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• Groundwater fluoride documented
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• Fluoride N6mg/l at 3.4% occurrence, less
than EARS elsewhere, but locally signifi-
cant

• Geological control: Excessive N6 mg/l
fluoride only occurs in hot springs
N32 °C

• Hydrochemical control: fluorite control,
calcium, pH and temperature sensitivity
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diffuse occurrence a key management
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Countries located on the East African Rift System (EARS) are vulnerable to fluoride in their groundwater; a vul-
nerability for the developing country of Malawi at the southern rift periphery that is not well characterised.
Groundwater fluoride occurrence in Malawi is documented here to better understand and manage fluoride
risks posed. Available literature and Gov't of Malawi archive fluoride data spanning some fifty years have been
collated and augmented by our own 2016–18 surveys of groundwater quality in Southern Malawi, targeting
deep-sourced springs. In total, fluoride data for 1365 borehole, spring and hot spring samples were assembled.
Statistically, 83% of sampleswere below the 1.5mg/lWHO limit, concentrations in the 1.5–6mg/l range between
former (pre-1993) and current WHO guidelines at 14%, and those with fluoride above the current Malawi (for-
mer WHO) 6 mg/l guideline, at 3%. A lower occurrence than in other zones of the EARS, but indicative of a
need for aMalawi Gov't management policy revision and associatedmanagement strategies endorsed by several
documented incidences of dental fluorosis in proximity to high fluoride groundwater. Increased fluoride is re-
lated to increased groundwater temperatures signifying the importance of geothermal groundwater provenance.
Temperature data may indeed be used as a proxy indicator of fluoride risk; samples with a temperature N32 °C,
contained N6 mg/l fluoride. Structural geological controls appear to allow deep geothermal groundwaters to
come to the near surface, as evidenced by increased fluoride in springs and boreholes close to faulted areas.
Hydrochemical evaluation shows that fluoride concentrations are influenced by fluorite equilibration and sensi-
tivity to calcium and pH. Recommendations are made to further document the occurrence of fluoride and en-
hance management of risks due to fluoride in drinking water in Malawi. With fluoride as a key indicator
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within Sustainable Development Goal number 6, the currentMalawi standard andwaters with concentration be-
tween 1.5 and 6 mg/l will come under increased scrutiny and pose a key challenge to assessment and manage-
ment efforts.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Fluoride and arsenic are the two chemical contaminants of concern
globally for “safely managed drinking water” identified by the UN's
Joint Monitoring Programme (WHO and UNICEF, 2017). Securing safe
drinking water across the developing world including countries such as
Malawi in Africa has been driven by meeting Millennium and now Sus-
tainable Development Goals (M/SDGs) specifically SDG 6, to “achieve
universal and equitable access to safe and affordable drinking water for
all” (Truslove et al., 2019). Fluoride at low concentration is beneficial to
dental health and often added to water supplies and dental products,
cognisant that ingestion of excessive concentrations is detrimental
(Edmunds and Smedley, 2013). The World Health Organisation (WHO)
(2017) drinking-water guideline is 1.5 mg/l; below this, concentrations
promote teeth and bone growth; above, fluoride replaces apatite in
teeth causing dental fluorosis (DenBesten and Li, 2011). Prolonged, ex-
cessive exposure causes skeletal fluorosis (Haimanot et al., 1987), re-
ported in China, Tanzania and India (Agrawal et al., 1997; Bo et al.,
2003; Chen et al., 2012; Shorter et al., 2010). Despite the health risks, es-
pecially to children, some developing countries, including Malawi, retain
the pre-1993WHO guideline of 6mg/l in their regulations (Malawi Stan-
dards, 2005). The more stringent guideline may be perceived too oner-
ous, a perception not necessarily underpinned by data. Developing
countries may lack resources to undertake sufficient fluoride analysis to
fully document occurrence. Moreover, if health impacts seem rare, com-
placent settling for the higher guideline may occur with latent problems
remaining undiagnosed.

Given that fluoride in supply invariably originates from groundwater
(Amini et al., 2008), and groundwater is the primary developing-world
water resource relied upon to meet SDG 6 (Xu et al., 2019), managing
groundwater fluoride risk is a priority. Fluoride arises from groundwater
dissolution of fluoride-rich lithologies, including clay minerals and micas
(Battaleb-Looie et al., 2012), hornblende, amphibole and biotite in meta-
morphic Basement rocks (Bath, 1980; Mapoma et al., 2017), and (Base-
ment) volcanic rocks, especially of alkaline composition (Ghiglieri et al.,
2012). Manifestation of fluoride in deep-source springs or shallow
groundwater may arise from discharge of hydrothermal groundwater
from (Basement) rocks at depth, short-circuiting via fault pathways to
surface (Edmunds and Smedley, 2013), recognising concentration of
fluoride may occur in late stage hydrothermal fluids and pegmatitic
mineralisation (Bath, 1980). Groundwater supplies within rift systems
may be vulnerable where hydrothermal fluid discharge pathways to sur-
face are prevalent as found in parts of the East African Rift System (EARS)
(Hochstein, 2005). Groundwaterfluoride problems arewell known in the
central to northern parts of the EARS (Chavula, 2012); in Kenya elevated
fluoride occurs in proximity to rift volcanic rocks (Nair et al., 1984), fur-
ther north in Ethiopia it is associated with near-surface volcanic rocks
and active volcanoes (Tekle-Haimanot et al., 2006). Secondary sources
of hydrothermally precipitated fluorite (CaF2) may arise; upon ground-
water calcium increase, fluorite may precipitate on sediments, fault sur-
faces or in caves, to later re-dissolve upon the return of suitable
hydrochemical conditions (Maltsev and Korshunov, 1998). Due to equi-
librium geochemical reactions, high sodium, low calcium, and increased
pH together promote elevated fluoride concentrations, at times up to
hundreds of mg/l (Edmunds and Smedley, 2013).

Malawi ranks 172 out of 189 in the 2019 Human Development Re-
port (UN, 2019) and receives significant international aid. Some 85%
of its burgeoning 18 million population are rural, primarily depending
upon groundwater for safe drinking-water supply (Upton et al., 2018).
This is mostly delivered from tens of thousands of hand-pumped bore-
holes that continue to be drilled under aid programmes (Kalin et al.,
2019). Malawi's location towards the southern extreme of the lower
EARS western branch renders it susceptible to groundwater fluoride, a
susceptibility that is only poorly documented at present. EARS countries
with active rift volcanism such as Tanzania, Kenya and Ethiopia appear
to exhibit thehighest rift valleyfluoride (Ghiglieri et al., 2012;Nair et al.,
1984; Tekle-Haimanot et al., 2006). Whilst Malawi does not currently
host active volcanism, the Rift Valley floor in Southern Malawi experi-
ences active rifting and is judged susceptible to fluoride, by researchers
historically involved (Bath, 1980) alongside others generally reviewing
Malawi's groundwater quality (BGS, 2004; Mapoma and Xie, 2014; UN,
1989; Upton et al., 2018). The early work of Kirkpatrick (1969) on
Malawi's thermal springs notes frequent excessive fluoride. Such fluo-
ride concerns are set within known groundwater quality concerns, no-
tably salinity in some of the alluvial (superficial) aquifers (Monjerezi
et al., 2011; Rivett et al., 2018a) and possibly arsenic that although gen-
erally low, may be more elevated in supplies containing hydrothermal
groundwater contributions (Rivett et al., 2018b).

