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ABSTRACT

Namibia, the driest country in sub-Saharan Africa, is largely reliant on groundwater for its potable water
demand and groundwater is a major source of naturally-occurring fluoride. This study assessed the spatial
distribution of fluoride in potable water and appraised the population at risk for high fluoride intake.
Analysis of fluoride levels used existing databases that include 28 000 borehole locations across the country,
while the population data were based on the 2011 Census. Spatial analysis and spatial statistics methods
employed included Moran’s I, local indicators of spatial association (LISA), basic Euclidian distance,
analysis of variance (ANOVA) and spatial overlay in a GIS environment. Fluoride concentrations above

the recommended limit of 1.5 mg/L occur in a fifth of the boreholes and as much as 8% of the population
across the country is at risk. Although the number of people in Namibia who are exposed to high fluoride

is relatively small at a global scale, it is significant at a national level. Preventative measures against high

fluoride intake are thus necessary in the country.
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INTRODUCTION

The benefit of fluoride as a therapeutic element for human health
in stimulating normal mineralization of bones, formation of
dental enamel and maintenance of fertility (Dey and Giri, 2016)
is realized when its intake does not exceed optimal levels. Low
fluoride intake is associated with the development of dental
caries (e.g. Treasure and Dever, 1992; Jesu and Dheenadayalan,
2013). In contrast, extended exposure to high doses is known
for deleterious consequences, including dental and skeletal
fluorosis (e.g. Kundu et al., 2001), impaired development of
intelligence in children (Lu et al., 2000) and decreased birth rate
(Ghosh et al., 2002; Izquierdo-Vega et al., 2008). Drinking water
is the major source of naturally occurring fluoride intake. Its
concentration in natural groundwater typically ranges between
0.1 and 10 mg/L (WHO, 2008). The World Health Organization
(WHO, 2008) recommends potable water to have fluoride
concentrations below 1.5 mg/L and regions with values above
that threshold are considered as high-fluoride areas. WHO
(2008) estimated that more than 200 million people worldwide
are consuming drinking water with a fluoride concentration
higher than the guideline value of 1.5 mg/L. India is reported

to have 70 million people exposed to elevated levels of fluoride
(Edmunds and Smedley, 2005), while China has 45 million (Wuyi
etal., 2002), followed by Mexico with 5 million (Diaz-Barrigo
etal., 1997). Areas with high fluoride content on the African
continent are generally associated with the East African Rift
System, notably, Ethiopia, Kenya, Uganda, Tanzania, Zambia,
Eritrea, Djibouti, Rwanda, Burundi and Malawi. Other African
countries with known elevated fluoride content in groundwater
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are Senegal, Ghana, Ivory Coast, Sudan and the Bushveld area
of South Africa (Edmunds and Smedley, 2005). In Namibia, a
sparsely populated and dry country, much of the population is
reliant on groundwater for potable water. Fluoride in Namibia’s
drinking water is considered by Namibia Water Corporation
(NAMWATER), the distributor of the bulk of the nation’s water
supply, as one of the three constituents of concern; the other two
being total dissolved solids (TDS) and nitrate. While several
studies (e.g. Amutenya, 2012; Petrus, 2012; Wanke et al., 2013;
Sracek et al., 2015) have attempted to address the possible causes
for fluoride accumulation in Namibia, no endeavour has been
made to link elevated fluoride content in potable water to the
population’s geographic distribution.

The results of these previous studies have not been consistent
in terms of characterizing the fluoride content of Namibia’s
groundwater. For example, Edmunds and Smedley (2005)
examined fluoride exposure at sub-regional levels and concluded
that Namibia>s groundwater has a fluoride content largely below
1.5 mg/L; but conducting this study at such a broad scale could
potentially conceal spatial discrepancies that may exist at a
local scale. Based on geological and climatological data, Brunt
etal. (2004) concluded that, except for western Namibia, the
country has a very low or no probability of fluoride content above
1.5 mg/L; however, no empirical data for fluoride concentration
in groundwater were considered in that study. In contrast, Amini
et al. (2008) employed a statistical approach on the distribution
of geogenic fluoride in groundwater and found that 70% of
Namibia has a probability of more than 0.6 for groundwater to
have a fluoride concentration larger than 1.5 mg/L. Confirmation
with measured data for Namibia was also missing in this
approach. More recently, an analysis of data obtained from the
Groundwater Information (GROWAS) database of the Ministry
of Agriculture, Water and Forestry (MAWTF) and a hydrocensus
for the Cuvelai-Etosha Basin showed that groundwater from
various areas across the country contains fluoride concentrations
above the minimum acceptable limit (Wanke et al., 2013).
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However, the distribution of fluoride concentrations in
Namibia’s groundwater was not assessed in relation to the spatial
distribution of human population.

