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ABSTRACT 

The purpose of this study was to evaluate parameters of drinking water quality from hand-pumps in Ghana, Mali, and 
Niger, evaluate possible sources of parameters, and provide an overview of potential health effects in the population. 
Concentrations of 22 parameters in 3337 groundwater samples were analyzed and compared with World Health Or-
ganization drinking water guidelines. In general, F, Mn, and Al had relatively larger and more common rates of occur-
rence, though there was by country. For F, there were reports of skeletal fluorosis in Niger and dental fluorosis in Ghana. 
For Mn and Al it was difficult to assess health effects due to scarce information. 
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1. Introduction 

This paper presents data on concentrations of 22 pa- 
rameters in 3337 groundwater samples from hand pu- 
mps in Ghana, Mali, and Niger in West Africa. Samples 
were grouped by three-country “region” or by individual 
country. All samples were analyzed for concentrations of 
Ag, Al, As, Ba, Be, Cd, Co, Cr, Cu, Fe, Mn, Mo, Ni, Pb, 
Sb, Se, Sr, Tl, U, V, Zn, and F with respect to World 
Health Organization (WHO) drinking water guidelines. 
The purpose of this study was to evaluate drinking water 
quality from hand-pumps, assess risk as percent of popu- 
lation exposed, provide overview of human health effects 
from hand-pump water, and evaluate evidence of these 
health effects in the population, if available. 

Collection and analyses of samples were done in col- 
laboration by World Vision International (WVI) and the 
Desert Research Institute (DRI) is part of an ongoing 
effort to provide rural populations with potable water. 
Samples reported in this study were collected and ana- 
lyzed between 2002 and 2012. The distribution of sam- 
pling points was driven by hand-pump location, which, 
in turn, was dictated by local need for potable water. 
Thus, there existed a compromise in sampling for the 
specific purpose of hypothesis testing, such as analysis of 
elevated concentrations and geographic trends, or ele- 

vated concentrations and specific population. Approxi- 
mate sampling areas are shown in Figure 1. 

To-date, several thousand hand-pumps have been com- 
missioned, providing approximately one million rural 
community members with potable water via this particu- 
lar project. Across sub-Saharan Africa, however, ap- 
proximately 880 million people still lack access to safe 
 

 
*Corresponding author. Figure 1. Location of sampling sites. 
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drinking water [1]. Groundwater is increasingly relied on 
as a source of safe drinking water for rural communities 
in the countries of Ghana, Mali, and Niger in West Af- 
rica and elsewhere. Reasons for developing groundwater 
include ease of developing hand-pumps in remote loca- 
tions, availability during drought, relative low price com- 
pared with methods of treating surface water, and supe- 
rior chemical and biological quality as compared with 
surface water sources [2,3]. 

Though generally considered to be a safer source of 
drinking water than surface water, groundwater may 
contain parameters that have either adverse or beneficial 
effects on human health. Some parameters have typically 
low concentrations and, in the case of Co, Cr, Cu, Fe, I, 
Mn, Mo, Se, V and Zn, are essential to human life, but at 
higher concentrations, there may be potential health risks 
for humans including diseases, disorders, cancers, re- 
duced growth, and increased mortality and mutagenic 
effects [4]. The effects depend on concentration and a 
different range of acceptable concentrations existing for 
each parameter. 

To evaluate risk and avoid adverse health effects, 
WHO drinking water guidelines may be used. These 
guidelines are derived on the basis of health and interna- 
tionally agreed procedures for risk assessment [5]. These 
guidelines are neither regulations nor standards, though 
they may be used to develop local guidelines or standards 
on water quality. On the one hand there are guidelines for 
those considered toxic and for which a relative amount of 
research has been conducted (As, Fl), while there are no 
guidelines for those whose effects on human health are 
not know or unclear (Ag, Be, Co, Sr, and V). 

In each country, the water projects seek to supply po- 
table water in rural areas. These areas are characterized 
by small holder subsistence agriculture, and are generally 
devoid of industrial activity. While some hot spots may 
be associated with highly localized cottage industries, 
parameters in excess of WHO guidelines are largely geo- 
logic in origin, naturally occurring, and not likely to be 
from anthropogenic sources. The distribution of parame- 
ters found in the samples, thus, reflects the diverse geo- 
logical terrains from the three countries.  