The above work allows preliminary conclusions of sporadic fluoride
in groundwater in contact with EARS Basement geology and, although
not appearing widespread in superficial deposits, some occurrences
above the 6 mg/l former WHO guideline that are acknowledged worri-
some (Mapoma and Xie, 2014). Of added concern we contend are oc-
currences in groundwater above the current WHO 1.5 mg/l guideline
that are observed but poorly documented, alongside at least some evi-
dences of dentalfluorosis inMalawi dating back to Bath (1980) together
with more recent reports (Msonda et al., 2007; Pritchard et al., 2008;
Sajidu et al., 2007). Added management concerns are that where phys-
ical symptoms of dental fluorosis do occur in Malawi, but these appear
to be regarded as ‘cosmetic’. Also, where records of fluorosis could
exist within hospitals, health offices or schools, these appear not to be
collated to drive a response. Moreover, recognising Malawi's shortage
of dentists, only 36 exist in 2019 (Khamula and Faiti, 2018), a lack of
problem diagnosis is very probable.

Our aim is hence to document groundwater fluoride occurrence in
Malawi, not only to help safeguard water supply to vulnerable popula-
tions, but also to understand and manage fluoride risks that may be
posed at this peripheral location within the African continental rift sys-
tem.We hence collate and evaluate available data pertaining to ground-
water fluoride in Malawi. We also add to this data from our own recent
sampling campaigns in Southern Malawi that allow improved insight
into the significance of hydrothermal groundwater and springs of
deep groundwater provenance in particular. The geological and geo-
graphical relationships of fluoride in groundwater in Malawi allow rec-
ommendations to be made on the improved quantification of the
groundwater fluoride problem in Malawi with subsequent develop-
ment of appropriate policy and management response priorities.

2. Materials and methods

2.1. Geological and hydrogeological setting

Malawi occurs as an elongate plateau towards the southern extreme
of the western branch of the lower EARS that structurally dominates its
landform (Fig. 1) (Habgood, 1963; Upton et al., 2018). Recent continental
rifting occurs, butMalawi iswithout current active volcanism (Hochstein,

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


3M.J. Addison et al. / Science of the Total Environment 712 (2020) 136260
2005). Its Miocene-recent structural geology (see Fig. 1) is mainly influ-
enced by the EARS and is bound by many faults. Elevation rises steeply
where the rift valley is bounded by large NW-SE and SW-NE trending
normal faults. Elevations span from around 30 m in the valley floor at
Malawi's southern border withMozambique to over 3000m in the high-
lands. Our descriptions focus towards SouthernMalawi, the lower rift val-
ley region judged (hydro)geologically at most fluoride risk (Bath, 1980).
Most availablefluoride data andour subsequentfield surveys occur there.

Upper Jurassic intrusive volcanics of the Chilwa Alkaline Province
(CAP) exposed by weathering in Southern Malawi occur as isolated to-
pographic highs (theMulanjeMassif and Zomba Plateau) and comprise
mainly granites, syenites and carbonatites (Fig. 1). Regional-scale,
normal-faulted blocks of Precambrian and Lower Palaeozoic Basement
gneiss and granulite occur, with Quaternary colluvium, alluvium and la-
custrine basins forming wide rift valley plains in the Shire Basin (SB)
(Fig. 1). The Shire River, the only outflow from Lake Malawi, follows
the rift valley exploiting the low terrain. Highly fractured sequences of
igneous and sedimentary rocks of the Karoo Supergroup form the
southwest flank of the Lower Shire Basin (LSB). Remnants of EARS
heat occur as hydrothermal boreholes and hot springs located on
major rift faults, for instance in the Mwanza valley and along strike of
the Zomba fault; occurrence is sufficient to cause on-going interest in
establishing Malawi's geothermal resource potential (Dulanya, 2006;
Msika et al., 2014; Robinson, 2018).

Threemain aquifer types occur in (Southern)Malawi; fractured Pre-
cambrian and Lower Palaeozoic Basement, weathered Basement and
Quaternary superficial deposits (BGS, 2004; Smith-Carington and
Chilton, 1983; Upton et al., 2018). Fractured Basement often underlies
relatively thin weathered Basement. Permeability of these high-grade,
crystalline metamorphic and metaigneous rocks arises from their frac-
ture network, with near-vertical fractures (alongside faulting) allowing
Fig. 1. Left:Malawi's position on thewestern branch of the lower EARSwith study area. Right: T
of interest.
deep-shallow flow connectivity. Storage though is limited,with low, but
still sufficient yields of 0.25–0.5 l/s for rural water supplies to village
communities nominally serving 250 people. They provide drinking
water to over 60% of Malawians (Chimphamba et al., 2009). Weathered
Basement aquifers are shallow, saprolite aquifers resulting from in-situ
weathering of Basement rocks. Where boreholes penetrate granular
horizons within the saprolite, yields of c. 2 l/s are common, with
increased yields where recharged by overlying permeable superficial
deposits (can be limited as units are often semi-confined by clays)
(Mkandawire, 2004).

Rift valley Quaternary - Tertiary superficial deposits form the most
productive aquifer of highest borehole yields. They arise from erosion
and mass wasting of rift escarpment Basement rock with yields poten-
tially exceeding 10 l/s. Deposit thickness varies due to the tilted,
block-faulted nature of underlying Basement sequences, but may be
up to 150 m where sediments have accumulated against large normal
faults on the rift valley's eastern flank. Coarse-grained, poorly sorted al-
luvial fans form basin flank, permeable aquifer units along rift escarp-
ments and may receive recharge contributions of typically good
quality water from recently recharged adjoining Basement rock. In con-
trast, flows into the shallow superficial deposits from deeper units are
typically of poor-quality groundwater. Data are sparse, but may include
transmission of hydrothermal water from depth along conductive fault-
lines (Dulanya, 2006; Msika et al., 2014; Robinson, 2018), or hydraulic
leakage from the underlying Karoo sedimentary aquifers containing
evaporite beds (of halite) (Monjerezi and Ngongondo, 2012).

2.2. Review of literature and archive groundwater fluoride data

Our research on fluoride occurrence in Malawian groundwater was
conducted under the Climate Justice Fund: Water Futures Programme
opographicmap ofMalawi showing rift valley,major faulting and other study area features
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(‘CJF’) that aims to support the Government ofMalawi inmeeting SDG 6
(www.cjfwaterfuturesprogramme.com) (Kalin et al., 2019). Review of
the literature and archive data was undertaken to collate all existing
groundwater fluoride data in Malawi. Review included journal litera-
ture, published or grey literature reports, and the extraction of archive
data held by the Government's Ministry of Agriculture, Irrigation and
Water Development (MoAIWD) discussed further below. Some
datasets, perhaps unpublished or not formally collated, may also be
held by NGOs (non-governmental organisations) facilitating (interna-
tional) aid. Efforts were made to source all data, however, suspect
data is not presented here, one example is a large dataset that was ex-
cluded from our collation as fluoride concentration data reported by
this NGO appeared anomalous (a consistent error was suspected, but
not proven).

2.2.1. Data quality assurance/quality control (QA/QC)
Where appropriate supporting major-ion data exist, we have

adopted a quality assurance – quality control (QA/QC) data-screening
protocol of using only the data for analysis where calculated ion bal-
ances are better than the conventionally accepted 5%. Some peer review
published fluoride data are presented for which supporting major ion
data were not available and hence ion balance checks are not possible.
It should be recognised that good ion balances do not necessarily guar-
antee the validity of the fluoride data in that positive and negative ion
errors may cancel out and that the balance may not be that sensitive
to fluoride errors as the fluoride ion contribution is typically a small
component of the balance (96% of samples had b5% fluoride contribu-
tion to anions).