Improved understanding of the regions affected by elevated
fluoride, and the number of people involved, is a necessary step
in mitigating its impact at a national level. Therefore, our study
aimed to help close this gap and determine the areas and people
at risk of fluorosis in Namibia. This was done by means of geo-
statistically re-evaluating the spatial distribution of fluoride
concentrations in Namibia’s groundwater and comparing these
results against the 2011 census data.

Fluoride and health

Although WHO (2008) recommends a standard limit of 1.5 mg/L
for fluoride in drinking water, each nation has discretion to set its
own standards and conditions. China and India, for example, set
their national guideline for fluoride in potable water to 1 mg/L,
while the USA uses 2 mg/L as its drinking water standard. In
many arid regions, drinking water is such a scarce commodity
that some governments were compelled to set the standard at
higher levels in order to meet potable water demand. Tanzania
is one such example, where the national standard for fluoride
concentration is set to 4 mg/L (Edmunds and Smedley, 2005).

The fluoride guideline for drinking water in Namibia has 4
class limits (GRN, 1956). Excellent water quality is assigned to
Class A, and the concentration of fluoride for this category is
less than 1.5 mg/L. Class B, considered good quality, contains
between 1.5 and 2 mg/L of fluoride. Class C, with a range
between 2 and 3 mg/L, has low risk; and above 3 mg/L of
fluoride is considered Class D, which bears a high health risk
rating. A maximum level of 6 mg/L of fluoride is set as the
upper limit for livestock watering.

There are no minimum limits imposed for drinking water
with respect to fluoride content. Nonetheless, WHO (2008)
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recommends the minimum value of 0.5 mg/L to counteract the
development of health risks such as dental caries due to fluoride
deficiency.

About 96% of fluoride in the body is found in the bones
and teeth (e.g. Arlappa et al., 2013). Fluoride deficiency can also
be prevalent in cold countries, such as the USA and the UK,
where health problems related to inadequate fluoride intake are
consequently common (e.g., Jesu and Dheenadayalan, 2013).
Chronic ingestion of water with fluoride concentrations above
1.5 mg/L results in dental fluorosis, characterized initially by
opaque white patches, staining, mottling and pitting of teeth
(Kundu et al., 2001). Skeletal fluorosis may occur when fluoride
concentrations in drinking water exceed 4 mg/L, which leads to
various health problems, including an increase in bone density,
calcification of ligaments, rheumatic or arthritic pain in joints and
muscles along with stiffness and rigidity of the joints, and bending
of the vertebral column (Teotia and Teotia, 1988). The disease
may be present in an individual at subclinical, chronic or acute
levels of manifestation (Teotia and Teotia, 1988). In addition, it has
been claimed that the dissolution of aluminium from aluminium
utensils increases appreciably in the presence of fluoride in water.
Aluminium is a neurotoxin and may cause damage to brain cells.
Statistical studies also suggested that exposure of children to high
levels of fluoride may carry the risk of impaired development of
intelligence (Lu et al., 2000) and that increased fluoride intake
from drinking water can result in decreased birth rate (Ghosh et
al,, 2002; Izquierdo-Vega et al., 2008).

