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Preface

A significant portion of sub-Saharan Africa is underlain by basement aquifers. These types of aquifers are
considered to be of minor importance in hydrogeological terms, but nevertheless provide water for
millions of people in areas of sub-Saharan Africa. The development and management of groundwater
resources in these types of terrains is a complex problem. It is therefore encouraging to see colleagues
within the Southern African Development Community (SADC) sharing their knowledge and experiences.

There are a number of important constraints to the development of basement aquifers in Southern Africa.
Some of these constraints include:

. The high failure rate of boreholes

. Low storage capacity

. Sensitivity of recharge to land-use changes (e.g. desertification)

. Association of basement aquifers with areas of low rainfall and high evaporation, which therefore

have low recharge potential

Whilst these concerns may give rise to complex ’scientific’ questions, it is important to recognise that the
communities that depend on these water resources often live in poverty and face serious health issues. My
wish is that scientists start to transcend the science-policy-implementation cycle and ensure that their
knowledge is applied to addressing the huge poverty concerns in the region. In this regard, the Water
Research Commission is to be congratulated for reaching beyond the South African scientific community. It
is only through this cross-pollination of ideas that lasting solutions can be found.

The challenge remains to scale up these excellent ideas and to incorporate them into the broader water
resource decision-making process. Can you, as scientist, respond to this challenge?
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Basement aquifers of southern Africa: Overview and research
needs

Shafick Adams

Water Research Commission, Private Bag X03, GEZINA, 0031, SOUTH AFRICA

Abstract

A fifth of the world’s population lives in areas that are characterized by physical water scarcity. The complexity
of water scarcity is expected to increase over the next few decades. The relationship between the
characteristics and occurrence of groundwater that is to be found in basement aquifers and the factors that
govern the management of these groundwater resources is not yet fully appreciated. This paper presents an
overview of the latest research on basement aquifer hydrology in southern Africa and is based on the case study
papers that are presented in this publication. The papers cover an array of topics that range from the assessment
to the exploration and the management of water resources. It is estimated that 60% to 90% of the rural
population in southern Africa relies on groundwater for its livelihood. However, it is generally acknowledged that
groundwater management lags behind the current development of groundwater and the exploitation of the
resource. Several management strategies or models are proposed for the effective management of groundwater

in basement terrains.

Introduction

Crystalline basement forms the largest part (40% of the
land area) of the four hydrogeological zones of sub-
Saharan Africa where 220 million people live in rural
areas that are underlain by crystalline basement rocks
(MacDonald and Davies, 2000). In southern Africa,
basement aquifers constitute approximately 55% of the
land area (UNEP and WRC, 2009). Literature on the
characteristics of crystalline basement aquifers has
increased considerably over the past few decades (e.g.
UNESCO, 1984; Acworth, 1987; Howard and Karundu,
1992; Wright and Burgess, 1992; Gustafson and Krasny,
1994; Chilton and Foster, 1995; Lloyd, 1999; Taylor and
Howard, 1999; Banks and Robins, 2002, Titus et al.,
2002). The compendium of papers in this publication
comprises case studies of basement aquifers in the
following countries: Botswana, Malawi, Namibia, South
Africa, Tanzania Zambia and Zimbabwe. This collection
of papers will contribute to the understanding of these
‘minor’, but important, aquifers, including the various
management options that are available in the countries
concerned. Due to their low storage capacity, quality
and water supply problems, basement aquifers are often
described as being poor or minor aquifers. However, the
case studies presented, indicate that they are often the
only means of supplying water to a large number of rural
communities and local authorities. More intensive
development of the groundwater resources is possible at
locations where favourable lithology, structural features

and weathering coincide to form zones of higher
transmissivity (Chilton and Foster, 1995). Braune and
Mutheiwana (in this publication) indicate that between
60% and 90% of the communities in rural southern Africa
use groundwater and most of the areas concerned are
indeed underlain by basement aquifers. The
development of basement aquifers, as a reliable source
of rural water supply, is notoriously complex, especially
where a thinner weathered overburden is present.
Crystalline basement aquifers are generally classified as
two-layer systems that comprise fractured bedrock that
is overlain by a weathered/regolith zone (Chilton and
Foster, 1995). Regolith is defined as the solid product of
intense in situ weathering. Titus et al. (in this
publication) describe the development or evolution of
the weathered zone in the northwestern parts of South
Africa. The extent and depth of the weathered zone is
determined by factors such as susceptibility to
weathering and the availability of moisture. The
weathered zone in arid terrain is generally shallower
than in more humid terrain. However, thick weathered
zones do occur in semi-arid areas and are the result of a
more humid period (UNESCO, 1984). The semi-arid to
arid Namaqualand region is an example of the latter and
in it the weathering can extend up to 80 meters.
Fracture zones usually occur along lineaments and often
correspond to the surface drainage patterns. Fractures,
dykes and zones of weathering and/or overburden
deposits are targets for the exploitation of groundwater.

— 1



Basement aquifers of southern Africa: Overview and research needs

Exploration and assessment

The quality and quantity of the available groundwater
are often factors that limit development in areas that
are underlain by crystalline basement terrain. Due to the
inherent small storage capacity of these aquifers,
favourable recharge conditions are essential if they are
to be viable sources of water supply. Adams et al. (in
this publication) present a framework for estimating
groundwater recharge that is based on the availability of
data. Their paper also demonstrates that groundwater
recharge in semi-arid areas is spatially and even
temporally complex and that it is a function of the
prevailing climate, geology, topography and drainage.
Recharge in arid and semi-arid areas mainly occurs
indirectly. Recharge is generally higher in alluvial zones,
which are often structurally controlled. Due to the
inherent difficulties of estimating recharge, it is
recommended that various estimation methods be used.
It has been illustrated that, in Namibia, indirect
recharge to the hard rock aquifers can be enhanced by
constructing sand storage dams or “grundschwelle” in
the alluvium or riverbeds (Kirchner, in this publication).
Linn (in this publication) comes to the same conclusion
in respect of cases in which aquifers that are connected
to perennial or intermittent streams receive greater
recharge. In respect of the Limpopo province of South
Africa, Holland and Witthisser (in this publication)
illustrate that, in the case of, boreholes that exploit the
gneisses, granitic contacts and alluvium present
relatively favourable conditions while younger, less
fractured and weathered granites have lower borehole
productivity.

It is well known that not all fractures and fracture sets
that are intercepted by drilling will yield water in hard
rock terrain. The flow through rocks requires that a
connected network of fractures should be present. Linn,
Lovell and Sami (in this publication) and Kellet (2004)
have highlighted the fact that the finding of suitable
targets in often complex terrain requires the use of local
knowledge; airborne and/or ground geophysics (airborne
magnetic surveys, airborne radiometric surveys,
horizontal loop electro-magnetic (HLEM), vertical
electrical sounding (VES) and electromagnetic methods,
etc.); detailed structural and geological mapping (e.g.
field mapping, aerial photography and satellite imagery
analyses); and exploratory drilling. The integrative
approach to borehole siting has achieved a relatively
high success rate (>75%) across Botswana in comparison
with the 20% success rate achieved with ‘conventionally’
sited holes (Linn, in this publication). Sami (in this
publication) proposes the implementation of an
integrated exploration and development process that
focuses strongly on the structural and geodynamic
analyses of the fractured basement aquifers under

investigation. Sami has demonstrated, by means of a
case study, that the rate of drilling successful boreholes
can be improved by applying an integrated exploration

process. Crystalline basement rocks (usually of
Precambrian age) have generally been subjected to
multiple tectonic events, under varying stress