2.2.2. MoAIWD and predecessor organisation archive data
Regarding theMoAIWD archive, Malawi has struggled to establish a

regularly sampled national groundwater quality monitoring network
(Rivett et al., 2018a). A monitoring network failed to be established
under the 1986 NationalWater Resources Master Plan (Malawi Depart-
ment of Water, 1986), but was recommended by the Ministry of Water
Development (2003) as a statutory provision within Malawi's National
Water Policy. The MoAIWD subsequently initiated a network using 35
purpose drilled monitoring wells in 2009–10 (MoAIWD, 2017a). How-
ever, budgetary constraints since have resulted in sparse groundwater
quality data and infrequent periodic sampling (MoAIWD, 2017b). Com-
bined with the fact that collation of records into a single Management
Information System (MIS) remains an on-going MoAIWD effort, frag-
mentary collation of archive groundwater quality data (incl. fluoride
data) is apparent. Archived data held by the MoAIWD are mostly from
its own laboratory facilities that are recognised to be limited, and in
need of modernisation.

TheMoAIWD archive of groundwater quality data ismostly from the
sampling of hand-pumped groundwater supply ‘water points’ used for
village community water supply. Water points of all types are being
evaluated for SDG6 by the CJF Programme, the majority of the over
115,000rural water supplies across Malawi are dependent on ground-
water (Kalin et al., 2019). Linking this georeferenceddatawithMoAIWD
groundwater quality archive sample data is problematic as the latter
may not be geo-referenced with coordinate locations and are simply
identified by a village namewhose locationmay not be clear, or the pre-
cise water point is unclear (many villages now have multiple water
points after successive water development programmes (Truslove
et al., 2019)).

We have gathered two primary sets of archive data: (i) a ‘1980 –
2014 archive’ gathered from the MoAIWD records; and, (ii) a
‘1970–80 archive’ originally gathered by Bath (1980) from the Geologi-
cal Survey (of Malawi) and augmented by his own 1980 survey data. A
third set of archive data has been selectively drawn from, (iii) the
‘Hydrogeological Atlas for Malawi’ published internally in 2018
(Malawi Government, 2018). The detail of each set is described below,
including QA-QC applied.
Regarding (i) the 1980–2014 archive dataset gathered contained
1959 samples of which 72% (n = 1401 samples) had ion balance esti-
mates. Of these, 74% balanced within 5% and were used herein for the
1980–2014 archive data analysis (n = 1034 samples).

Regarding (ii) the 1970–1980 archive, the Bath (1980) British Geo-
logical Survey advisory report provides data on a 234 groundwater sam-
ple data set for which fluoride data were available. Of these, 209
samples were extracted in 1980 by Bath from the Geological Survey
(of Malawi) archive ‘Cardex system’ of N1000 major element analyses
(some partial) on groundwater sample data “accumulated over the
last ten years or so”, referred to herein as the ‘1970–1980 archive’ data
set (in the absence of specific dates). Analysis was by colourimetry ini-
tially and specific ion electrode latterly, noting that the older analyses in
particular are flagged by Bath as “might be unreliable”. Of the 209 sam-
ples extracted 49 samples had insufficient data to calculate ion balances,
and of the remaining 160 samples, 74% balanced within 5% (n = 119
samples) used in the 1970–1980 archive data analysis (the remainder
being excluded). Unfortunately, this archive data set lack water-point
spatial coordinates, but were allotted to their respective ‘water resource
area’ (WRA) surface-water catchment regions (Fig. 2), that approxi-
mately correspond to Malawian Districts allowing segregation of sam-
ples at WRA or approximate District level per their Fig. 2 spatial
distribution (although assignment to geological – aquifer type was not
possible). Additionally, 25 groundwater borehole sites were sampled
in the Southern Region (specifically the LSB) by Bath (1980) during
his ‘Bath, 1980 survey’ and shipped to the UK for lab analyses. Of the
25 samples, 2 samples had an ion balance over 5% and were excluded,
with the remainder (n = 23) having a balance b5% and were used in
the analysis herein and shown as a distinct survey in the results that
follow.

Regarding data set (iii), we have augmented our primary archive
MoAIWD dataset with fluoride data drawn from work by the MoAIWD
now recently released (internally) within its ‘Hydrogeological Atlas for
Malawi’ in 2018 (Malawi Government, 2018), a compilation of
hydrogeological and hydrochemical records. The ‘Atlas’ presents
Water Resource Area (WRA) regional maps of records that includes
fluoride data simply differentiated above, or below Malawi's 6 mg/l
guideline. The Atlas accesses a similar data archive used to our own,
but also includes somemoremodern data up until 2017 and potentially
other archive datawhere further attempts have beenmade to locate the
coordinates of samples. Rather than draw all data from the Atlas, we
draw off site sample locations with fluoride N6 mg/l as the priority
data points to consider (particularly recognising these occurrences
were not evident in our 1980–2014 archive). These number 37 fluoride
samples. Extraction of the fluoride data herein may not include all fluo-
ride data held by the MoAIWD, but this intensive data mining effort is
expected to include the vast majority of data and certainly be represen-
tative at the geographical scales considered.

2.3. Review of fluorosis occurrence literature

In-keepingwith SDGs and human health concerns posed by ground-
water fluoride, cursory review of the published literature was under-
taken to provide contextual evaluation of fluorosis incidence in
Malawi. No attempt was made to collate health facility records.

2.4. Recent groundwater quality surveys by CJF

We augmented the collated archive dataset with fluoride data col-
lected during CJF field surveys of rural hand-pumped borehole supplies
from groundwater in SouthernMalawi. This includes targeted sampling
of hydrothermal groundwater including springs, the latter appearing
not to have received focused attention in the literature since the early
work of Kirkpatrick (1969). In June 2016 a surveywas undertaken sam-
pling 16 groundwater supplies in the dry season (Fraser, 2016), located
in the Shire Basin superficial deposits aquifer, including near the

http://www.cjfwaterfuturesprogramme.com


Fig. 2. Location and summary statistics of literature, archive and our 2016–2018 surveys of fluoride occurrence in Malawi's groundwater (with geological distribution shown).
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Mwanza and Zombamain rift faults (Fig. 1), and included hydrothermal
sites. Known and suspected hot springs and high-temperature bore-
holes were specifically targeted in our follow-up 2018 survey. 15 sites
(10 springs, 2 boreholes and 3 artesian boreholes) were chosen near
large rift faults and CAP intrusions in Blantyre, Chikwawa, Machinga,
Ntechu and Zomba Districts (Robinson, 2018). These sites span a
range of dominant lithologies: superficial sediments of the rift valley
underlain by Karoo sequences (4 sites), fractured Karoo sedimentary
rocks (1), fractured Basement (8) and CAP igneous rocks (2).

Samples in 2018were shipped to Scotland for analysis at theUniver-
sity of Strathclyde using ion chromatography (Metrohm 850 Profes-
sional IC). Samples in 2016 were collected in collaboration with the
Malawi Bureau of Standards (MBS) and analysed in the field using a
Thermo Scientific Orion Ion Selective Electrode. Supporting major and
minor ions were also measured in the laboratory, and temperature,
pH, EC and TDS (total dissolved solids) in the field where possible.

3. Results and discussion

3.1. Overview of literature studies

At least 15 journal or formal report publications have presentedfluo-
ride occurrence data. Of these, four were reviews of general hydrogeol-
ogy or groundwater quality presenting aspects of data from other
previous studies (BGS, 2004; Chavula, 2012; Mapoma and Xie, 2014;
UN, 1989). Of the remaining eleven publications, discussion of fluoride
results was often limited, with notable exception of Bath (1980). We
summarise these studies in Fig. 2, indicating their approximate geo-
graphic coverage and key fluoride data findings. We conveniently clas-
sify fluoride concentrations into four categories based around theWHO
guideline values as outlined in Table 1.