Study area

Located in the southwestern part of Africa (Fig. 1), Namibia

is subdivided in 14 political regions. It is a sparsely populated
country (2.5 people/km?), with its 826 000 km? surface area
occupied by a population of 2.1 million people (GRN, 2012).
The country is predominantly savanna covered and experiences

251!0‘!

en wal( e
Sy A
W T { s s

I% EA-based
8 Population Density
(Number of people / sq. km)
<5
s-1s
Bl 5-% E g
I 20-50 8
>
Tove 7100%|
J B
0 50 100 200 300 400
Figure 1

Location of the study area and population density based on 2011 EA (not shown). Insert (A) North Central, where just under half of the population lives;
(B) Windhoek (the nation’s capital). Data source: NSA, 2014.
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an arid to semi-arid climate. The driest, south-western part
of the country receives precipitation of less than 50 mm/a on
average, and this increases to about 600 mm/a in the wettest,
north-eastern part. Mean annual potential evaporation rate
ranges from 2 400 mm/a in the northeast to 3 800 mm/a in
the southeast (Mendelsohn et al., 2002).

Namibian geology encompasses a wide range of rocks,
which vary from Archaean to Cenozoic age. About half of
the country’s surface is covered by young surficial sediments
of the Kalahari and Namib deserts; whereas the other half is
dominated by bedrock exposures of metamorphic, igneous
and sedimentary rocks (Christelis and Struckmeier, 2001).
The palaeo-proterozoic metamorphic inliers consisting of
highly deformed gneisses, amphiboles, meta-sediments
and the associated intrusive rocks are found on the central
and northern part of Namibia, such as the Kunene and
Grootfontein igneous complex in the north, the Orange
River group and the Vioolsdrift Suit in the south, as well
as the Khoabendus group and the Rehoboth sequences
(Miller, 2008a).

The Namaqualand metamorphic complex, which is
composed mainly of granitic gneisses, metasedimental rocks,
magmatic intrusion and the volcano-sedimentary Sinclair
sequences of central Namibia, represent the Mesoproterozoic
rocks (1800-1000 Ma). A larger part of the north-western and
central part of the country is underlain by a coastal and intra-
continental arm of the Neo-proterozoic Damara Orogenic belt
(800-500 Ma), with a platform of carbonates in the north and
a variety of meta-sediments further south. Much of south-
central Namibia is covered by shallow marine sediments of the
Nama group, which are understood to have been derived from
the uplifted Damara and Garieb belt during the later stage of
orogenic evolution. The sedimentary and volcanic rocks of the
Permian to Jurassic Karoo sequences are found in the Aranos,
Huab and Waterberg basin in the south-eastern and north-
western part of the country and are extensively intruded by
dolerite sills and dyke swarms. These sills and dyke swarms
are predominantly associated with basaltic volcanism and
alkaline sub-volcanic intrusions marking the breakdown of
Gondwanaland and formation of the South Atlantic Ocean
during the Cretaceous (Miller, 2008b). The Cenozoic rocks are
represented by the widespread Kalahari sequences.

DATA

Drinking water in Namibia comes from one of two possible
sources: groundwater (boreholes) or surface water (rivers and
reservoirs). Urban areas with treatment facilities are more
likely to use surface water, which is often channelled from
distant sources, such as rivers or reservoirs, through canals
and/or pipelines. Except for the core of the densely-populated
north-central regions, rural areas, villages, farms and informal
settlements are more likely to draw drinking water directly
from boreholes. To locate and analyse fluoride levels from
boreholes, data were examined from the GROWAS database.
As of this writing, the GROWAS database contains fluoride
values from 27 736 out of 51 064 borehole locations in Namibia
drilled over the past 100 years. The German Federal Institute
for Geosciences and Natural Resources (Die Bundesanstalt

fiir Geowissenschaften und Rohstoffe; BGR) Hydrocensus

data has an additional 232 measurements of fluoride content,
mainly from the north-central regions. The database contains a
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number of physical, chemical and location attributes related to
borehole capacity and water quality.

Pipeline locations have also been mapped and identified
by the Namibia’s Ministry of Agriculture, Water and Forestry
(Mendelsohn et al., 2002). It is assumed that these locations
have treated water and thus fluoride levels are within the
acceptable range for human consumption.

Population information has been collected from the
Census of Namibia through the National Statistics Agency
(NSA). Population data for 2011 have been recorded at the
Enumeration Areas (EA) level (see Figure 1). According to NSA
(2014) EAs are:

The smallest geographical area demarcated for purposes

of interview is the enumeration area (EA). Ideally, an EA

should contain more or less 100 households. The EA may
comprise part of a locality, a whole locality or a group

of localities. However, owing to other factors, mainly

population density and geographic terrain, EAs have been

conveniently demarcated to facilitate effective canvassing
by an interviewer.