2. Methods 

Samples were collected at hand-pumps during borehole 
development or after drilling but before hand-pump pla- 
cement. In some cases, samples were collected at ac- 
tively-used hand-pumps. Samples were collected by staff 
at Ghana Rural Water Project (GRWP), Mali Rural Wa- 
ter Project (MRWP), and Niger Rural Water Project 
(NRWP). All water projects are overseen by WVI. After 
collection, samples were shipped to DRI for analysis. As 
much as possible, standard methods were applied, how- 
ever, samples were not field-filtered. Timing was random 

as sample collection was hampered by monsoonal rains 
and extreme heat. 

Each sample was analyzed for concentrations of 22 
parameters. Fluoride was analyzed according to EPA 
standard methods 4500F [6]. The parameters Ag, Al, As, 
Ba, Be, Cd, Co, Cr, Cu, Fe, Mn, Mo, Ni, Pb, Sb, Se, Sr, 
Tl, U, V, and Zn were analyzed on an inductively cou- 
pled plasma-mass spectrometry (ICPMS) according to 
EPA methods standard methods for drinking water 200.8 
[7].  

Between 2002 and 2011, detection limits of several 
parameters analyzed on the ICPMS changed, ultimately 
becoming lower. Thus, on some figures, previous detec- 
tion limits will appear as solid lines of data, rather than 
points. In this study, all data were reported in their ori- 
ginnal format and no efforts were made to adjust, infill, 
or perform additional measures for values below the de- 
tection limit. The results provided are thus reproducible.  

3. Results 

Table 1 shows WHO guidelines for each parameter and 
percentage of samples exceeding the guidelines. Table 2 
 

Table 1. WHO guidelines and samples exceeding. 

% Exceeding Guideline 
Parameter 

WHO  
Guideline 

(μg/L) Ghana Mali Niger Region

Ag NG NG NG NG NG 

Al 200 5.6 8.6 5 5.9 

As 10 6.6 * 0.7 5.1 

Ba 700 6.6 2.1 4.2 5.8 

Be NG NG NG NG NG 

Cd 3 * 0.2 0.5 0.1 

Co NG NG NG NG NG 

Cr 50 * * * * 

Cu 2000 * * * * 

Fe NG NG NG NG NG 

Mn 400 7.5 5.6 4 6.8 

Mo 70 2 * * 1.6 

Ni 70 <0.01 * * <0.01 

Pb 10 1.2 14.2 9.7 3.9 

Sb 20 * * * * 

Se 10 3.7 1.6 1.7 3.2 

Sr NG NG NG NG NG 

Tl NG NG NG NG NG 

U 15 4.3 2.6 17.1 5.6 

V NG NG NG NG NG 

Zn 5000 * * 0.01 <0.01 

F (mg/L) 1.5 11.4 0.7 8.4 9.7 

N G = No guideline. *No samples exceeding. 
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Table 2. WHO guideline, mean, median, and range of each parameter. 

Ghana Mali Niger Region WHO guideline 
(μg/L) Mean Med. Range Mean Med. Range Mean Med. Range Mean Med. Range 

Ag NG 0.61 1 <0.10 - 14.1 0.9 1 <0.10 - 31 0.9 1 <0.10 - 1.13 0.7 1 <0.10 - 31.5

Al 200 67 3.06 <0.10 - 7046 68 18 <0.2 - 1159 76 6 0.96 - 6804 68 4.4 <0.10 - 7046

As 10 2.99 1 <0.01 - 122 1.3 1 <0.01 - 5 2.4 1 <0.02 - 295 2.7 1 <0.01 - 295 

Ba 700 275 128 <1.0 - 28,071 174 108 6.3 - 3107 185 109 <1.0 - 1582 252 122 <1.0 - 28,071