The earliest study presenting groundwater fluoride data is that of
Kirkpatrick (1969) andwould represent an early fluoride survey globally.
Fluoride data collected by Kirkpatrick (1969) show excessive fluoride is
strongly linked to “thermal springs” sources. Their hot-spring data
(n = 15) display groundwater temperatures mostly between 32 °C and
54 °C with fluoride from 3 to 12 mg/l; however, their two very elevated
temperature springs sampled at 65 °C to 78 °C likewise displayed very el-
evated fluoride at 17 mg/l and 20 mg/l respectively (we later plot their
fluoride – temperature data alongside our own data); Both Kirkpatrick
(1969) and later Bath (1980) comment on this data, particularly at
Nkhotakota where the spring(s) have been used for urban supply and
where “cases of dental fluorosis have been identified”.

The British Geological Survey (BGS) Report by Bath (1980) entitled
‘Hydrochemistry in groundwater development: Report on an advisory
visit to Malawi’ provides the most insight and extracts an early archive
data. It is discussed as a standalone section following.

Other studies present original data into local fluoride occurrence
(Fig. 2), potentially driven by health concerns and-or fluoride treatment
considerations. These identified problem areas in Nathenje, Machinga,
Chikwawa and Nsanje (Fig. 2), and included assessing health risks to
pupils at schools (Msonda, 2003; Sajidu et al., 2007; Sibale et al.,
1998). A further two studies present data, but primarily examine re-
moval of fluoride from groundwater (Masamba et al., 2005; Sajidu
et al., 2008) and the final study presents fluoride data in a general
water quality assessment of three areas in the Southern Region
(Pritchard et al., 2008). Generally, our review found that previous
Table 1
Summary of classifications for fluoride concentrations used in this study.

Classification Fluoride Concentration (mg/l)

Low 0–b1.5
Slightly elevated (S. elevated) 1.5–b2
Elevated 2–b6
Excessive 6+
work revealed that slightly elevated to elevated fluoride occurs in the
superficial sediments of the rift valley and near Lake Chilwa in Southern
Malawi. Excessive concentrations tend to occur where there is known
hydrothermal activity, and or near major faults. With the exception of
Kirkpatrick (1969), Mapoma et al. (2017) and Pritchard et al. (2008)
the studies fail to report measurement of sampled groundwater tem-
peratures and hence definitive relationships to hydrothermal ground-
water contributions were not shown by these authors, nor were other
controlling processes on fluoride occurrence explored in detail. Some
cases of elevated fluoride have been recorded in the Central and North-
ern Regions (Bath, 1980; Kirkpatrick, 1969; Msonda, 2003; Msonda
et al., 2007) and more recently by Mapoma et al. (2017). Most occur-
rence identified though is within Southern Malawi, albeit recognising
much less data are available for the former regions.

Mapoma et al. (2017) represents the only relatively recent published
fluoride data. Their analysis on fluoride occurrence is limited, suggesting
dissolution of fluorite and fluoride-bearing lithologies via silicate
weathering of Basement rock is the main control. All their samples have
low fluoride concentrations with the exception of one location showing
slightly elevated fluoride. They do not provide spatial coordinates.
Pritchard et al. (2008) present shallow well, wet and dry season fluoride
data for Balaka, ChikwawaandZombaDistricts. Only data fromChikwawa
District had suitable corresponding temperature data and have been in-
cluded in our later fluoride-temperature analysis. They state that Balaka
and Chikwawa are problem areas for elevated and excessive fluoride,
with limited exploration of fluoride source, suggesting that fluoride-
bearing minerals and evaporative concentration are probable causes.

3.2. Bath (1980) survey and 1970–1980 Geological Survey (Malawi)
archive

Fluoride data from the Bath (1980) report (including: 1970–1980
archive plus Bath (1980) survey data) on a box plot by WRA indicates
WRAs 1F, 1G and 1H (Thyolo, Nsanje and Chikwawa Districts - all lo-
cated in the Southern Region) contain excessive, albeit variable fluoride
(Fig. SM1 – in the Supplementary materials (SM)). Recognising that
sample numbers are variable, for example: 1H (n = 39); 1E (n = 1),
overall, the dataset (n= 142) contains 73.2% low fluoride, 5.6% slightly
elevated, 9.9% elevated, and 11.3% excessive fluoride with a mean of
2.16 ± 4.07 mg/l and median of 0.8 and 25th and 75th percentiles of
0.4 and 1.5 mg/l respectively. 94% of all elevated and excessive concen-
trations (n = 15) are located in the Southern Region.

The study by Bath (1980) allowed some insight into fluorite precip-
itation control upon fluoride in groundwater when elevated calcium
was present, as well as elevated temperatures influence indicative of
hydrothermal contributions to borehole groundwater. These data from
Bath (1980) are incorporated within the data analysis sections that fol-
low. Some further key points made by Bath (1980) relating to the c.
1970–80 archive include:

• On occurrence: high fluoride concentrations, many N2 mg/l and a few
around 10 mg/l are reported for the clay-sand superficial and weath-
ered gneiss aquifers in the LSB; “anomalous” (meaning high) fluoride
attributed to hydrothermal mineralisation (e.g. 8 mg/l around
Nantana, Namamblo Fault system), recognising the general need to
better identify deep-seated groundwater flow components to surface;
and, low (b1 mg/l) fluoride in some weathered gneiss catchments
contrasting with the LSB raises (if analytical data are correct) the
question as towhether different pre-cursor lithologies for the gneisses
in different locations account for fluoride variations;

• The reliability of fluoride concentrations reported “are somewhat sus-
pect”, due to some typographical errors (e.g. omitted decimal points),
reliability of the colourimetric method historically used, sometimes
very poor ion balances, and notably the lack of an inverse correlation
between high fluoride and low calcium for some samples expected
from fluorite equilibrium control (see later);
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• A recommendation that the possibility of elevated fluoride requires
confirmation via new (in 1980) specific ion electrode analysis;

• Regarding fluoride sources and elevated concentrations, possibilities
muted requiring proving were: breakdown of hornblende amphibole
and biotite constituent phases of gneisses containing fluoride replac-
ing –OH in the crystal lattice; same sources responsible for high salin-
ity in the Karoo (and Laputa) sediments and the need to examine
chloride – fluoride correlations; complexing of fluoride in saline solu-
tions allowing fluorite effective solubility to increase with salinity;

• Prime targets for suspected high fluoride are those groundwaters of
low calcium, i.e. Na-HCO3 and Na\\Cl type composition.

Bath (1980) concludes “Further investigations of the magnitude of
the fluoride problem are obviously required in view of the paucity of re-
liable data presently available”. We return to the progress made on this
recommendation in our conclusion.

3.3. MoAIWD 1980–2014 archive data

TheMoAIWD1980–2014 archive fluoride datasetwith spatial coordi-
nates and ion balances within 5% (n = 1034) and additional Atlas
MoAIWD (2018) archive data (n=37) is presented for the Southern Re-
gion in Fig. 3. Groundwater supplies with fluoride meeting the current
WHO 1.5mg/l guideline are geographically widespread across all litholo-
gies indicating low fluoride groundwater is often locally present, or avail-
able in the near vicinity. ‘Troublesome’ slightly elevated concentrations
(1.5–b2 mg/l) though can also be quite widespread and are particularly
prevalent across the more northern part of Southern Malawi. This loca-
tion corresponds to areas where the rift valley floor is not submerged be-
neath Lake Malawi and instead forms plains on land. Prevalence of
slightly elevated fluoride tends to occur on the fringes of superficial sed-
iments of the rift valley and along the strike ofmain rift faults in Basement
rock. Elevated fluoride at 2–b6 mg/l almost exclusively occurs in the su-
perficial sediments of the rift valley, and most apparent in the most
southern section of SB and, or in proximity to large rift faults with occur-
rences distributed throughout Southern Malawi. Excessive fluoride
(N6 mg/l) is found around the Blantyre area – Zomba fault in the Base-
ment uplands between the northern and southern portions of the rift val-
ley (Fig. 1) and within the rift valley southern portion - LSB (Fig. 3). The
(geological) controls upon the spatial occurrence offluoride are discussed
later for the entirety of fluoride data assembled.