conditions, which result in complex patterns of ductile
folding and brittle fracturing in the near-surface regions
of the earth’s crust (Lloyd, 1999). Structural analysis is
commonly used to identify compressional and
extensional orientations. By identifying extensional
orientations, structures occurring at right angles to them
are considered to be more open and are therefore
potential groundwater target zones. Both Titus et al.
and Sami (in this publication) have shown that the
reactivated NNW-SSE lineaments are the ideal
groundwater targets in Namaqualand and the Bushveld
areas in South Africa. Granite is considered to be more
pervious than gneiss in highly fractured terrains (Stober
and Bucher, 2007). Fractured rock that is likely to
transmit a sufficient volume of water will receive
adequate recharge; have a high density of fractures;
have fractures with wide apertures (extensional); be
parallel to the gravitational gradient; and be
overpressured (Bisson and Lehr, 2004). The connected
zones that have adequate storage, like the weathered
zones and alluvial systems, are an important part of the
exploration target. Due to their larger porosity, the
weathered or regolith and alluvial zones act as reservoirs
that slowly feed water downward into fractures in the
bedrock. The deeper groundwater levels and thin
saturated regolith in arid regions necessitate the drilling
of deep boreholes to intercept structural features and
contact zones at depth within the unweathered bedrock.
The quality of the groundwater is often variable. In
respect of Namaqualand, Titus et al. (in this publication)
found that the groundwater chemistry is dependent on
the point of sampling, recharge, hydraulic gradients and
hydraulic conductivity. Nkotagu (in this publication)
found that elevated fluoride concentrations are not
always attributable to the direct dissolution of fluoride-
bearing minerals. In respect of the Singida region of
Tanzania, he found that the main mechanism for
fluoride and salinization input into groundwater is
attributable to the leaching of surface and near-surface
salts (i.e. trona). In most parts of Zambia, Malawi,
Mozambique and Zimbabwe, large-diameter hand-dug
wells and ephemeral springs are the most common water
points (Kellet, 2004). These sources are susceptible to
groundwater pollution and droughts.

Management

The development and management of water resources
are essential elements of water security. It is evident
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that our understanding of basement aquifers is
improving and so, too, are the management systems that
are required to access and manage groundwater in these
aquifer systems. Some of the main reasons why
groundwater resources in these systems are perceived to
be unreliable are poor operation and maintenance; rapid
pollution; sudden failure of schemes; and a general lack
of capacity at the local level to manage and protect
groundwater resources. In general, it is the public and
policy-maker perceptions or lack of awareness of
groundwater that represent an important cause of
emerging problems (Burke and Moench, 2000;
Quevauviller, 2007). In view of the Vvariable
hydrogeological (spatial) and climatic (spatial and
temporal) conditions that are experienced in some of
the areas concerned, any groundwater scheme
developed within these systems should be monitored and
maintained effectively.  With the increase in our
population, economic growth and the technological
options that we have to abstract groundwater cheaper
from greater depths, it has become clear that there is a
need to manage groundwater resources better (Kemper,
2007). Lovell (in this publication) argues that “the
greatest single challenge that faces rural water supply in
southern Africa is the issue of maintenance”. In the
Dendron area of South Africa, significant agricultural
activities are being maintained from basement aquifers,
albeit through over-abstraction, (Masiyandima, in this
publication). In the case of Malawi, Chimphamba et al.
(in this publication) have found that, although 60% of
the rural population relies on groundwater from the
basement aquifer systems, there is not sufficient
monitoring of water quality taking place. Sunguro and
Beekman (in this publication) highlights the need to
implement practical groundwater investigations as well
as development and management strategies and
practices that could benefit all the stakeholders
concerned. The application of a combined management
framework (comprising direct and indirect approaches)
to basement aquifers would improve the overall
management  of  groundwater  supply  schemes
(Masiyandima, in this publication). Pietersen (in this
publication) presents a multi-criteria decision-analysis
framework for the management of groundwater in the
Namaqualand region of South Africa. Standard
groundwater management approaches depend on the
presence of basic data and on institutional capacities
(FAO, 2003). In most instances, there is a dearth of
information that has been derived from collected data
and from which management policies and schemes can
be developed. In order to protect the resource and to
generate additional supplies of water in circumstances
of scarcity, effective management will have to rely on
adaptive management strategies. In several of the
papers, adaptive management is put forward as an

Basement aquifers of southern Africa: Overview and research needs

option. The monitoring of groundwater remains essential
for the provision of background data sets to validate and
assess the outcomes of adaptive management
approaches. Because groundwater issues as well as the
technical, social, economic, cultural and political
factors that influence management options differ from
one region to the next, no single template for
management can be developed (Burke and Moench,
2000).

Conclusion and research
needs

Basement aquifers are complex systems; therefore
information on their geohydrological behaviour is
essential for their effective management. It is clear that
we do have the tools and methodologies to assess
aquifer systems. What is lacking is the funding and
willingness to implement some of the strategies. In
South Africa, there are numerous guidelines and manuals
that have been issued by the Water Research
Commission (www.wrc.org.za) and the Department of
Water and Environment Affairs (www.dwaf.gov.za) that
could be used to implement data collection, data
management and assessment programmes (e.g. WRC,
1998; DWAF, 2004; Meyer, 2006; Mukheiber, 2006;
Weaver, 2007). In the absence of local information,
international best practices could also be adapted to
local conditions. By implementing adaptive
management, the guidelines, manuals and management
options could be refined as more information on and
knowledge of the local aquifer systems becomes
available. Exploration and data collection are expensive
undertakings and should be matched by the required
data management systems.

The following issues are recommended for further
research:

e Increasing understanding of the impacts of climate
change and climate variability on groundwater
resources.

e The importance and quantification of episodic
recharge in, especially, arid and semi-arid regions.

e Improving groundwater management strategies and
enhancing adaptive capacity in water supply
programmes.

e Improving the siting techniques in respect of and
design of new water points.

e Improving the collection, storage, sharing and
analyses of data, particularly in respect of the need
for practical and cost-effective solutions.

— 3
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e The estimation of hydraulic properties for local
basement aquifer systems. Knowing the type of
geohydrological unit is not sufficient to estimate
hydraulic parameters from existing published
measurements.

e The permeability of fractured rock is generally
considered to decrease with depth. Stober and
Bucher (2007) have found that at some sites there is
a decrease of hydraulic conductivity with depth in
gneissic, but not in the granitic basement. Whether
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Abstract

The basement rocks of Namaqualand retained the imprints of mostly the Proterozoic tectonic events, although
much of the present landscape appears to have developed in the Cretaceous, following the break-up of
Gondwanaland. The geomorphological development of Namaqualand is thus to a great extent controlled by the
underlying geology and these earlier tectonic events.Alternate geological periods of warmer humid climatic
conditions, followed by cooler and drier climatic conditions, resulted in sequential and repetitive cycles of
accelerated weathering and erosional periods, which were followed by periods of aridification. This succession
of tectonic and geomorphic events, in association with repetitive climatic conditions, resulted in the weathered
and fractured aquifer systems in Namaqualand.The aquifer systems are mostly limited to fault-controlled valleys
that occur throughout the study area and that are traditionally the targets for the development of groundwater
resources. The proposed geometry for the aquifer system can be described as laterally extensive, linear,
structurally controlled valley systems in which weathered and fractured bedrock constitute the main aquifer
systems.The effects of large-scale mantle convection beneath the African plate is currently believed to be
responsible for the tectono-magmatic and geomorphological development of southern Africa since the beginning
of the break-up and dispersal process of the Gondwana supercontinent at ~205 Ma. This process continues to the
present time and is responsible for neoseismicity and neotectonic activity, which controls the neomorphological
development of the southern African landscape. The current in situ stress field that is present in southern Africa
is the result of a complex interplay between mantle convection and lithospheric basal drag, thermally induced
continental uplift and ridge-push forces.In Namaqualand, a strong correlation exists between known water
borehole positions and the proximity as well as the alignment of these boreholes to two prominent fault/fracture
zone systems. The one is the well-known coastal-subparallel NNW-SSE striking system of brittle fault/fracture
zones, which is related to the Gondwana continental break-up phase and historically proven to be associated
with productive boreholes. The other is a set of NNE-SSW striking fault/fracture zones that represent continental
continuations of oceanic transform faults, which also developed during the Gondwana fragmentation/dispersal
phase and formed penecontemporaneously with the NNW-SSE striking fault/fracture zones. They are oriented
subparallel to the direction of the present-day neotectonic crustal extension and currently undergo neotectonic
reactivation/seismicity. Both fracture systems in general and specifically at, or in close proximity to, their
intersection areas, represent the highest dilational zones within this Namaqualand coastal rift system and
therefore the most prospective sites for well-field development.