The data derived from EAs can also be aggregated to assess

the key planning level geographies in Namibia, which include
constituencies and regions. We combined and employed these
three distinct datasets to determine both the areas where a high
likelihood of groundwater fluoride exceeding the acceptable
limits exists and the communities that are most likely at risk of
consuming water with high levels of fluoride.

METHODS

To address the key questions of this study, namely identifying
high-concentration fluoride areas and the number of
individuals at potential risk of consuming drinking water with
fluoride concentrations above the recommended levels in the
country, we employed a number of GIS-based spatial analysis
and spatial statistics methods summarized below.

Moran’s I/LISA

To identify regional effects of high concentrations or clusters
of fluoride in drinking water, we employed two measures

of spatial autocorrelation. Spatial autocorrelation measures
the similarity of a specific variable to that of its immediate
neighbours. This can help discern clusters of boreholes that
have levels of fluoride that are either high or low from a
statistical significance standpoint. We utilized two measures
of spatial autocorrelation in this study. Moran’s I provides

a measure between —1 and 1, indicating the strength of a
spatial clustering amongst all points. Moran I coefficients can
be interpreted in a similar fashion to Pearson’s correlation
coeflicients. To this end, it compares local associations of any
given borehole and its immediate neighbours to the overall
mean of the dataset. This is considered a global statistic in that
it tests for the general spatial dependency of all data points in
the study (Liptzin and Silver, 2015).

To examine the local spatial effects of autocorrelation, Local
Indicators of Spatial Association (LISA, 1985; Anselin, 1995)
compares only a point to its neighbours and allows for cluster
mapping of areas that are statistically high or low relative to all
points. This allows for visualization of areas that have very high
or very low levels of fluoride in the groundwater.
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Threshold kriging

Taking the previous approach a step further, we can statistically
interpolate the probability that any area exceeds a critical

level of fluoride in the groundwater by employing threshold
kriging. Threshold kriging utilizes the concept of spatial
auto-correlation to estimate the probability that any location
exceeds 1.5 mg/L in fluoride concentration in the groundwater.
The estimate, for any location that does not have a borehole, is
derived from the measured fluoride values of nearest locations
in the database. The derived geostatistical model is used to
interpolate a groundwater fluoride level for any other location
in the study area. The model’s ability to predict these values

is heavily influenced by the number of and distance to the
borehole measurements that are being used to make each
estimate. This technique has been shown to be a viable means of
estimating probable arsenic contamination of groundwater (Liu
et al. 2004) and can provide insight into issues of fluoridisation
in the groundwater in the study area.

Distance analysis

To assess populations at risk we examined fluoride levels by the
distance of each EA to the nearest water source, which includes
both boreholes, pipelines and/or river sources, using ArcGIS
software. The Namibian Government (GRN, 2004) has set

2.5 km as a maximum distance for any household to retrieve
potable water. Likewise, the 1.5 mg/L fluoride concentration
recommended by WHO (2008) was used as a threshold. Using
basic Euclidian distance measures, we identified the population
from the 2011 census data that is not within a 2.5 km distance
of a drinking water source having fluoride levels above

1.5 mg/L. In this analysis, safe drinking water sources include
all pipeline/river sources and boreholes with fluoride levels less
than 1.5 mg/L.

The estimated population was based on EAs. Because EAs
are polygons and not discrete points, the measured Euclidian
distance often fell partially within an EA polygon when
measuring from a single point (borehole) or linear feature
(pipeline). To address this issue, we provided both minimum
and maximum population estimates. Minimum estimates were
derived from all EAs that fell completely within 2.5 km from a
borehole with fluoride levels of 1.5 mg/L or greater and had a
pipeline or perennial river within their proximity. Maximum
estimates include all EAs that have any part of the EA within
2.5 km distance.

ANOVA

As most planning initiatives in Namibia occur at the level

of the region, we tested for regions that have, on average,
statistically significant high levels of fluoride in groundwater.
We used Analysis of Variance (ANOVA) for that purpose.
ANOVA shows difference between groups (e.g., regions) and a
given set of indicators (average fluoride level).