The MoAIWD archive data, whilst fragmented, does provide some
opportunity to assess hydrochemical controls. For example, under fluo-
rite precipitation control, an inverse relationship between fluoride and
calcium is expected, low fluoride being thermodynamically predicted
when calcium activities increase. This relationship is generally observed
for both archive data sets and the Bath, 1980 survey data in Fig. 4, but
with the 1970–80 archive data having excessive fluoride (6–31 mg/l)
also displaying anomalously elevated calcium (c. 40–135 mg/l). Bath
(1980) highlights this anomaly stating that a solution with 40 mg/l cal-
cium should only in fact sustain 3mg/l fluoridewhere there is solubility
thermodynamic control by fluorite (CaF2) equilibration (see later fig-
ures for quantification of this equilibration control across the concentra-
tion range). Although salinity related complexing of fluoride could be
influential, there are reservations expressed by Bath (1980) over both
the colorimetric chemical analysis methods used historically for that ar-
chive and poor ion balances in some samples (where sufficient major
ion data allowed balance calculation) andhence it is conceivable analyt-
ical errors may exist in both fluoride and calcium archive concentration
data.

3.4. CJF programme data 2016–18 survey results

3.4.1. Groundwater temperature influence
Groundwater temperature data collected in our 2016 and 2018 sur-

veys are shown to be important and confirm that increased fluoride
occurs with increased groundwater temperature. This is evident in our
data in Fig. 5 plotted together with all historical fluoride data. Excessive
fluoride over 6 mg/l in the Southern Region was only found at elevated
temperature, over 32 °C, with the exception of two locations, one is no-
tably the only locality not directly related to the rift valley (Kirkpatrick,
1969), and the other is located in a shallow well in the superficial sedi-
ments of the rift valley (Pritchard et al., 2008), therefore vulnerable to
surface processes and not necessarily representative of hydrothermal
groundwater. By way of comparison, groundwater temperatures in
Malawi are not significantly impacted by deep geothermal sources
and appear typically around 20–30 °C (e.g. unpublished data (n =
284) for the Lake Chilwa catchment exhibit a mean groundwater tem-
perature of 26.4 ± 1.9 °C and a range of 21.1–32.1 °C). Importantly, all
of the N6 mg/l fluoride and N32 °C temperatures related to ‘hot spring’
samples (Fig. 5 filled symbols); none of the boreholes sampled with
temperature data contained excessive fluoride, nor temperatures ex-
ceeding 32 °C. Boreholes with ‘troublesome’ fluoride concentrations be-
tween the present and former WHO (current Malawi) guidelines at
1.5–6 mg/l display groundwater temperatures that largely group in
the range 26–31 °C, very similar to the temperature range displayed
by the bulk of b1.5 mg/l fluoride data. Thermal springs sampled by
Kirkpatrick (1969) had some ‘troublesome’ fluoride concentrations
above 32 °C but none below the WHO guideline. Some of the lowest
fluoride sampleswere from groundwater with the lowest temperatures
(Fig. 5). Kirkpatrick (1969) data were plotted with Southern Region
samples separate from other regions due to differing (hydro) geological
conditions (Fig. 5).

From a policy and management perspective the Fig. 5 data suggest
that elevated temperatures (N32 °C) alone may be used as a screening
tool to indicate excessive fluoride above the former WHO (current
Malawi) guideline in the Southern Region. However, it would not be
possible to identify risks from groundwater concentrations in the
1.5–6 mg/l fluoride by using temperature as a proxy indicator. A key
issue is whether the fluoride concentrations detected in this range are
arising from geochemical reactions such as Na/Ca ion exchange and
concurrent calcite and fluorite equilibrium in alluvial aquifers, or as hy-
drothermal groundwater components contributing to the borehole
flows with dilution of both fluoride and temperature by mixing with
shallower groundwater of lower fluoride and temperature, or if the
fluoride is of other provenance. Detailed geochemical study andmodel-
ling is advised to underpin a revised policy/limit for fluoride in Malawi,
but is out with the scope of this publication. Overall, Fig. 5 does very
much point to the control of increased hydrothermal groundwater con-
tents upon increasedfluoride risk, and also the risk posed by hot springs
being used in water supply where deep-seated hydrothermal flows
form a significant proportion of those discharges.

3.4.2. Hydrochemical observations
Our scope is not to consider detailed modelling of hydrochemical

controls upon groundwater fluoride occurrence, but to present key pol-
icy relevant observations of our 2016–18 survey data together with rel-
evant historical data. In summary, the geochemical data are consistent
with a reaction scheme of proton loss through primary silicate dissolu-
tion of (sodium) alumino-silicates (e.g. Na-feldspar), leading to dissoci-
ation of bicarbonate and increased carbonate and acidity favouring
calcite precipitation with sodium for calcium Na/Ca ion exchange
resulting in removal of calcium from water and increased potential for
fluorite to dissolve with resulting groundwater fluoride increase
(Nordstrom and Jenne, 1977). Increased fluoride displays a somewhat
scattered relationship with increasing pH (Fig. 6). Excessive fluoride
within our hot-spring samples and in the literature study samples of
Sajidu et al. (2007, 2008) and Kirkpatrick (1969) display pH towards
the higher range from around 7.2 up to 9.6 with values over pH 8.9
only found in samples with excessive fluoride in the Southern Region.
Dissolution of alumino-silicates (weathering) we assume is responsible
for increases in pH and alkalinity. pH values in the range 7.6–8.6 are
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shown tobemost favourable tofluorite dissolution (Saxena andAhmed,
2001), therefore, samples in Fig. 6may relate to lithologies or sediments
where fluorite is able to dissolve. Samples taken by Sajidu et al. (2007,
2008) are from either Basement rock or rift valley basin locations in
the Southern Region (Fig. 2). Their 2007 samples particularly lie close
to known locations of hot springs at Liwonde and on the Zomba escarp-
ment/plateau. Samples with higher fluoride concentrations and pH
values in Fig. 6 may perhaps relate to other factors including; increased
groundwater temperature which also favours increased solubility of
fluorite (Edmunds and Smedley, 2013) and increased residence time.
Groundwater with fluoride in the ‘troublesome’ 1.5–6 mg/l range is
not easily diagnostic from its intermediate pH of 7 to 8.5 (perhaps ex-
cepting samples towards 8–8.5) in that this range is commonly found
in samples with fluoride both above and below these concentrations.
Very low fluoride though, below 0.5 mg/l, is frequently, but not always,
characterised by low pH, c. 5.8–6.6.

Our 2016–2018 survey data provides good opportunity to revisit the
fluoride – calcium relationship and fluorite solubility control, our data
are shown in Fig. 7 superimposed upon the archive data previously pre-
sented in Fig. 4. Our 2016–2018 data, similar to the archive data display
greatest fluoride concentrations with low calcium and where calcium
concentrations are elevated fluoride is low. The data are banded
where possible to display the possible groundwater temperature con-
trol, warmer colours corresponding to increased temperatures (temper-
atures were not available for archive data plotted in grey). A somewhat
scattered relationship is observed with all temperature ranges with the
exception of N35 °C, where all samples plot with excessive fluoride and
low calcium (b40 mg/l). These also all relate to hot spring samples.

The equilibrium curve indicates the concentrations of calcium and
fluorite at which fluorite (CaF2) saturation would be predicted to
occur is also shown in Fig. 7 (based on an equilibrium constant of
3.70 × 10−11 (Chemistry LibreTexts, 2017)). The data as a whole gener-
ally follow the hyperbolic trend confirming the significance of fluorite
saturation control. Most data plot below the equilibrium curve indicat-
ing samples are mostly undersaturated with respect to fluorite (CaF2).
Where data are plotting above the equilibrium line indicating an appar-
ent over-saturation, those samples from our 2016–18 survey data are
not unduly over that line and still reasonably follow the hyperbolic
trend. It is only the 1970–80 archive data with markedly high fluoride
concentrations that plot substantially above the equilibrium line.