Location and eXtent Of StUdy Merwe, 1995). These regions are the higher lying

Bushmanland Plateau to the east, Namaqualand
area highlands (i.e. the escarpment zone), and lower lying
coastal area to the west (Visser, 1989).
Namagqualand consists of seven communal areas, which
include  the  northern  Richtersveld,  southern According to the Koeppen classification, the study area
Richtersveld, Steinkopf, Concordia, Komaggas, Pella and ~ (Figure 1) falls in the tropical desert arid, hot (BWh)
Leliefontein. Groundwater is the sole water resource for climatic region of South Africa and can be classified as
most rural communities. The Namaqualand area is arid to semi-arid. Mountainous regions receive much
classified by three physiographic regions in accordance  higher rainfall than the surrounding arid lowland and
with topography, altitude and landforms (Van der  coastal plains as a result of orographic effects. Rainfall
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occurs mostly during the winter months while snow in
the Kamiesberg Mountains is not uncommon. The
average annual rainfall generally increases from west to
east until it reaches the escarpment and then decreases
further inland. Potential evapotranspiration can be as
high as 12 to 15 times the precipitation.
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Figure 1: The study area that comprises secondary
drainage catchments F30, F40 and F50.

The nature of basement
(crystalline) aquifer systems

Introduction

Basement aquifers (i.e. usually fractured, Precambrian
crystalline rocks) are found extensively in sub-Saharan
Africa where the resource supplies many rural
communities. Basement aquifers developed within the
weathered overburden and fractured bedrock of
crystalline rocks of intrusive and/or metamorphic origin
that are mainly of Precambrian age (Wright, 1992).
Gustafson and Krasny (1994) referred to crystalline rock
aquifers as hard-rock aquifers that predominantly
comprise fractured igneous and metamorphic rocks that
have negligible matrix porosity and matrix permeability.
The basal part of the regolith (i.e. approximate base of
saprolite) and the top of the weathered saprock (i.e.
weathered bedrock) have sufficient permeability to
support successful boreholes for small-scale village
water supply (Chilton & Foster, 1995; Reboucas, 1993).
Groundwater within the lowermost unweathered
basement rocks is stored in interconnected systems of
fractures, joints and fissures that are associated with
regional tectonism (Rebougas, 1993). The fractured
bedrock is characterised by high transmissivity and low

storativity values. More intensive development of the
groundwater resources is possible at locations where
favourable lithology, structural features and weathering
coincide to form zones of higher transmissivity (Chilton
& Foster, 1995).

Crystalline basement rocks (i.e. usually of Precambrian
age) have generally been subjected to multiple tectonic
events under varying stress conditions that resulted in
complex patterns of ductile folding and brittle fracturing
in the near-surface regions of the earth’s crust (Lloyd,
1999). Near-surface fractures, to depths of 100 m and
even deeper, are considered to be in a state of tension
with enhanced groundwater movement.

Studies on basement aquifers have predominantly
focused on the development of groundwater resources in
thick regolith (i.e. weathered overburden) that have
dominant intergranular flow in predominantly tropical to
sub-tropical regions (i.e. western and southern Africa,
South America, Norway and Sweden) in comparison with
dominant fissure flow in temperate and higher latitude
regions, such as Namaqualand. As a result, the
weathered overburden is usually described as the main
groundwater storage compartment, although productive
boreholes may be developed in the underlying fractured
bedrock. Basement aquifers are notoriously complex to
develop, especially where a thinner weathered
overburden is present or limited in extent (Lloyd, 1999;
Chilton & Foster, 1995; Gustafson & Krasny, 1994;
Rebougcas, 1993; Olofsson, 1993; Wright & Burgess, 1992;
Commonwealth Science Council TP 273, 1990), as will be
illustrated in the Namaqualand case study.

The hydraulic properties of basement
aquifers

Basement aquifers are furthermore characterised by
poor connectivity of bedrock fractures and regions of
low permeability (i.e. extreme heterogeneity in their
hydraulic properties), which results in significant local
variations in yield and response to abstraction (Chilton &
Foster, 1995; Gustafson & Krasny, 1994). The hydraulic
conductivity can vary, within the same rock mass, by
orders of magnitude and over short distances.

Structural features, such as fractures and fissures in
crystalline rock (Figure 2a), are described as hydraulic
conductors, while zones of intense fracturing are
described as compound conductors (Gustafson & Krasny,
1994). The fractures and fissures are a result of tectonic
processes and are therefor not confined to any specific
formation. The structural features are also extremely
variable in nature (with regard to frequency, spatial
extent, interconnectedness, etc.) within the relatively
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impervious crystalline rock mass (Gustafson & Krasny
(1994).

Figure 2: (a) Typical appearance of basement aquifers
in Namaqualand that are characterised by hydraulic
conductors (fractures and fissures) that developed in
Precambrian basement lithologies;

(b) Water flowing from regularly spaced horizontal
joint planes. Note: The surface planes of the vertical
joints are clearly visible. ithostratigraphic and
structural development

They are referred to as hydraulic conductors within
fractured crystalline rocks, rather than aquifers, to
describe the storage and flow of groundwater in these
rocks. The term aquifer implies that the groundwater
reservoir is related to the formation rather than the
structures within it. A hydraulic conductor includes
single fractures and fracture zones and is defined by its
ability to transmit groundwater.

Infiltration for the fractured crystalline rocks in
Namagqualand occurs along the vertical to sub-vertical

fractures, with lateral flow occurring predominantly
along the horizontal to sub-horizontal fractures
(Figure 2b). Fractured crystalline rocks in Namaqualand
are characterised by extreme heterogeneity in their
hydraulic properties with poor connectivity between
fractures. Water is stored and transmitted in these
fractures and fissures, which serve as hydraulic
conductors, through a relatively impermeable matrix.

Lithostratigraphy

The north-western Cape region (i.e. Namaqualand) can
be subdivided into three major geological provinces
(Tankard et al., 1982). These provinces are the
basement rocks of the Namaqua Metamorphic Province
(further subdivided into three zones), volcano-
sedimentary rocks of the Gariep Complex (Visser, 1989)
in the northwest, and a Phanerozoic cratonic cover
(Table 1). The Namaqua Province (Table 1) comprises
most of the Proterozoic crystalline basement in the
northern Cape and southern Namibia (Tankard et al.,
1982).