RESULTS AND DISCUSSION

Spatial distribution of fluoride concentration in
groundwater

Two-thirds (67%) of the boreholes with a measured fluoride
concentration are found in four regions: //Karas (19%), Hardap
(18%), Otjozondjupa (18%), and Omaheke (13%) (Table 1).

Just under 80% of the boreholes have a fluoride concentration
below the recommended threshold (1.5 mg/L). Of the 11%

(n = 6 104) of boreholes with fluoride concentrations that
exceed 3 mg/L, just over 80% are found in the //Karas (4.1%;

n = 1145), Hardap (1.9%; n = 541), Kunene (1.7%; n = 474), and
Otjozondjupa (1.4%; n = 379) regions. However, the Erongo,

TABLE 1
Regional distribution of fluoride levels in boreholes; values in bold are the lowest and highest recorded for
each parameter
Region Number of | Proportion Class A Class B Class C ClassD Not Class B, C,
boreholes | of boreholes | (< 1.5mg/L) | (1.5-2mg/L) | (2-3 mg/L) | (3-6 mg/L) | suitablefor | D and ‘not
per region % (%) (%) (%) (%) livestock suitable for
(>6mg/L) livestock’
(%) combined
Erongo 1961 7.0 5.69 0.37 0.45 0.19 0.29 1.29
Hardap 5105 18.3 15.09 0.87 0.64 0.77 1.17 3.44
//Karas 5272 18.9 11.91 1.83 1.62 1.73 2.36 7.55
Kavango East 279 1.0 0.90 0.01 0.02 0.04 0.05 0.12
Kavango 360 1.3 1.12 0.06 0.03 0.02 0.03 0.15
West
Khomas 2584 9.2 8.24 0.32 0.22 0.21 0.26 1.02
Kunene 2356 8.4 5.46 0.76 0.86 0.71 0.99 3.32
Ohangwena 162 0.6 0.39 0.02 0.03 0.05 0.07 0.17
Omaheke 3619 12.9 12.03 0.31 0.18 0.11 0.16 0.76
Omusati 177 0.6 0.33 0.05 0.10 0.09 0.11 0.34
Oshana 19 0.1 0.03 0.00 0.01 0.00 0.03 0.04
Oshikoto 703 2.5 1.81 0.19 0.14 0.12 0.20 0.65
Otjozondjupa 4 884 17.5 14.51 0.83 0.74 0.54 0.82 2.92
Zambezi 480 1.7 1.65 0.02 0.01 0.03 0.03 0.08
Total 27 961 100 79.2 6 5 5 7 21.8
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Figure 2
Regional distribution of fluoride concentration in groundwater in Namibia; classification with respect to fluoride only.
(Data source: GROWAS and BGR Hydrocensus; n = 27961; classes based on GRN (1956)).

Oshikoto, Omusati and Ohangwena regions also have areas
of high fluoride concentrations (Fig. 2). The highest recorded
fluoride concentrations are from Oshikoto (103 mg/L) and
Otjozondjupa (100 mg/L), while the minimum value was

0.1 mg/L. There are clusters of significantly low fluoride
boreholes in the Khomas, Otjozondjupa, Omaheke, Kavango
West and Zambezi regions.

The borehole data revealed a strong, positive (Moran’s I test
I=0.46, p = 0.001) spatial autocorrelation. This means that we
tend to find the clustering of boreholes relative to their fluoride
concentration, i.e., boreholes with high fluoride concentrations
cluster near other high-concentration areas and boreholes with
lower fluoride levels cluster near other low-fluoride boreholes.
This is not that remarkable in itself, but in examining the
spatial pattern of the results using the LISA test a number of
cluster areas were identified where spatial autocorrelation is
statistically significant in the spatial distribution of boreholes
with high levels of fluoride (Fig. 3). This is important when
examining how this health risk may impact the surrounding
populations.

To put this in a greater context we examined this
information to identify areas where there was a likely
probability of exceeding the critical threshold of 1.5 mg/L
fluoride concentration in groundwater. Using indicator kriging,
approximately 40% (332 573 km?) of Namibia’s surface area has
a 0.5 or greater probability of high fluoride in the groundwater.
North-central Namibia, which is also the most densely
populated area of the country, falls in that category (Fig. 4).