Be NG 0.6 1 <0.06 - 22 0.9 1 <0.06 - 2.11 1 1 <0.06 - 2.39 0.7 1 <0.06 - 22 

Cd 3 0.57 1 <0.01 - 2 0.8 1 <0.01 - 3.03 0.9 1 <0.01 - 5.63 0.6 1 <0.01 - 5.63

Co NG 1.13 1 <0.10 - 61 1.6 1 <0.10 - 21 1.1 1 <0.10 - 15.4 1.2 1 <0.10 - 61 

Cr 50 1.31 1 <0.10 - 46 1.1 1 <0.10 - 10.9 1.3 1 <0.10 - 25 1.3 1 <0.10 - 45.8

Cu 2000 6.8 1 <0.10 - 728 2.1 1 <0.10 - 21 3.2 1 <0.10 - 101 5.8 1 <0.10 - 728 

Fe NG 215 17.2 <0.10 - 19,244 206 28 0.61 - 4943 286 20 0.64 - 14,537 223 19 <0.10 - 19,244

Mn 400 118 36 <0.10 - 3683 127 37 0.68 - 4998 79 12 0.41 - 4023 114 33 <0.10 - 4998

Mo 70 7.39 1 <0.05 - 837 1.2 1 <0.05 - 28 6.7 1 <0.05 - 1546 6.5 1 <0.05 - 1546

Ni 70 3.32 1.36 <0.10 - 388 2.4 1.2 <0.10 - 34 1.5 1 0.11 - 30 3 1.1 <0.10 - 388 

Pb 10 1.09 1 <0.10 - 51.8 14 1.9 <0.10 - 649 5.9 1 <0.10 - 206 3.3 1 <0.10 - 649 

Sb 20 0.56 0.15 <0.02 - 6.74 0.9 1 <0.02 - 14.1 0.9 1 <0.02 - 1.57 0.7 1 <0.02 - 14.1

Se 10 7.43 1 <0.02 - 11,200 1.9 1 <0.02 - 27 2.5 1 <0.02 - 29 6.1 1 <0.02 - 11,200

Sr NG 808 421 <1.0 - 53,493 304 80 3.26 - 11,002 480 265 <1.0 - 9339 704 326 <1.0 - 53,493

Tl NG 0.58 1 <0.03 - 1.04 0.8 1 <0.03 - 10 0.9 1 <0.03 - 2.18 0.7 1 <0.03 - 10 

U 15 3.2 1 <0.10 - 146 2.4 1 <0.10 - 32 12 1.1 <0.10 - 355 4.2 1 <0.10 - 35.8

V NG 5.27 1 <0.03 - 159 1.4 1 <0.03 - 28 6 2.1 <0.03 - 116 4.9 1 <0.03 - 159.2

Zn 5000 14.7 2 <0.10 - 1822 40 7.8 0.52 - 3675 244 23 0.97 - 22,042 45 3 <0.10 - 22,042

F (mg/L) 1.5 0.73 0.32 <0.10 - 14.9 0.2 0.1 <0.10 - 3.6 0.5 0.2 <0.10 - 10.8 0.6 0.3 <0.10 - 14.9

 
shows the WHO guideline, mean, median, and range of 
each parameter. In most cases, minimum values were the 
detection limits. Both tables show samples grouped by 
region and individual country. 

When viewed by region, F had the largest occurrence, 
with 9.7% of samples exceeding the guideline. The next 
largest numbers exceeding guidelines were Mn, Al, Ba, U, 
and As (6.8, 5.9, 5.8, 5.6, and 5.1%, respectively). Guide- 
lines were exceeded for Cd, Mo, Ni, Pb, Se, and Zn for 
3.9% or less of all samples. For these elements and F, 
mean values were larger than median values, which in- 
dicated some unusually high values in the data set. For 
instance, the mean and median values for Ba were 252 
and 122 µg/L, with a maximum value of 28.071 µg/L. 

When viewed by country, F exceeded the guideline for 
11.4% of samples in Ghana. The next largest numbers 
exceeding guidelines were Mn, As, Ba, and Al (7.5, 6.6, 
6.6, and 5.6%, respectively). Guidelines were also ex- 
ceeded for Mo, Ni, Pb, Se, and U, though at rates 4.3% or 
less. For these parameters, mean values were larger than 
median values. 