In Namaqualand, the margins of the Namaqua Province
are largely obscured by younger cover rocks of the
Gariep and Nama groups and Karoo Supergroup as well
as by Cenozoic surficial sediments to the east and west.
In the west and extreme north, rocks of the Namaqua
Province and its correlatives are bordered by formations
of the late Proterozoic Gariep Complex and in the east
abut the Kaapvaal craton with marked structural
discordance in both cases. In the south, rocks of the
Nama Group, the Cape Supergroup and the lowermost
units of the Karoo Supergroup cover rocks of the
Namaqua Province (Albat, 1984).

The central zone of the Namaqua Province, a complex
deformed heterogeneous group of gneisses and
intrusions of medium to high grade metamorphism
(Tankard et al., 1982) covers most of the Namaqua
Province and comprises an  assemblage  of
metasedimentary, metavolcanic and intrusive rocks.

Structural evolution

Late palaeoproterozoic tectonism

The ancient geological evolution of southern Africa can
be regarded as a sequence of accretion onto a stable
Kaapvaal craton during both extensional and
compressional tectonic periods (Partridge & Maud, 2000;
Tankard et al., 1982). The accretion of the
Mesoproterozoic Namaqua-Natal mobile belt occurred
between ~1200 Ma and ~1000 Ma.

— 7
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The rocks of the Namaqualand Metamorphic Province intruded on a
were subjected to the ~1200-1000 Ma Namaquan orogeny
(Blignault et al., 1983; Van der Merwe, 1995) and

underwent several phases of intensive folding and

faulting and were
syntectonic

large scale by

Table 1: Classification of the major geological provinces (according to Tankard et al., 1982, Visser, 1989).

Geological Province Orogenies &

Subprovinces

Phanerozoic
Cover Rocks

Gariep Province

Sand, alluvium and
calcrete

Karoo Supergroup
1. Prince Albert Fm
2. Dwyka Formation

Nama Group
1. Kuibis Formation
2. Schwarzrand Fm

Gariep Group
(6 Formations)

Late Phanerozoic
(Cenozoic)

Early Phanerozoic

(Middle/Late
Palaeozoic)

Late Proterozoic

(Late Namibian)

Late Proterozoic
(Early/Middle Namibian)

Along coast.

Most of western
Bushmanland

South-eastern corner of

Namagqualand

Isolated strip north of
Springbok

Central and Western
Richtersveld

Most of Namaqualand
and parts of
Bushmanland

North-eastern and
eastern Richtersveld

Northern Namaqualand

North-eastern part of
Richtersveld

PAN-AFRICAN
Gariep sub-province

NAMAQUAN
Bushmanland &
Gordonia Subprovinces

EBURNIAN

Richtersveld
Subprovince

Central Namaqua Middle Proterozoic
zone Metamorphic (Middle Mokolian)
Complex/
Province
Namaqua Western Vioolsdrif Middle Proterozoic
Province AT Intrusive Suite (Early Mokolian)
Orange River Group Middle Proterozoic
(Early Mokolian)
Eastern
zone

Upington

granites (Visser, 1989). Researchers such as Albat (1984),
Blignault et al. (1983), Lipson (1978), Moore (1977) and
Joubert (1971) recognised four deformation phases
within the rocks of the Namaqua Metamorphic Complex.
The interpretation of both vertical and lateral
stratigraphic and structural relationships, as well as
possible lateral correlatives, is extremely difficult. The
high-grade metamorphism and multi-phase deformation
that these rocks experienced, destroyed the normal
stratigraphic criteria and produced generations of tight
and isoclinal folding (Joubert, 1971; Jack, 1980). Most
of the area was covered by sediments that were later
stripped off with the subsequent re-exposure of the
gneisses and its varying intrusive rocks (Joubert, 1971).
The rocks of the Namaqualand Metamorphic Province
represent most of the crystalline basement in
Namagualand.

The crystalline basement rocks of Namaqualand retained
imprints of mostly the Proterozoic tectonic events.
However, much of the present landscape appears to
have developed later, namely after the break-up of
Gondwanaland in the Cretaceous.

Neotectonic activity and far field stress

Neotectonics, the study of young typically Neogene and
Quaternary deformation, has been a long-neglected
independent discipline and has its roots in seminal
geomorphologic investigations (e.g. Du Toit, 1933; King,
1963; Partridge & Maud, 1987). However, in recent years
the distribution of in situ stress, seismicity and
neotectonic activity across the subcontinent has
attracted increasing attention and intense research (e.g.
McCarthy et al., 1993; Andreoli et al., 1996; Brandt,
1998; Stacey & Wesseloo, 1998; Partridge & Maud, 2000;
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De Kock, 2000; Spénemann & Hagedorn, 2000; and
references therein), especially as a result of major
hydroelectric, nuclear engineering and mining projects.
Such investigations have begun to identify a pattern of
neotectonic history that was much more extensive than
was ever imagined possible within a “stable” cratonic
environment. Furthermore, a multidisciplinary set of
data has emerged that enables the development of
better constrained geodynamic models for the geologic
evolution of the African subcontinent over its recent
past, thereby providing a framework for long-term
seismic risk assessment in southern Africa.

The break-up of Gondwana since the Early-Jurassic (~205
Ma) is generally accepted as the last major tectonic
episode to have affected southern Africa. As a result of
the continuation of the Gondwana fragmentation process
during the Cretaceous and Cenozoic up to the present,
the beginning of the neotectonic period in South Africa
has never been formally established. In the past, the
term neotectonics has been used to imply a generic
Cenozoic (especially Quaternary) crustal deformation
(cf. Hartnady, 1985; Andreoli et al., 1990; Ransome &
De Wit, 1992; Ransome et al., 1993) and Andreoli et al.
(1996) have proposed neotectonic activity in South
Africa to have been initiated in the Miocene (~25 Ma).
Nowadays, the beginning of neotectonic activity in
southern Africa is envisaged to have started with the
beginning of the Oligocene at ~35 Ma which coincides
with the African continent having become stationary
over the so-called African Superplume (cf. Burke, 1996).
The behaviour of the African Plate has changed during
the Oligocene at ~35-30 Ma and many, if not all, of the
phenomena that have characterised Africa over the past
~35-30 Ma have been induced by the cessation of plate
motion (i.e. a reduction to below a velocity of ~10
mm/year). Significant erosional and depositional
changes on the African Plate over the past ~35-30 Ma
have been dominated by responses to changes in
topography that were induced by the action of a single
or numerous underlying plume(s) (Burke, 1996).

In recent years, intense research regarding neotectonic
activity in southern Africa has revealed that there is a
striking match between the tectonic fabric of the south-
east Atlantic and south-west Indian Ocean on the one
hand and the tectonic fabric of the African subcontinent
on the other (e.g. Andreoli et al., 1989, 1990, 1993,
1994, 1995, 1996). It is evident that a number of major
oceanic transform faults or fracture zones, e.g. the
Cape/False Bay, Falkland-Agulhas, Trans-Indian/Ceres-
Prince Edward and Mozambique-Madagascar fracture
zones, continue into the on-shelf and on-shore
joints/faults of the South African continent (Figure 3).
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In addition, neotectonic activity in southern Africa has
been analysed in terms of known stress fields and it is
clear today that the African plate south of the equator
appears to be divided in two zones of compressive stress
orientation. The one is the zone of predominant NNE-
directed trends that corresponds to the East African Rift
system. The second zone is southern and south-western
Africa, including the south-west Indian Ocean, and is
characterised by NW-WNW trends (Zoback et al., 1989,
Zoback, 1992; Andreoli et al., 1996) (Figure 4).