The same data are plotted in Fig. 8 to more quantitatively indicate
the degree to which apparent saturation is exceeded. The envelope of
saturation indices (SI) for fluorite calculated display an initial rapid in-
crease in values up to c. 3 mg/l fluoride reaching a SI around zero (i.e.
saturated equilibrium value) and thereafter a more gradual rise with
data in the 1970–80 archive trending up to apparent saturations for
the higher fluoride concentrations. Otherwise, the remaining data, i.e.
our 2016–18 survey and the Kirkpatrick (1969), trend up to SI values
of around 1. A detailed geochemical study is needed across Malawi
given the data displays progressive trends, those breaching of the equi-
librium curvemay relate to analytical errors in the data, particularly the
1970–1980 archive dataset. Concerns over some of these data were
expressed by Bath (1980), noting the use of less preferred analytical
methods, some ion balance issues, typographical errors (e.g. omitted
decimal points) and a less obvious inverse relationship of fluoride
with calcium displayed. We concur that those archive data attract the
most caution and potential qualification in the data interpretation.

Groundwater from a hot spring with low salinity may be attractive
to drink, especially in Southern Malawi where saline groundwater
used for drinking is a concern (Monjerezi et al., 2011; Monjerezi and
Ngongondo, 2012; Rivett et al., 2018a). From a policy and management
perspective, this is problematic as once cooled, hot springwater may be
pleasant to drink but would hide other naturally occurring health risks
Fig. 3.Groundwaterfluoride occurrence in SouthernMalawi based on data extracted from theM
MoAIWD (2019) Atlas (n = 37).
which are tasteless. Rivett et al. (2018b) found arsenic was elevated
on the hot spring 2016–2018 survey sites. Our analysis of the fluoride
data indicates that these sites also host themost excessive fluoride con-
centrations. These hot spring sites, if used regularly for drinking, pose
significant health risks which may be not be known to those at risk.
The findings do point to the policy and management opportunity of
good measurements at the well head; temperature, pH, arsenic and
fluoride may all be, or should be recorded at site and together would
point to the health risks at site without resorting to off-site analysis at
a laboratory.

3.5. Geological controls upon fluoride spatial distributions – all data

Geological controls upon the spatial distribution of all fluoride data
with quantified concentration data with coordinates obtained from
the archive literature (incl. N6 mg/l data points from the MoAIWD
(2018) atlas) and 2016–18 CJF surveys is illustrated in Fig. 9 for South-
ernMalawi (n=1143). It is notable that low fluoride groundwater sup-
ply can be extensively obtained across Malawi, and importantly in
proximity to areas containing higher concentrations indicating concen-
trations can be locally heterogeneous. Some areas, notably eastwards
from Blantyre in both Basement and superficial deposits removed
from the rift valley, are extensively low fluoride. However, most areas
regionally exhibit some fluoride occurrence above the 1.5 mg/l current
WHO guideline. Slightly elevated fluoride occurs in Basement rock
around the margins of the rift valley superficial aquifers (confined by
rift faults); they are most apparent regionally across the northern part
of the Fig. 9 study area to the south of Lake Malawi. The area is moder-
ately faulted with a complexmix of Basement rock and superficial aqui-
fer occurrences oriented north south.

Considering higher concentrations, elevated fluoride occurs almost
exclusively within the rift valley deposits, with only four exceptions in
Basement rock, one on a contact between Basement rock and the
Zomba Plateau intrusion andone in superficial sediments on the Eastern
flank of the Mulanje Massif (Fig. 9). Elevated and excessive fluoride
tends to occur in a north-south Z-shaped band of the rift valley with
oAIWD's 1980–2014 archive (n=1034 samples), with additional data extracted from the
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some occurrences somewhat south of LakeMalawi in the alluvial super-
ficial deposits, but most occurrences in the Basement rock around Blan-
tyre - southern extreme of the Zomba fault, or else occur towards the
margins of the superficial deposits in the Lower Shire Basin nearing
the contacts with the Basement complex or Karoo or Lupata series.

Of the excessive fluoride concentrations measured by our
2016–2018 survey, seven of nine are located at hot springs, with the re-
maining two at boreholes located in very close proximity to a hot spring
and potentially receiving components of the deep groundwater flow
system contributing to those springs. Similarly, excessive fluoride con-
centrations measured by Kirkpatrick (1969) derive from thermal
springs. Excessive fluoride samples reported byMoAIWD(2019) appear
to follow the strike of main rift faults, either on faults or adjacent to
them in the rift valley, as do those of Pritchard et al. (2008). The cluster
of excessive concentrations north of Blantyre is likely connected to the
rift faults at that location. The Zomba Fault, for instance, is an exten-
sional normal fault associated with the EARS and is a prime candidate
for structural facilitation of deep groundwater flows to surface.
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Excessive concentrations also manifest in a line where the Mwanza
fault may be buried beneath rift valley sediments in the west of the
LSB inferring the fault may continue for some distance under the sedi-
ments. The association of excessive fluoride with geothermal waters
and predominantly springs shows the significant control of geological
structure; fluoride risk appears highest where structure permits deep-
seated groundwater flows to reach (near) surface.

Hydrochemical controls may be expected to further influence the
local – regional fluoride distributions and the variation in fluoride de-
tailed occurrence in Fig. 9. Generalisations to consider include ground-
water flows generally south/eastwards towards the lowland Shire
River with ion exchange of calcium for sodium, creating more NaHCO3

and NaCl dominant water types of higher TDS (Monjerezi et al., 2011;
Rivett et al., 2018a). Given the dependence of fluoride on calcium (fluo-
rite dissolution/precipitation), its exchange removal may facilitate
increased groundwater fluoride as older rift valley groundwater ap-
proaches the river – lowland discharge areas. Shallow groundwater
here is vulnerable to phreatic evaporation during the dry season, further
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concentrating any fluoride present. Such processes could account for el-
evated fluoride in the nearer river, rift valley sediments. Towards mar-
gins of the rift valley sediments where minimum ion exchange for
sodium has occurred, groundwater saturated with calciummay poten-
tially have lowered fluoride via fluorite precipitation.

3.6. Summary statistics of fluoride occurrence – all data

Summary fluoride data statistics for Southern, Central, Northern and
all Malawi for all quantified concentrations obtained are provided in
Table 2 (this includes CJF and literature data, including data where re-
gional location, but not exact coordinates are known). The percentage
of data within the Regions is dominated by Southern at 94.1% compared
to just 0.7% for Central and 5.1% for Northern.Whilst there is occurrence
of some elevated (n=8) concentrations and excessive (n=4) concen-
trations in the latter two regions, the low sample numbers preclude
conclusions being drawn on these regions, albeit pointing to the need
for further fluoride survey data. Statistics for Southern Malawi (n =
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1285) are more meaningful and indicate some 83% of samples were
low, below the 1.5 mg/l WHO limit. Hence for the vast majority of
water supply boreholes fluoride appears an insignificant issue. Combin-
ing slightly elevated and elevated fluoride occurrences encompassing
the ‘troublesome’ 1.5–6 mg/l range between current WHO and current
Malawi guidelines, around 14% of sampled groundwater supplies fall
in this category. Excessive fluoride, above the current Malawi guideline
occurs in a little over 3% of sampled groundwaters. Hence overall, gen-
erally fluoride in groundwater appears not to be an issue for the great
majority of groundwater supplies, but certainly not all.