In Mali, Pb exceeded the guideline for 14.2% of sam- 
ples. The next largest numbers were Mn and Al (8.6 and 

5.6%, respectively). Guidelines were also exceeded for Ba, 
Cd, Se, U, and F at rates 2.6% or less. With the exception 
of Cd, mean values were larger than median values. 

In Niger, U exceeded the guideline for 17.1% of sam- 
ples. The next largest numbers were Pb, F, and Al (9.7%, 
8.4%, and 5.0%, respectively). Guidelines were also ex- 
ceeded for As, Ba, Mn, Se, and Zn at rates 4.2% or less. 
With the exception of Cd, mean values were larger than 
median values. 

4. Discussion 

4.1. Potential Sources 

Project emphasis was on safe supply of potable water in 
rural areas, which were characterized by smallholder 
subsistence agriculture and generally devoid of industrial 
activity. While some “hot spots” of water chemistry may 
be associated with highly localized cottage industries, 
parameters in excess of WHO guidelines were largely 
geologic in origin and unlikely to have originated from 
anthropogenic sources. 

In Ghana and Niger, for instance, occurrence of F was 
related to weathering of granitic rocks. In Ghana, As was 
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likely released from iron oxides under reducing condi- 
tions, which may also explain the occurrence of Mn [8]. 
Under reducing conditions, release of As from iron hy- 
droxides may also be bacterially mitigated [9]. Oxidizing, 
alkaline conditions in Niger may be associated with re- 
lease of Pb and U from urano-carbonate compounds [10]. 
Values of pH both higher and lower than neutral (pH 6 to 
8) solubilize Al into groundwater. 

Hydraulic conductivity values may impact on ground- 
water chemistry [9]. For instance, groundwater residence 
times and subsurface geological formations may suggest 
high value parameters to have been released from one 
zone and transported to another. Site characteristics, such 
as values of pH, redox, hydraulic conductivity, and local 
geology, may further identify potential sources of high 
value parameters were not available for the samples pre- 
sented in this study. The distribution of parameters found 
in the samples, thus, reflects the diverse geological ter- 
rains from the three countries. 

4.2. Potential Health Effects 

The following seven parameters exceeded guidelines for 
at least 4% of samples: Al, As, Ba, Mn, Pb, U, and F. 
Human health effects are discussed below. Discussion 
begins with F, Mn, and Al, which had relatively larger 
and more common rates of occurrences. Discussion in- 
cludes evidence for human health effects and compari- 
sons with other surveys done in similar areas of this stu- 
dy, if available. 

There is epidemiological evidence that F in excess of 
the WHO guideline carries increasing risks of fluorosis 
of the enamel (mottling of the teeth) and, at progressively 
higher concentrations, leads to increasing risks skeletal 
of skeletal fluorosis [11,12]. Guidelines were exceeded in 
11.4% of samples from Ghana, 0.7% from Mali, 8.4% 
from Niger, and the highest maximum value of 14.9 
mg/L was observed in Ghana. Figure 2 shows cumula- 
tive distribution as percentage of F in Ghana and Niger. 
Mitigation measures for high F levels are being taken by 
GRWP in Ghana and NRWP in Niger. 

There is relatively more information available as to 
health effects and occurrence of F in drinking water as 
compared with other parameters evaluated in this study, 
especially in Ghana. Rossiter et al. [1] reports 6.7% of 
samples exceeded the guideline, with rates increasing to 
17% in particular regions of Ghana. Apambire et al. [13] 
reports 62% of the total population of school children in 
the Bongo area of Ghana showing dental fluorosis. Both 
studies suggest high concentrations of F to be localized. 

Ayoob and Gupta [14] describe both Niger and Ghana 
as places where fluorosis is endemic. More specifically, 
425 cases of children with skeletal fluorosis are reported 
in Tibiri, Niger; drinking water samples from the area 
showed 4.8 to 6.6 mg/L of F [15]. Relatively less infor- 

 

Figure 2. Cumulative distribution as percenatge of fluoride 
samples from Ghana and Niger. 
 
mation on exposure is available from Mali. One study 
reports F ranging from <0.2 to 1.7 mg/L (n = 19), with 
only one sample above the guideline [16]. In a geo- 
logically-based model of F occurrence above WHO guide- 
lines, Amini et al. [17] predict probability increasing 
from close to 0% to 80% in Mali and Niger along south- 
west to northeast axes in both countries. 