In South Africa, the boundary between these two zones
coincides with the apparent southern termination of the
Rift System in southern Mozambique, near Richards Bay,
and in the Northern Transvaal. Most of South Africa,
Namibia and the ocean floor between the Bredasdorp
Basin and the Southwest Indian Ridge is dominated by
this pervasive, NW-WNW-trending, horizontal
compressive stress field of deep-seated, until recently
undetermined origin for which the term Wegener Stress
Anomaly (WSA) was proposed (Andreoli et al., 1996)
(Figures 3 & 4). The WSA appears to have already
existed in the Jurassic, before the break-up of
Gondwana, which is indicated by the orientation of
major Jurassic dyke swarms in South America, South
Africa and Botswana. It has persisted during the south
Atlantic break-up phase in the Cretaceous (indicated by
WNW-trending Cretaceous kimberlite dykes in Lesotho)
until today. Offshore fault zones that were caused by
the WSA include the WNW-trending so-called Ceres-
Prince Edward and Trans Indian Fractures Zones in the
south-west Indian Ocean. Short periods of waning during
the Late Cretaceous caused the stress field to be
dominated by NE-directed ridge push, which led to
strike-slip along the Falkland-Agulhas Fracture Zone and
the formation of the Cape-Tzaneen Fracture Zone, the
on-shore continuation within the South African continent
of the False Bay Fracture Zone (Andreoli et al., 1996)
(Figures 3 & 4).

Pavoni’s (1997) proposed model of bicellular, whole-
mantle convection and associated global geotectonic and
geophysical bipolarity explains both the orientation and
the deep-seated, until now undetermined, origin of the
WSA. According to this model, two torus-like convection
cells, the Pacific cell and the African cell, with
ascending flow in the mantle underneath the central
Pacific and African plates respectively, and converging
and descending flow beneath Indonesia and Central
America, are responsible for the formation of two large-
scale zones of both the lithospheric divergence (marked
by growth of the Pacific and African plates from two
spreading centres) and convergence (marked by the belt
of young folded mountains) since the mid-Jurassic.
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The effects of large-scale mantle convection beneath development of southern Africa since the beginning of
the African plate is currently believed to be responsible the break-up and dispersal process of the Gondwana
for the tectono-magmatic and geomorphological supercontinent at ~205 Ma.

Figure 3: Seismic epicentres in relation to the post-Karoo tectonic framework of South Africa and nearby regions
(according to Andreoli et al., 1996; and references therein).

Note: yellow & dark green = continental crust; red = continental crust invaded by oceanic basalt; brown = oceanic basalt crust; light green = offshore volcanic
domains; blue = lineament belts; ET = eastern Transvaal; GA = Gauteng; KN = KwaZulu-Natal; NT = northern Transvaal; KFB = Koega-Bavianskloof Fault; FMG =
Funhalouro-Mazenga Graben; KHF = Kuiseb-Hebron Fault; CTFZ = Cape-Tzaneen Fracture Zone; BB = Bredasdorp Basin; lines with opposing daggers = uplift axes;
SAA = Saldanha-Agulhas Axis; KA = Kamiesberge Axis; GTA = Griqualand-Transvaal Axis; CSA = Ciskei-Swaziland Axis; BAF = Beattie Anomaly Fracture; CMCSA
= Central Mozambique Channel Seismic Axis; barbed line = spreading/extinct axis; f--f = neotectonic faults active since the Miocene; dashed lines =
lineaments/possible neotectonic faults; lines with single dagger = Cenozoic geomorphological gradients with daggers on downslope; open stars = localities affected by
catastrophic Pleistocene (?) earthquakes; open triangle = proposed neovolcanic centre of Lesotho.
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In Namagualand In, a strong correlation exists between
known water borehole positions and the proximity and
alignment of these boreholes to two prominent
fault/fracture zone systems. In addition to the well-
known coastal-subparallel, NNW-SSE striking system of
brittle fault/fracture zones, that is related to the
Gondwana continental break-up phase and historically
proven to be associated with productive boreholes, a set
of NNE-SSW striking fault/fracture zones represents
continental continuations of oceanic transform faults.
The latter also developed during the Gondwana
fragmentation/dispersal phase and formed
penecontemporaneously with the NNW-SSE striking
fault/fracture zones. They are oriented subparallel to
the direction of present-day neotectonic crustal
extension and currently undergo neotectonic
reactivation/ seismicity. Both fracture systems in
general and specifically at, or in close proximity to,
their intersection areas represent the highest dilational
zones within the Namaqualand coastal rift system and
are therefore the most prospective sites for well-field
development (Friese et al., 2004)

Figure 4: Neotectonic stress orientation map for
southern Africa (Stacey & Wesseloo, 1998).

It continues up to the present and is responsible for
neoseismicity and neotectonic activity, which controls
the neomorphological development of the southern
African landscape. The current in situ stress field that is
present in southern Africa is the result of a complex
interplay between mantle convection and lithospheric
basal drag, thermally induced continental uplift and
ridge-push forces.
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Geomorphic development and
climate change

Introduction

The macro-scale geomorphological evolution of southern
Africa is the result of an Archaean geological history that
includes changing climatic conditions, massive fluvial
erosion that was associated with the evolution of major
drainage networks and the formation of elevated
interior plateaus during the late Mesozoic (i.e. the
Cretaceous period) and Cenozoic eras (Partridge &
Maud, 2000).

Three physiographic regions (Visser, 1989), viz. the
western Coastal Lowveld (or western plateau slopes),
the Great Escarpment zone (or Namaqua Highlands) and
the extensive Highveld (or Bushmanland Plateau), can be
distinguished in the Northern Cape region (Figure 5).
The Great Escarpment of southern Africa is a prominent
geomorphic feature that appears along the edge of the
southern part of the African continent (Moon & Dardis,
1988).

Prominent geomorphological features

Bornhardts (Twidale, 1976, 1982, 1988; Ollier, 1984;
Rice, 1988; Bridges, 1990) are the most prominent
geomorphologic features of the escarpment zone.
Bornhardts are inselbergs or ‘island mountains’ that
have rounded dome-shaped forms that are usually
prominent in the granitic and gneissic rocks of
Namaqualand.  The shapes of the bornhardts are
determined by the orthogonal fracture systems and by
the upward-arching sheeting planes. The orthogonal
fracture systems developed during either emplacement
or subsequent tectonic events that affected the
crystalline rocks. Bornhardts can be massifs or
juxtaposed groups of domes that are arranged in an
orderly pattern due to the structural control on its
development, such as the Kamiesberg mountain range.
The bornhardts are separated by valleys and narrow
plains that were formed by pronounced weathering and

erosion of the fracture zones. Deep subsurface
weathering is essential for the development of
bornhardts.

Several hypotheses have been proposed to explain the
development of bornhardts (Twidale, 1976, 1982, 1988;
Ollier, 1984; Rice, 1988; Bridges, 1990). The most likely
hypothesis for the development of bornhardts in
Namagqualand is the variations in the spacing of fractures
(i.e. fracture density) from hills to plains.

Fractures are preferred pathways for the infiltration of
water and more densely fractured materials are more
prone to weathering processes than massive, dense
material.

The more transmissive and especially larger fault zones
have been weathered and eroded more intensely to form
the valleys that separate the massive domes. Within the
weathered sections, core stones of fresh granite are
present in a matrix of weathered rock that was derived
from in situ weathering of the host rock. The variation
in fracture density is probably due to recurring stresses
that resulted in rhomboidal shaped fracture patterns and
the propagation of secondary fractures. Such recurrent
stresses  resulted in  bornhardts as  massive,
compressionally stressed core zones (such as the
compressive core zones of anticlines) in a matrix of
highly weathered fractured rock. On a regional scale,
the massive and stressed core zones (i.e. massive
domes) can be regarded to be enormous core-stones
within and surrounded by a matrix of weathered rock
that is expressed as the fault-controlled valleys and
narrow plains.