3.7. Fluorosis occurrence

There are some evidences in the literature of localised occurrence of
dental fluorosis; where locations of incidences are sufficiently known,
these aremarkedon Fig. 9. Historical incidences are evident, for instance
Bath (1980) comments on Kirkpatrick (1969) data stating; “this has
been of particular concern at Nkhotakota where the spring has been
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used for urban supply and where cases of dental fluorosis have been
identified”. Msonda (2003) in a study in theNsanjeDistrict found ‘a pos-
itive correlation between prevalence of dental fluorosis in children and
fluoride concentrations in groundwater. Sajidu et al. (2007) published
dental fluorosis data for four schools in Machinga District documenting
dental fluorosis in school pupils aged 8–9 from four schools: Liwonde
LEA, Mtubwi FP, Mombe FP and Mmanga FP in the Southern Region.
Mmanga FP school was reported to have minimal dental fluorosis
cases, 13.2% of pupils showing symptoms. The other three schools had
much higher incidence, with Mtubwi FP school being the highest at
52.6% of pupils. Locations of the two worst-affected schools are plotted
in Fig. 9 and are proximal to some of the groundwater points - hot
springs with the most excessive fluoride. Mtubwi FP School is located
on the aforementioned Zomba fault escarpment on a large nepheline-
syenite CAP intrusion and Liwonde LEA School is located west of the es-
carpment on superficial sediments in the centre of the rift valley.

Additional to the above studies that documented dental fluorosis,
three more reported locations as having known or visible signs of the
condition. Sibale et al. (1998) reported on Nsanje that “visible signs of
dental fluorosis are common in this district” (Sibale et al., 1998). Other
locations reported as having cases of fluorosis were Liwonde, Machinga
and Nathenje (Sajidu et al., 2007, 2008; Msonda, 2003). This study con-
firms that of the areas mentioned in the literature as having dental fluo-
rosis; Nsanje, Liwonde, Ulongwe, Mtubwi and Machinga, which are
located in the Southern Region (Fig. 2) are vulnerable, as each have nu-
merous locations nearby where elevated and excessive fluoride has
been measured (Fig. 9).

It is unknown howmany people in Malawi are affected by fluorosis,
but this study has shown that there is a potential for fluorosis not only in
the Southern Region, but within other regions of Malawi, particularly
where there is rift activity. Affected numbers could well be in the tens
or hundreds of thousands. The Malawi Gov't standard is one rural
water point for each 250 persons; for the data in Table 2 it suggests
for just those measured water points in this paper there are 282,999
persons using water supplies with fluoride above the WHO drinking
water guideline, but without proper investigation the total remains
speculative. Whilst fluorosis incidence may currently be overlooked in
their wider and more pressing health concerns, such as HIV, malaria
etc., developing countries with fluoritic groundwater will come under
increasing pressure to address fluorosis incidence in the wake of the re-
cent UN Joint Monitoring Programme (JMP) classification as a main
chemical contaminant of concern. Whilst fluorosis may not be a direct
cause of death, potential secondary causes of death, such as untreated
infection from damaged teeth or bones caused by fluorosis, remain un-
known and of concern.

Further research into the prevalence of dental fluorosis in Malawi,
particularly in the Southern Region is recommended as it may provide
an additional proxy for locating fluoride hotspots. Dental fluorosis loca-
tions plotted onto geology correlates with excessive fluoride areas
(Fig. 9). Correlations between elevated fluoride and dental fluorosis
have been reported in Malawi literature (Msonda, 2003; Sajidu et al.,
2007), although these studies are very localised and sparse. Whilst
they present a clear relationship between fluoride chemistry and
human health, they illustrate the need for further investigation.

3.8. Considerations from the wider East African Rift System

Elevated fluoride is documented throughout the EARS extent be-
yond Malawi. Concentrations of 10 mg/l are common in Ethiopia and
are greatest near the rift where they can be 200–300 mg/l (Chavula,
2012). Both Kenya and Tanzania have reports of elevated concentra-
tions which also tend to be highest at or near the rift (Ghiglieri et al.,
Fig. 9. Groundwater fluoride occurrence in Southern Malawi based on Fig. 3, with the addition
(1969) “thermal spring” samples (n = 15), Pritchard et al. (2008) shallow well samples (n =
Kirkpatrick (1969) (n = 2).
2012; Nair et al., 1984). Rift-related alkaline intrusions are a recognised
fluoride source throughout the EARS. They have been shown to produce
significant fluoride concentrations in the Kenya rift valley which forms
the lower section of the eastern branch of the EARS (Fig. 1) (Nair
et al., 1984). Such intrusions occur across both branches of the EARS
and have also been shown to contribute significant fluoride concentra-
tions in Tanzania on the western branch (Ghiglieri et al., 2012). Al-
though the western branch discharges an order of magnitude less heat
than themore volcanically active eastern branch (Hochstein, 2005), sig-
nificant hydrothermal systems are still in place.

Malawi hosts such lithologies which occur in the form of CAP intru-
sions in the Southern Region. Data here, however, are insufficient to
draw conclusions around CAP intrusions as a fluoride source in the
study area. Our 2016–18 survey only sampled two excessive fluoride lo-
cations proximal to a CAP lithology, both at the contact between the
Zomba Plateau intrusion and the host Basement complex. These loca-
tions likely receive significant hydrothermal contributions related to
the Zomba fault which may mask specific fluoride signatures caused
by interactionwith the intrusions. Kirkpatrick (1969) sampled one loca-
tion on the eastern flank of the Mulanje Massif which is the only loca-
tion in the Southern Region with elevated fluoride proximal to a CAP
intrusion but not close to a rift fault (Fig. 9). This location appears as
anomaly in plots of fluoride versus groundwater temperature and pH
(Figs. 5 & 6 respectively) which may indicate a more accurate chemical
signature from interactionwith CAP intrusions. Further sampling is rec-
ommended to examine the hydrochemistry around Malawi's CAP
intrusions.

Nair et al. (1984) observed elevatedfluoride groundwater in Kenya's
Rift Valley caused by precipitation and dissolution of fluorite in lime-
stones surrounding igneous rocks associated with the initial phases of
rifting. It is therefore recommended that fluorite occurrence close to
CAP intrusions and carbonatites are examined in Southern Malawi.
Carter and Bennett (1973) reported significant fluorite occurrences
around carbonatite cores in the Southern Region, particularly around
Chilwa Island where the mineral runs in bands up to 50 m long. This
would be a good starting point for geochemical investigation.

Bath (1980) proposes that hydrothermalmineralisation alongmajor
fault systems may be a source of fluoride. This may be particularly true
in the LSB which forms the southern section of theMalawi Rift. Fluorite
associatedwith low temperature hydrothermal systemswill precipitate
in veins during a cooling period following intrusion (Ackerman, 2005;
Magotra et al., 2017). A post-emplacement cooling period led to the for-
mation of fluorite-cemented breccia pipes in the Gallinas Mountains of
New Mexico, USA. (William-Jones et al., 2000), the Southern Malawi
context for this environment being the post CAP intrusion cooling pe-
riod in the Lower Cretaceous. Emplacement of alkaline intrusions is,
therefore, recognised as proxy locations for fluorite. Weathering of
this material, accumulating in rift valley aquifers may account for
some elevated fluoride we see in our 2016–18 survey samples and
also both archive datasets. Detrital fluorite within sedimentary
lithotypes was identified as a source of fluoride further north in the
EARS on the NE slope of Mount Meru, Tanzania, proving at least that
the process is present within the system, albeit further north where
there is still active volcanism (Ghiglieri et al., 2012).