Epidemiological studies show exposure to Al and Mn 
to be risk factors associated with mental impairment. 
Specifically, Al is associated with the development or 
acceleration of onset of Alzheimer’s disease [18]. Expo- 
sure to Mn is associated with intellectual impairment in 
children. Studies link levels of Mn greater than 1000 
µg/L in drinking water with: child attention and memory 
impairments, impaired manual dexterity and speed, and 
neurological symptoms including a repetitive stuttered, 
speech, poor balance, coordination, and fine motor skills [19]. 
The Al guideline was exceeded in 5.6% of samples from 
Ghana, 8.6% from Mali, and 5.0% from Niger (Figure 3). 
In Ghana, high concentrations of Al (mean value 4455 
μg/L, n = 60) in groundwaters were reported to be lo- 
calized [20]. A review of chemical water quality from 
230 boreholes, wells, and standpipes of different regions 
in Ghana reported 95% of samples had Al above the 
guideline value, in particular in the Volta Region [1]. The 
localized nature of Al occurrence may explain why rela- 
tively fewer samples were in excess of the WHO guide- 
line in this study, which evaluated only hand pumps and 
sampled a larger geographical area. No similar studies as 
to Al concentrations in Mali or Niger were found. 

The guideline for Mn was exceeded in 7.5% of 
samples from Ghana, 5.6% from Mali, and 4.0% from 
niger (Figure 4). Rossiter et al. [1] report Mn to be 
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Figure 3. Cumulative distribution as percenatge of alumi- 
num samples from Ghana, Mali, and Niger. 
 

 

Figure 4. Cumulative distribution as percenatge of alumi-
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o
ing the WHO guideline in 11% of samples from that 
study. No studies as to Mn concentrations in boreholes 
from Malior Niger were found. 

It is difficult to evaluate rate
sulting from exposure from drinking water with few 

drinking water data and without a baseline of mental 
health. In general, there is little information as to mental 
health disorders and rates of diagnoses in developing 
countries. A general survey of mental health services in 
185 developing countries (including Ghana) reports a 
scarcity of available resources relative to the population- 
level need, chronic shortages of trained personnel, short- 
falls between the total health expenditure and those for 

mental health, and incomplete mental health policy 
frameworks [21,22]. 

Even with a baseli
use may be difficult to determine. Severe malnutrition 

during childhood can lead to impaired psychological, 
intellectual, and motor skill development, ultimately 
leading to functional impairment [23]. Percentages of the 
under-five population characterized as moderately and 
severely underweight are: 14% in Ghana, 27% in Mali, 
and 40% in Niger [24]. Rates of wasting, which is defi- 
ned as being two standard deviations below the median 
height-for-weight of the WHO child growth standards, 
are: 9% in Ghana, 15% in Mali, and 16% in Niger [24]. 

Heavy metals such as As, Pb, and U are associated
th DNA damage, cancers, and damage to the central 

nervous system [2,5]. Relatively more information is 
available for health effects of As in drinking water than 
for some of the other parameters discussed in this study. 
Drinking water contaminated with arsenic is a major 
public health problem reported in many countries of the 
world [11]. Epidemiological studies show that long-term 
consumption of elevated levels of As in drinking water is 
directly related to increased cancers, skin ailments, neu- 
rological disorders, and type 2 diabetes [2,5]. In children, 
exposure to As from drinking water is associated with 
intellectual impairment [19]. 

Arsenic exceeded the guide
om Ghana, none from Mali, and 0.7% from Niger. 

Mitigation measures for high As levels are being taken 
by GRWP in Ghana. Other studies in Ghana report gui- 
delines exceeded for less than 2% of samples and occu- 
rrence to be localized [1,25]. Pelig-Ba et al. [26] reports 
no arsenic from boreholes (n = 33). Few data are availa- 
ble for Mali and Niger, but a global model predicting As 
in groundwater shows probabilities of occurrence as: 
none for Niger, up to 50% for localized areas of Mali and 
Ghana, and up to 100% for localized areas of Ghana [27]. 