The hypothesis that bornhardts are composed of
massive, compressional core zones accounts for both:

e The observed paucity of open fractures in bornhardt
masses; and

e The association of bornhardts and sheet structures.
The development of sheet structures can be
attributed to both erosional off-loading and
compressional stresses.

The landscape of crystalline terrains can be attributed
to two stages of development (Twidale, 1982), viz:

1. Differential subsurface weathering (i.e. moisture-
controlled weathering) that exploited varying rock
composition and texture as well as variations in the
fracture density. Differential subsurface weathering
results in a highly irregular weathering front (or
lower limit of significant weathering). Moisture is
responsible for both the chemical alteration (which
occurs when there are reactions between water and
rock) and physical disintegration of the crystalline

rocks. Humid to sub-humid palaeo-climates are
responsible for ancient differential subsurface
weathering.

2. Subsequent erosion and exposure of the more
resistant rocks (i.e. the bornhardts). The massive
bornhardts are therefore protrusions of the dynamic
weathering front (which is the exposed parts of the
lower limit of significant weathering) upward into
the regolith or overlying weathered material. Fluvial



erosion is primarily responsible for erosion and the
exposure of the bornhardts.

African erosion surfaces

Most of southern Africa is characterised by a mature
landscape that has various erosion surfaces that are
separated by prominent geomorphic scarps. These
erosion surfaces resulted from successive phases of
erosion that were initiated by continental uplift at
various times since the fragmentation of Gondwana.

Numerous erosion surfaces have been recognized on the
African landscape. The oldest and most widespread is
the Gondwana surface (Jurassic) and African surface
(mid-Cretaceous) that are followed by the Post-African
surface that is inland of the Great Escarpment. Seaward
of the Great Escarpment, two surfaces of Post-African
age have been recognized. They are referred to as Post-
African | (Miocene), that is usually present as dissected
tablelands and a younger Post-African Il (Late Tertiary)
surface that is expressed as recent incisions of coastal
gorges.

Partridge and Maud (1987, 1998, 2000) have re-
interpreted the macro-scale denudation history of the
subcontinent and provided a complete literature
summary on this topic.

The mid to late Cretaceous African
erosion surface

Rifting, which separates Africa from South America and
is associated with pre-existing Pan-African orogenic
welts, occurred between 129 Ma and 121 Ma in the west
(Partridge & Maud, 2000). Uplift along the rift shoulders
resulted in a major marginal escarpment (the current
Great Escarpment) that was driven inland by erosion
during the early Cretaceous.

The Cretaceous period was characterised by warm,
humid tropical climatic conditions (Tyson & Partridge,
2000) that resulted in accelerated weathering and fluvial
erosion due to dense well-integrated drainage networks
(Partridge & Maud, 2000). Vast erosional surfaces of late
Cretaceous age were formed above and below the Great
Escarpment (Partridge & Maud, 2000) and correctly
termed much earlier as the African surface by King and
King (1959). The warm and humid tropical climate of the
Cretaceous period also resulted in the development of
deep, koalinitised weathering mantles especially on
susceptible lithologies (such as crystalline rocks that
contain thermodynamically unstable alumino-silicate
minerals). Towards the end of the Mesozoic (i.e.
upper/late Cretaceous), the African surface was
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characterized by kaolinitised profiles to depths of 50 m
or more beneath silicrete duricrusts (Partridge & Maud,
1987, 2000; Tyson & Partridge, 2000; Moon & Dardis,
1988).

Late Cretaceous and early Palaeocene pedocrete
cappings (i.e. duricrusts) protected the African surface
and its deeply kaolinitised saprolite from erosion
processes in many localities (Partridge & Maud, 2000).
The pedocrete cappings, which predominantly comprised
silicrete and calcrete in the western and central parts of
the southern African subcontinent, formed in response
to the onset of drier climates towards the end of the
Cretaceous period (Partridge & Maud, 2000; Tyson &
Partridge, 2000). The Cretaceous-Tertiary boundary (K-
T boundary) is characterised by significant cooling and
aridification in southern Africa which is linked to major
changes in atmospheric chemistry (Tyson & Partridge,
2000).

The African erosional phase was of long duration (>100
million years) and erosion proceeded to different base
levels between the interior plateau and seaward of the
Great Escarpment. According to Partridge (1988),
peneplanation within the African cycle was complete
before the end of the Cretaceous, while massive
duricrust formation ended by the early Palaeocene.
Huge thicknesses of material were removed during this
period.

The African landscape was not subjected to significant
regional tectonism during the Palaeogene (Partridge &
Maud, 2000). In addition, arid conditions persisted into
the early Eocene in the western parts of the African
subcontinent, while more humid conditions prevailed in
the east (Tyson & Partridge, 2000). Both factors
contributed to slow landscape development during the
Palaeogene (Partridge & Maud, 2000).

The Miocene Post-African | erosion
surface

Moderate, but asymmetrical, early Miocene crustal uplift
along several axes caused the westward tilting of the
subcontinent and resulted in a slight steepening of the
courses of westward flowing rivers (Partridge & Maud,
1987, 2000; King & King, 1959). The early Miocene
crustal uplift and subsequent erosion resulted in the
mid-Miocene Post-African | erosion surface (Partridge &
Maud, 1987) which is dated at ages ranging from 12 Ma
to 19 Ma (Pickford et al., 1996). Early Miocene uplift is
associated with limited incision of drainage channels of
100-200m below the African surface (Partridge & Maud,
2000; Pickford et al., 1996). The Post-African |
landscape development phase involved the removal of
the deeply weathered mantles that underlay the African
surface (Partridge & Maud, 2000). In areas (i.e. western
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parts of southern Africa) that were subjected to minimal
Miocene uplift, scattered residuals or reduced
thicknesses of the weathered mantles remained. The
Post-African | surface dominates the southern African
landscape (Partridge & Maud, 2000).

The late Oligocene and early Miocene epochs are
characterised by a period of global oceanic warming that
had a regional influence on atmospheric circulation
patterns (Tyson & Partridge, 2000). As a result thereof,
rain-producing weather systems penetrated the arid
western (i.e. Bushmanland and Gordonia) parts of
southern Africa and resulted in a sub-tropical wet
climate and a well-integrated drainage system (Tyson &
Partridge, 2000). The wet interval of the early Miocene
was brought to an end with the onset of cold upwelling
in the Benguela current system on the west coast. The
global effects of cooling and drying, especially during
the mid-Miocene, have greatly impacted on the southern
African environments with the onset of true coastal
desert conditions (at approximately 15 Ma) along the
west coast of southern Africa (Partridge & Maud, 2000;
Tyson & Partridge, 2000).

The advent of warmer and more humid conditions during
the early Pliocene resulted in a rejuvenation of major
drainage systems in the semi-arid western interior.
Massive and significantly asymmetrical late Pliocene
uplift interrupted the Post-African | erosion phase and
accentuated the westward tilting of the subcontinent.
The results of the late Pliocene uplift in the western
parts of southern Africa include; (a) further increases in
the gradients of westward-flowing rivers with renewed
incision within river valleys and (b) renewed movement
along the Griqualand-Transvaal axis (Tyson & Partridge,
2000). The large-scale regional uplifts, within the south-
eastern and eastern hinterland of the subcontinent,
induced major influences on the regional climatic
conditions. The east-west precipitation gradient is thus
a result of the existence of contrasting current regimes
along the east and west coasts as well as the enhanced
regional uplift in the eastern parts of the African
subcontinent. According to Partridge & Maud (2000),
late Pliocene uplift resulted in a steepening of the east-
west climatic gradient with the establishment or re-
establishment of desert conditions in the western part of
the African subcontinent. Furthermore, the initiation of
the various phases of uplift coincided with the onset of
an interval of global cooling at approximately 2.8 Ma
(Tyson & Partridge, 2000). This resulted in the
aridification of large tracts of sub-Saharan Africa and
the development of extensive, but discontinuous, dune

systems (such as the mega Kalahari) that extends into
the Northern Cape Province of South Africa.