Elevated fluoride does not appear to be homogeneouswithin the rift
valley in the study area. Our study revealed a biotite gneiss quarry lo-
cated south of Chikwawa within rift valley sediments of the LSB, along
the strike of the Mwanza fault (Fig. 9). The quarry was covered by less
than a metre of alluvium, indicating that sediments are often not as
deep as expectedwithin the basin, at least in the LSB. Back-tilted, exten-
sional block-faulting occurring beneath rift valley sediments may parti-
tion sections of basin sediments. This process has been shown to occur
of our 2016–2018 survey samples (n= 48) and hot spring locations (n= 9), Kirkpatrick
24) and Kaonga et al. (2014) hot spring locations which differ from those identified by



Table 2
Summary of all fluoride concentration data obtained.

Malawi Region n Mean 25th Median 75th Fluoride (mg/l)

Percentile Percentile Low
(0–b1.5)

Slightly elevated (1.5–b2) Elevated
(2–b6)

Excessive
(6+)

Northern 70 1.13 0.3 0.45 0.9 85.71% 1.43% 11.43% 1.43%
Central 10 3.6 0.3 0.5 0.6 70% 0% 0% 30%
Southern 1285 1.22 0.5 0.81 1.23 82.88% 9.26% 4.51% 3.35%
All 1365 1.23 0.48 0.8 1.22 82.93% 8.79% 4.84% 3.44%
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further north in Egypt's Suez rift valley (Withjack et al., 2002) so it is
reasonable to infer that a similar structure may be present beneath
the rift valley sediments of the study area. This coupled with evapora-
tive concentration may create isolated, structurally controlled shallow
aquifer units with locally variable fluoride concentrations.

4. Policy and management implications

The study gives rise to policy andmanagement implications for fluo-
ride inwater supplies acrossMalawi. These are simply listed belowwith
brief elaboration, butwith the perception there is commonality of issues
to parts of the wider developing world:

• Retention of national guidelines at the former WHO guideline rather
than adopting the lower current WHO drinking water guideline is
likely to come under increasing scrutiny, especially if concentrations
in the 1.5–6mg/l are shownprevalent, andmore so if cases of (dental)
fluorosis become apparent. Proving the typically more diffuse prove-
nance of such concentrations is perceived onerous compared to
more elevated concentration, hot-spot occurrence.

• Documentation of the fluoride problem inMalawi is of a fairlymoder-
ate standard, especially considering its potential rift valley related vul-
nerability, occurrences of elevated fluoride and some fluorosis cases
have been long known; there is need to better spatially assess and
monitor trends in identified localities of concern with increasedmon-
itoring and data sharing by sectors, e.g. NGOs at water-point commis-
sioning, the Ministry via groundwater quality networks that require
sustainable revenue to resource.

• Chemical analysis laboratory facilities inMalawi require significant in-
vestment and modernisation; colorimetric – wet chemistry methods
have remained common to date in Ministry laboratories that have
lacked modern analysis equipment or resource to keep operative.
Equipping laboratories with modern techniques such as ion chroma-
tography would provide more robust data sets and would allow for
less uncertainty when modelling hydrochemistry. A more systematic
approach to groundwatermonitoring and data collection and analysis
is necessary for Malawi, particularly in the current SDG climate.

• Diagnosis of dental fluorosis is likely limited for the aforementioned
reasons (e.g. few dentists); there is need to more fully document its
prevalence and linking of cases towater supplies and to raise commu-
nity awareness. This could be achieved by appointingmore local den-
tists nationally who can educate on the effects of fluorosis whilst
gathering data and documenting cases.

• Our evidences are that fluoride (and arsenic – Rivett et al. (2018a,
2018b)) can be elevated in groundwater that is of low, and acceptable
salinity; in that high salinity taste often acts as a deterrent to drinking
water in the absence of analysis, this ‘safeguard’ is potentially re-
moved.

• Data from this study confirms there is significant opportunity to
screen health risks at the well-head without resort to sophisticated
laboratories given investment in field probes or test kits to measure
fluoride, arsenic, and indicator metrics of elevated temperature and
pH.

• Rift structure controls: there is a need to better understand the con-
trols of locality variation within the rift valley system upon the
occurrence of fluoride at all scales;whilst themapping of ‘hot-springs’
is easily undertaken the mapping of geological vulnerability due to
faulting intensities – geological conditions should be increased to aid
(hydro)geological conceptualisation of occurrences.

• Hydrochemical controls: there are needs for the increased use of field
measurements (minor/major ions and isotopes), laboratory (batch)
experiments and geochemical modelling to better understand the
hydrochemical controls onfluoride occurrence,with local sensitivities
expected.

• Human vulnerability to fluoride from groundwater must be assessed
in terms of area. Once sources are identified, an assessment of vulner-
ability of the immediate and surrounding area should be quantified
with respect to population density and distance from source. This
will increase the ability to manage risk from fluoride going forward.
This may be achieved plotting water point and population data into
GIS and calculating (or estimating) numbers of people potentially af-
fected by each waterpoint. This would be very useful for informing
policy makers.

• Management response to fluoride problem areas needs to be devel-
oped to understand the scales and nature of response required and
the availability of options to ameliorate problems; e.g. is the problem
fixed by a new borehole nearby, or are larger projects required with
remote water (pipeline) import.
5. Conclusions

This study found that limited research has been undertaken to un-
derstanding the specific processes controlling fluoride provenance in
Malawi's groundwater. Our conclusion from review of the literature
and archive data on fluoride inMalawi's groundwater, is the conclusion
by Bath (1980) that “Further investigations of the magnitude of the
fluoride problem are obviously required in view of the paucity of reli-
able data presently available” still, some forty years later, has some va-
lidity. Whilst it is recognised advance has been made in terms of
documenting fluoride occurrence and fluorosis, the advance in knowl-
edge base has been modest. Comparatively few dedicated studies exist
and those that have taken place have been small and locally focused,
with the extent of the problem at all scales up to national level only
moderately documented. There has been significant shortfall in the
resourcing of groundwater quality monitoring networks and establish-
ing laboratories with modern facilities that allow assessment of the
fluoride problem with confidence. There is reasonably sufficient data
to believe that fluoride is less pervasive or acute problem in Malawi
than in other parts of East African Rift System but it is clear that fluoride
in groundwater supplies is an issue to be addressed under Sustainable
Development Goal 6 for Malawi. This study gives rise to a range of iden-
tified implications in Malawi for fluoride assessment, policy changes
and management, with some anticipated to have wider validity across
the developing world.

The former WHO 6 mg/l guideline for drinking water is still applied
in Malawi, recognising that the 1970–80 archive data in particular are
subject to analytical uncertainties and there remains a need to ground
prove such concentrations. Our recent CJF survey work corroborates
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the importance of hydrothermal groundwater with data suggesting
groundwater temperatures over 32 °C are likely diagnostic of significant
fluorosis health risks. These concentrations tend to occur where there is
known hydrothermal activity, or near major faults.

Concentrations at 1.5–6 mg/l, above current, but below the former
WHO (current Malawi) guidelines, may pose a more challenging policy
and management strategy. Groundwater within this concentration
range appears widespread throughout Southern Malawi, perhaps re-
lated to rift valley structures and areas of known, or suspecting faulting.
The geological provenance of such fluoride needs to better understood,
as do the probable control of fluorite causing elevated fluoride risks in
low calcium, high pH conditions as more conclusively shown herein
from our recent surveys, but recognising the potential significance of
calcium-sodium ion exchange and salinity complexing increasing fluo-
ride. There a virtual absence of research geared to understanding the
specific processes controlling fluoride provenance in Malawi.

Our expectation is that in the drive for SDGs (specifically SDG 6.1),
concentrations in the ‘troublesome 1.5–6 mg/l fluoride window’ will
come under increased scrutiny not only in Malawi, but in the wider de-
veloping world, especially with increasing capacity and attention to
documenting fluorosis incidence. Whilst priority clearly should be
given to cases where concentrations exceed 6 mg/l, our perception is
that these are relatively easily identified, and it is the ‘troublesome’ con-
centration windowwhere assessment and management efforts need to
be intensified.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2019.136260.
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