adults and children via ingestion route, the mean

HQing levels were found in the order of Zn[Fe =

Cu[ Pb[Cd[Mn. The HQ/HI is the same for both

adults and children for all trace metals and are less than 1

(i.e. HQ/HI\ 1). Thus, the trace metals considered in this

study are not of concern for potential human health risk

caused by exposure to non-carcinogenic elements. In order

to safeguard groundwater within the basin, the Government

of Ghana should enforce the existing laws on mining

(especially small-scale or ‘‘galamsey’’ operations) to deter

the small-scale miners from the indiscriminate amalga-

mation of gold with mercury (Hg) in order to prevent

further pollution of the water resources within the basin

and therefore ensure sustainability. It is also recommended

that the Government of Ghana and other stakeholders

within the Water Sector in collaboration with the mandated

health institutions should institute health monitoring pro-

grams with respect to the health disorders associated with

toxic trace metals such as Al, Se, Pb, Cd and Hg in order to

prevent the long-term effects of intake of these trace metals

in water.
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