Namaqualand Weathering
profile

Aggressive  weathering processes and differential
leaching has, through the downward movement of
infiltrating waters, resulted in deep regolith profiles
(Figure 6) (Taylor & Howard, 2000; Chilton & Foster,
1995; Gustafson & Krasny, 1994; Acworth, 1987). The
regolith is a result of the infiltrating and acidic rainfall
reacting with the host minerals that caused subsequent
leaching of the more soluble and mobile elements (or
compounds) and contemporary as well as subsequent re-
precipitation of the less mobile elements or compounds
(i.e. the formation of Al/Fe oxides and kaolinite as
examples). The saprolite is characterised by massive
accumulations of secondary clay minerals (especially
kaolinite) that contain both primary minerals as well as
intermediate weathering products.Figure 6: Typical
weathered profile of Precambrian basement rocks (after
Chilton & Foster, 1995; Taylor & Howard, 2000).
Chemistry, mineralogy, petrology, structure, the age of
the land surfaces and, particularly, long-term climatic
conditions influence the weathering process and
therefore the development of the weathered overburden
(Reboucas, 1993; Gustafson & Krasny, 1994).

Basement aquifers in arid regions are characterised by
relatively thin regolith that is generally present above
deeper groundwater levels (Chilton and Foster, 1995).
The deeper groundwater levels and thin saturated
regolith thickness in arid regions necessitates the drilling
of deep boreholes to intercept structural features and
contact zones at depth within the unweathered bedrock.

McFarlane (1987) proposes a general weathered profile
for crystalline basement rocks in southern Africa.
Detailed studies have been conducted on the textural
and mineralogical content as well as on the hydrologic
properties (the permeability and porosity) of the various
zones within the weathered profile. These studies have
concluded that the regolith is the main aquifer system
and can attain a thickness of more than 80 m.
Furthermore, local groundwater flow systems dominate
and the water level seldom exceeds the depth of 15 m
below the surface.
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The aquifer systems that has been identified in
Namaqualand includes both the lowermost parts of the
weathered overburden (i.e. regolith) but also specifically
the relatively weathered (i.e. saprock) and underlying
fractured bedrock (i.e. fresh rock). The fracture systems
have some degree of staining. Massive, but localised
exploitable accumulations of secondary clay minerals
(especially kaolinite) interspersed with both primary
minerals as well as intermediate weathering products, are
preserved in certain localities. Such localities do not
coincide with the NNW-trending open valleys that are
usually targeted for groundwater development.

An initial attempt to characterise the weathering
profiles, which was based on limited borehole data
obtained from the Komaggas reserve, was made for the
crystalline aquifers in Namaqualand. Information was
also gained from a number of related studies in
Namaqualand. Detailed studies of the textural and
mineralogical content as well as of the hydrologic
properties of the weathered overburden in Namaqualand
are required. The data represented below is based on
information that was obtained from borehole logs and
other studies:

o The depth of weathering (to different scales) in the
Komaggas Rural Reserve is present to depths of 54-60
m below the surface for both the metasediments of
the Khurisberg Subgroup and the granitic/gneissic
rocks. In a few cases, the depth of weathering,
especially for the metasediments of the Khurisberg

—

Subgroup, extends to depths of 70-80 m below the
surface or even deeper.

e Intense weathering of in situ material can occur to
depths of 40-49 m below the surface for both
metasediments of the Khurisberg Subgroup and for
the granitic/gneissic rocks. In a few localities, which
are associated with the metasediments of the
Khurisberg Subgroup, intensely weathered, in situ
material can occur up to depths greater than 80 m
below the surface.

e Combinations of the differential weathering of rock
types (i.e. contained primary minerals) together with
localised weathering of fracture systems (i.e. joint
systems, fault zones and fracturing associated with
vein quartz) occur frequently. Furthermore,
fractures (especially joints) that have an iron-oxide
coating on the fracture walls also occur frequently in
both the schist and the quartzite.

Conclusions

The nature and hydrogeological characteristics of the
weathered crystalline rock derive from and are related
to long-term, tectonically controlled geomorphic
processes (Taylor & Howard, 2000). The present
climatic conditions continue to drive, albeit at a much
slower rate, the geomorphic processes in particular deep
weathering and stripping that act on deeply weathered
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basement rocks. In contrast, the character of the
contained groundwater resources and its potential for
the development are controlled by present climatic
conditions.

The adopted model illustrates the dominance of fissure
flow for the fractured, crystalline rocks of
Namagualand. Infiltration of water occurs along vertical
to sub-vertical fractures with lateral flow along
horizontal to sub-horizontal fracture systems. The
water chemistry varies considerably among closely
spaced fracture systems. The model displays a dominant
vertical flow system (i.e. an infiltration phase) that is
driven by local relief and an intermediate flow system
that is driven by gradients along the valley systems.

Laterally extensive, linear and structurally controlled
valley systems, which are especially associated with
NNW-trending fault systems, are the usual targets for
groundwater development within the Escarpment zone.
The formation of the valleys is associated with the
tectonic history and geomorphic development (i.e.
bornhardt development) of the region. Wide, open
valleys may result from the intersection of various sets
of fracture systems. The saprock and top part of the
underlying fractured rock (i.e. the bedrock) constitute
the main aquifer system (Figure 7). The saprolite to
saprock transition zone, with associated higher yielding
boreholes, may be preserved in isolated locations.
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Alternate periods of differing duration, of warmer humid
atmospheric/climatic conditions followed by cooler and
drier conditions resulted in repetitive cycles of
accelerated weathering and erosional processes that
were followed by periods of aridification. A course, but
sequential, succession of tectonic and geomorphic
events that resulted in the weathered aquifer systems of
Namagqualand can be summarised as follow:

e Accelerated weathering and erosional processes,
during the warm and humid tropical climate
conditions of the Cretaceous period, resulted in the
development of deep, kaolinitised weathering
mantles to depths of 50 m or more especially on
crystalline rocks that contain thermodynamically
unstable minerals.

e Llate Cretaceous and early Palaeocene pedocrete
cappings (i.e. duricrusts) formed and protected the
African surface, which has deeply kaolinitised
saprolite, from erosion processes in many localities.

e Early Miocene crustal uplift and subsequent erosion
involved the removal of the deeply weathered
mantles that underlay the African surface. In some
areas (i.e. western parts of southern Africa) that
were subjected to minimal Miocene uplift, scattered
residuals or reduced thicknesses of the weathered
mantles remained.
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e The aquifer systems were subjected to more
recent alternating episodes of repetitive cycles of
much shorter duration, and of probably less severe
weathering and erosional processes, which were
followed by periods of aridification
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Groundwater exploration and development
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Abstract

In southern Africa, some of the greatest groundwater needs occur in regions underlain by fractured basement
aquifers with complex structurally controlled hydrogeology. The exploitation potential of these aquifers has been
thought to be low due to historically low drilling success rates or to the high frequency of low-yielding boreholes.
Using data from a case study in the Bushveld region of South Africa, it will be shown that low success rates can be
attributed to inappropriate exploration or interpretation methods and an incomplete understanding of the
tectonic and geological setting. A geological-based methodology to improve exploration success is described,
demonstrating how significant savings in groundwater development costs, especially drilling costs, can be realised

if success rates are improved.