Though U is deposited at bone surfaces, where alpha
diation is emitted, risks arising from the biochemical 

toxicity of U as a heavy metal are considered to be about 
six orders of magnitude higher than those deriving from 
its radioactivity [28]. The guideline for Pb was exceeded 
for 1.3% of samples from Ghana, 14.2% from Mali, and 
9.7% from Niger; the guideline for U was exceeded for 
4.3% of samples from Ghana, 2.6% from Mali, and 
17.1% from Niger. 

In Ghana, Pb an
tributed to mining activities [1]. In one area, high Pb 

and Cr was attributed to use of agro-chemical [29]. Con- 
centrations of Pb were reported “occasionally” exceed- 
ing the guideline [20,30] or not exceeding it at all [25]. 
The French NGO, CRIIRAD, reported water and soil 
from mine areas in Niger to be contaminated with dan- 
gerously high radioactivity levels [31], though values and 
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numbers of samples were not given. In general, limited 
water quality data are available for these parameters in 
Mali and Niger. 

It is difficult to evaluate rates of cancers directly result- 
in

ally, Barium at levels above the guidelines may 
in

4.3. Caveats 

are noted for this study. Twelve para- 

inking water 
qu

In this study, no samples exceeded Sb guidelines, and 

 As exceeded the guideline 
an

guideline was 
69

India, have established 
st

reasons. 
D

g from exposure from drinking water. Detailed infor- 
mation as to rate, type, and survival of cancer in develop- 
ing countries is scarce. A global review of cancer rates 
estimated that cancer rates in developed countries are 
twice those of developing countries with the discrepancy, 
in part, attributed to risk factors, diagnosis, and treatment 
[32]. In order of estimated rate of diagnosis in develop- 
ing countries are: lung, stomach, and liver for men; and 
breast, cervix/uterus, and lung for women [32]. The Na- 
tional Cancer Registry in the Gambia shows liver cancer 
to be the most common cancer among men (62%) and se- 
cond-most common cancer among women (28% follow- 
ing cervical cancer, which is 29%), with occurrence attri- 
buted to prevalence of chronic hepatitis in the population 
[33]. 

Fin
crease the risk of hypertension, but neither mutagenic 

not carcinogenic impacts are reported in the literature [2]. 
Barium exceeding the guidelines was found in 6.6% of 
samples from Ghana, 2.1% from Mali, and 4.2% from 
Niger. In Ghana, reported concentrations of Ba in ground- 
water (mean value 125.3 μg/L, n = 60) and localized [20]. 
No similar studies as to Al concentrations in Mali or 
Niger were found. 

Several caveats 
meters exceeded WHO drinking water guidelines. While 
exposure to any of these parameters including Cd, Mo, 
Ni, Se, Zn, is not trivial, the impact on human health of 
less-frequently-occurring parameters may be outweighed 
by reduction of water-related infectious diseases from 
microbially contaminated surface water [2]. As an exam- 
ple, the prevalence of liver cancer due to water-borne 
hepatitis may be reduced if alternative water sources are 
available to the population of The Gambia. 

Another consideration is that most dr
ality studies referencing these guidelines (including 

this one) focus on the amount of a parameter that is in- 
gested in water rather than total exposure [12], multi- 
parameter effects, and likely underestimate the amount of 
water consumed in very hot, arid climates. Multi-param- 
eter effects, either adverse or beneficial, are unclear. For 
example, As toxicity is aggravated by Sb, and As in- 
creases toxicity of Ni, Cd, Co, and Cr to where the WHO 
guideline should be 1/20 of the suggested value; conver- 
sely, toxicity of As may be reduced by intake of Se and 
Zn, though in amounts beyond those typically occurring 
in drinking water alone [2]. 

restricting criteria to where
d Sb exceeded the detection limit yielded seven sam- 

ples, all from Ghana. Overall, number of samples ex- 
ceeding guidelines for Ni was less than 0.01 and less than 
1% for Cd. No samples exceeded guidelines for Cr and 
there are no guidelines for Co. Restricting criteria to 
where As exceeded the guideline and Ni was 1/20 of the 
guideline value (3.5 µg/L) yielded 78 samples, all from 
Ghana. This exercise could not be done for Cd, as 1/20 of 
the 3 µg/L WHO drinking water guideline is below the 
detection limit. Restricting criteria to where As exceeded 
the guideline and Cr was 1/20 of the guideline value (2.5 
µg/L) yielded 15 samples, all from Ghana. 