The ANOVA results (Table 2) show that there is a
significant difference in groundwater fluoridisation between
regions (F = 148.251, p = 0.000), based on borehole data.
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Additionally, employing a Tukey HSD post-hoc test to examine
where the differences are most apparent, shows that Oshana
and Omusati have significantly higher fluoride levels than the
other regions of Namibia (Table 3). This result is significant at
the p = 0.05 level. One issue to be considered in these results is
that there are fewer boreholes in Oshana and Omusati because
much of the population in these regions has access to piped
water. Although //Karas is not significantly different to several
other regions, it does have an average fluoride level exceeding
1.5 mg/L based on 5 272 boreholes.

Boreholes with significant fluoride content occur in areas
dominated by one of three different types of geologic materials:
(i) unconsolidated and semi-consolidated sand and gravel
with calcrete (//Karas, Hardap, Omusati, Ohangwena and
Oshikoto); (ii) granite and gneiss (Kunene); and (iii) certain
(Karoo and younger) volcanic rocks (Hardap) (Christelis and
Struckmeier, 2001). Most of the boreholes in Ohangwena,
Oshikoto, Hardap and //Karas are located in the largest and
most productive aquifers (Oshivelo and Stampriet) in the
country (Mendelsohn et al., 2002), and those with elevated
fluoride content are located around the central parts of these
basins. The high values observed at these boreholes can thus
be associated with longer residence time in the aquifer and
extended reaction times with aquifer material (see Su et al.
2015). In addition, much of the //Karas and Hardap regions are
characterized by low precipitation (less than 250 mm/a), high
potential evaporation (as high as 3 800 mm/a) and boreholes
depths in excess of 150 m. This is consistent with Handa (1975)
and Vasak (1992), who linked high fluoride concentration in
groundwater to deep aquifer systems, low hydraulic gradients,
low groundwater recharge and a slow groundwater flow rate.
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Areas of statistically significant local spatial autocorrelation in fluoride levels
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Probability of exceeding the critical fluoride level of 1.5 mg/L
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TABLE 2
Fluoride ANOVA results based on political regions

Sum of squares df Mean square F Sig.
Between groups 4394.797 13 338.061 148.251 .000
Within groups 63 210.777 27720 2.280
Total 67 605.574 27733

TABLE 3
Tukey HSD'* test raw results; means for groups in homogeneous subsets are displayed

Region N 1 2 3 4 5 6 7
Zambezi 482 0.384
Kavango-East 318 0.66 0.66
Kavango-West 297 0.669 0.669
Omaheke 3619 0.678 0.678
Khomas 2584 0.789 0.789
Erongo 1963 0.993 0.993
Otjozondjupa 4881 1.006 1.006 1.01
Hardap 5105 1.157 1.157 1.16 1.157
Oshikoto 621 1.419 1.42 1.419
Kunene 2348 1.426 1.43 1.426
Ohangwena 79 1.55 1.553
/IKaras 5272 1.705
Omusati 146 2.295
Oshana 19 6.874
Sig. 0.448 0.139 0.334 0.06 0.059 1 1

'Uses harmonic mean sample size = 165.632.
2The group sizes are unequal. The harmonic mean of the group sizes is used. Type I error levels are not guaranteed.
*Subset for alpha = 0.05
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Figure 5

EAs with higher risk of fluoride levels exceeding 1.5 mg/L
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Other boreholes with elevated fluoride content are also
associated with geologic sources. Most of the fluoride-
contaminated zones worldwide occur in granite terrains
(Chae et al., 2006) or in sedimentary aquifers that contain
fluoride-bearing minerals usually derived from granites.

In sedimentary aquifers, the larger contact interfaces of

the previously physically weathered parent rocks allow

for enhanced fluorine release during subsequent chemical
weathering, especially in arid and semi-arid environments
(Edmunds, 1994; Edmunds and Smedley, 2005). In addition,
elevated fluoride concentrations are found in alkaline rock
(1200-8 500 ppm), deep sea clay (1 300 ppm), low-calcium
granite (850 ppm), shale (740 ppm), deep sea carbonate

(540 ppm), high-calcium granite (520 ppm), and sandstone
(270 ppm) (NEERI, 1985). These geological settings and rock
types are typical in areas of high fluoride concentration in
Namibia, especially in the Kunene and Hardap regions.