With respect to mitigating toxicity, the highest value 
of Zn in a sample with As exceeding the 

7 µg/L. Depending on water intake, other food sources, 
and weight of the consumer, the WHO recommended 
daily intake value of Zn of 15 mg may or may not be met. 
The latter is more likely. Restricting criteria to where 
both As and Se exceeded the guideline yielded 23 sam- 
ples, all from Ghana. The WHO recommended daily in- 
take value of Se is 60 µg/kg for women and 70 µg/kg for 
men. As with Zn, meeting the daily intake of Se will de- 
pending on other sources. This finding supports the no- 
tion that there is not likely to be enough Zn in drinking 
waters to reduce toxicity of As. 

Countries with very hot climates and high incidence of 
fluorosis, such as China and 

ricter standards than the WHO. The Chinese and Indian 
standards for fluoride in drinking water are less than 1 
and 1.2 mg/L, respectively [34,35]. In determining the 
optimal fluoride concentration in drinking water for 
South India, Viswanathan et al. [36] considered average 
amounts of drinking water, tea or coffee, and food con- 
sumed and determined maximum fluoride concentration 
should be 0.5 mg/L, one third of the WHO guideline. In a 
similar study in northern Ghana, Apambire [37] used 
climate data to estimate the optimum concentration for 
fluoride in drinking water to be 0.4 to 0.6 mg/L. 

It is noted that establishing, and amending, drinking 
water guidelines is difficult for a number of 

ata on human health effects are collected from studies 
carried out laboratory animals and the human population. 
Results of laboratory studies using high doses of an ele- 
ment on animals yields uncertainty as to the actual ef- 
fects on human health. Results of population studies are 
complicated by duration of studies (on the order of dec- 
ades), scarce information regarding exposure rates, si- 
multaneous presence of other toxic agents, and the fact 
that some trace elements cause adverse effects only after 
extended exposure (years rather than months). In general, 
exhaustive data on health effects are often simply not 
available. As an example, underlying causes of mental 
health disorders are difficult to determine under the best 
of circumstances with respect to clean drinking water and 
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proper nourishment. 

5. Conclusions 

The purpose of this
quality, assess risk as 

 study was to evaluate drinking 
percent of population exposed to

more information av
ab

 of occurrence and mitigation meas- 
ur

field staff and the various
g took place. Funding for 
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followed by Pb, Al, Ba, and Mn. 

An overview and evidence of health effects depended 
on the parameter, with relatively ail- 

le for some parameters than for others. For F, for in- 
stance, there are reports of skeletal fluorosis in Niger and 
dental fluorosis in Ghana. For Mn and Al, it is difficult to 
assess mental health due to lack of baseline data and 
other underlying causes such as childhood malnourish- 
ment. For other heavy metals, including Pb, U, and As, it 
is difficult to quantify rates of cancers water directly re- 
lated to exposure from drinking water; detailed informa- 
tion as to rate, type, and survival of cancer in developing 
countries is scarce. 

In general, F, Mn, and Al had relatively larger and 
more common rates

es should be carefully considered. Exposure to other 
parameters including As, Pb, and U is not trivial and the 
risks to community members should also be considered. 
Evidence suggests that many of the parameters may be 
localized; detailed geological and geochemical mapping 
is crucial to understand water-rock interactions and, in 
turn, identify areas of higher risk. It is anticipated that 
information from this study may be used to support water 
resources management, borehole drilling activities, and 
planning process of new drinking water projects. This is 
particularly important as the demand for drinking water 
from groundwater is expected to increase. 
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