Population at risk for high fluoride concentration in
groundwater

The distance analysis that included population data from the
census and fluoride data from both boreholes and pipeline/river
water sources shows that, at a minimum, 2.3% of the Namibian
population (58 000 people; Table 4) is exposed to drinking
water with fluoride levels exceeding the recommended limit of
1.5 mg/L. This number is most likely higher, with a potential
maximum of 8.2% of the population (208 000 people) who are
at risk of using drinking water drawn from 22% (n = 6 104) of
the boreholes (Table 1, right-hand column).

The spatial pattern of areas with a higher risk of exposure
to high fluoride concentration in drinking water shows that
these are predominantly found in the Kunene, //Karas, Hardap,
Omusati, and Erongo regions (Fig. 5). In terms of the minimum
number of people at risk, however, the Otjozondjupa,
Ohangwena and Oshikoto regions surpassed Omusati by a
factor of nearly 2 or more (Table 4). This is partly because much
of the affected area in Omusati is more sparsely populated or
falls within the Etosha National Park.

Kunene is by far the most affected region, with a minimum
of 11% and a maximum of 22% of its population at risk. In
contrast, Oshana and Khomas are the regions least at risk
for the consumption of high concentrations of fluoride (less
than 1.5% of their populations), partly due to greater access to
treated water. Results further show that there are significant
differences in fluoride levels when aggregated at the regional
level. Tukey’s HSD test shows Oshana, Oshikoto, Omusati, and
Ohangwena as regions well above the mean. Communities in
the eastern half of Ohangwena have been reported to show
symptoms of light to medium fluorosis (Wanke et al., 2013).

CONCLUSIONS

A combination of spatial statistics and GIS analyses reveal
that a fifth of the boreholes in at least a third of Namibia’s

14 political regions have a fluoride content above the WHO
recommendation of 1.5 mg/L. These boreholes occur in areas
dominated by unconsolidated and semi-consolidated sand
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and gravel with calcrete in places; sedimentary aquifers with
fluoride-bearing minerals derived from granite parent rocks;

or in the lower parts of regional groundwater flow systems
away from the basin margins, towards the central parts of the
basin. Collectively, this attributed the origin of elevated fluoride
content in drinking water to geogenic sources, coupled with
climatic and hydrogeological factors.

The estimated number of people at risk in Namibia of
having high fluoride concentrations in their drinking water
(between 50 000 and 208 000 persons) is relatively small when
compared with a global figure of more than 200 million.
However, Namibia has a slightly higher percentage of its
population (up to 8%) at risk than other countries where this is
an issue. For example, India, with the highest number of people
(about 70 million) affected, has about 6% of its population at
risk for high fluoride content in drinking water. This study
reveals that fluoride content in Namibia’s drinking water
is a significant problem that needs addressing. The need is
particularly pressing in arid or semi-arid parts of the country,
such as the Kunene, //Karas and Hardap regions, as well as
in the more densely populated Ohangwena region where
symptoms of light to medium fluorosis have already been
documented.

UNICEF and WHO (2015) revealed that 9% of the
Namibian population has no access to an improved water
source. This figure is comparable to the 8% of the population
exposed to water with high fluoride concentration derived in
this study. However, the notion of ‘improved water source’
refers to management issues, such as borehole installations
which protect water sources from microbial contamination.
More specifically, it does not include aspects related to water
quality such as the fluoride content resulting from geogenic
sources. Although the areas affected by both access to improved
water source and water quality may spatially overlap, it is
likely that the total number of people affected is much higher
than 9% of the population when both factors are taken into
consideration.

This study used fluoride levels in potable water as an
example for estimating the number of people at risk in
Namibia. We are not aware of a similar study in the sub-
continent, particularly in neighbouring countries, where cross-
border water management is essential, partly due to shared
aquifers and transboundary perennial rivers. It is necessary to
assess all water quality parameters, including nitrate and total
dissolved solids, in relation to the population affected at both
the national and sub-regional scales.
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