Introduction

Basement aquifers are predominantly structurally
controlled. The current paradigm of groundwater
exploration in southern Africa is based on a geophysical
approach, whereby most boreholes are sited by
‘anomaly hunting’ using magnetic, resistivity or
electromagnetic traverses, often with little or no
understanding of the structural geology of the target
area or a lack of understanding of the geological stresses
on identified anomalies. This methodology has been and
is currently used for the vast majority of rural water
supply and private boreholes drilled in South Africa.

This approach can be considered to be water divining
with the use of a variety of geophysical instrumentation.
In many cases, due to the lack of geological and/or
geophysical interpretation expertise of the operator, use
of the instrument to detect anomalies on which to drill
can be considered equivalent to the sticks, wires,
bottles, clothes-hangers and pendulums of the diviner.
Drilling on such anomalies is no guarantee of success.
Many such anomalies have poor vyields due to the
presence of clay or secondary mineral infillings, or
because they are lithological in nature. No geophysical
technique can distinguish between such zones and
transmissive ones therefore it is not surprising that in
many areas of complex hydrogeology this approach has
proved to be unsuccessful. Sami et al. (2002)
demonstrated in 3 basement aquifer regions that the
geophysical approach, used in isolation, only marginally
improved success rates over random drilling and did not
increase median yields. Failure should not be attributed
to the geophysical methodology, but to the

incompetence of the hydrogeologist who employs such
an approach (if he is a hydrogeologist at all) for failing
to realize the ambiguities.

Another approach has been ‘remote sensing of
anomalies’, which is usually termed lineament mapping.
This ‘pseudo-geological’ approach identifies ‘target’
features from lineaments (visual anomalies), using
LANDSAT imagery or aerial photographs. Such lineaments
are of variable or questionable hydrogeological
significance, representing an amalgam of lithological
contacts: dykes; ductile and brittle deformation zones;
fences; non-geological  features;  figments  of
imagination; etc. Without a sound geological
understanding of the region, it is usually not possible to
distinguish between these features and therefore this
approach should be treated with caution. This approach
is an evolution of the ‘anomaly hunting’ principle under
a high-tech disguise. The application of filters and
digital enhancement techniques lends even more credo
by ‘high-lighting’ the lineaments, implying that they are
more hydrogeologically significant. This method is even
more appealing to the non-geologist than geophysics. It
generates pretty computer images to fool the unwary,
utilises expensive software, does not require
interpretation or understanding of geophysical curves,
does not require you to get sweaty and dirty and it is
non-discriminatory.  The legions of chairborne
commandos graduating without field geological
experience or expertise can get involved from the
comfort of their computers.

Although ‘anomaly hunting’ approaches continue to have
a certain appeal to our primeval man’s hunter instinct,
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field hydrogeologists (usually reformed geologists)
should remain sceptical of this approach. Success is still
dependent on identifying ‘the big five’ (faults, shears,
dykes, contacts, fracture zones) visually in the field.
Exploration in fractured rock environments should be
directed towards finding open fracture zones where
permeability is enhanced, rather than blindly following
the ‘biggest anomaly is best’ principle.

Fracture zones are primarily structurally controlled.
Consequently an understanding of regional tectonics and
its structural expression is essential to their
characterisation. According to Coulomb’s law of failure,
tensional, compressional and shear stresses each leave a
unique type of fracture pattern to be interpreted by the
competent hydrogeologist with the use of geodynamic
analysis. Tensile fractures caused by brittle deformation
are the most hydrogeologically significant types of
structural expression of tectonic stress. Boreholes
located in tensional zones often have a significantly
higher median specific capacity than those in shears or
compressional  structures. Tensile fractures are
commonly associated with dip-slip settings and normal
faulting, which are characterised by conjugate joint sets
and mode 1 tension joints.

Faults can be divided into normal or dip-slip
(extensional), thrust-slip (compressional) and strike-slip
categories depending on rock movement, which is
dependent on prevailing stress conditions. Faults can be
categorised by either field observations of rock
movement and slickenline orientation or, alternatively,
by their dip angle. Due to the stress conditions under
which rocks break, strike-slip faults are predominantly
vertical. Normal faults dip at ~60° and thrust slips at
approximately 30°. The dynamic analysis of faults and
resulting conjugate fracture sets allows the stress
conditions under which they formed to be predicted.
Therefore the orientation of stresses can be predicted
from the orientation of fractures and slip directions. By
determining the age relationship of faults, variations in
stress conditions over time can also be determined. For
hydrogeological investigations, present-day stress
conditions and their impact on existing structures are
the most relevant.

Successful exploration consequently requires the
development of a hydro-tectonic model that is based on
observed fracture patterns and historic and current
stress regimes from which tensional azimuths can be
identified. If the orientation of fractures and slip
directions are known, the orientation of principal

stresses can be identified. Since stress forces can change
several times over geological history, complex fracture
patterns are often seen in terrains that have been
subjected to several deformational episodes. This
process can result in the reactivation of existing fracture
systems under new stress conditions, which may change
their compressive or tensile character. An understanding
of the tectonic history of the region, and the
accompanying stresses resulting in brittle deformation,
can be considered to be the fundamental basis of
deriving a hydro-tectonic model for assessing and
classifying potential target features.

This paper describes a multidisciplinary approach by
means of which promising hydrogeological target
structures can be identified. These methods include:

1. geodynamic analysis on a regional scale to identify
tectonic processes and their expression;

2. structural mapping of joints on an outcrop scale to
identify compressional and extensional orientations
through strain analysis;

3. the identification and categorisation of lineaments
observed on LANDSAT that are based on identified
stress orientations; and

4. geophysical exploration of identified potential water-
bearing structures to pinpoint structures in the field.

Since data collection for exploration is costly and time
consuming, a financial analysis of the proposed
methodology is presented. It demonstrates that that
exploration costs of the adopted approach are not higher
than currently adopted methods. However, the ultimate
establishment costs per successful water point and the
costs of the water are dramatically reduced in
comparison with conventional methods as a result of
significantly higher yields. These results prove that it is
cost effective to undertake groundwater exploration in a
scientific manner, whether only successful points are
required for hand pumps or high yields are required for
motorised reticulated schemes.

From these results, a suggested method for exploration
has been formulated to assist with the undertaking of
regional exploration programmes (see Figure 7).



Investigation procedure

Geological literature review

The objective of a literature review is to obtain an
understanding of the tectonic history of the region in
order to understand the nature of observed structural
features and to hypothesise as to the orientation of
compressional and extensional forces. A hydrocensus of
existing boreholes assists in identifying the relationship
between high-yielding boreholes and structures of
varying orientation and stress conditions when the
location of boreholes is overlain on a structural map.

Geodynamic and strain analysis

Field and photogeological mapping may be required to
identify faulting and fracturing as evidence of tectonic
stresses. The geodynamic analysis of faulting is
concerned with understanding how the tectonic and
deformational history of the region is expressed in
regional structures such as faults and the stress
conditions under which rocks fracture. A strain ellipse is
used to predict the extensional, compressional and shear
stress origin of existing structures. The geodynamic
analysis has the objective of identifying the orientation
of structures and lineaments that are considered
extensional in nature and are therefore preferred target
features. Field structural mapping consists of mapping
the strike and dip of observed faults and joint sets at an
outcrop scale. These data sets are subsequently
classified by setting and are interpreted with the use of
stereonets to identify the principal orientation of
extension.

LANDSAT image interpretation

LANDSAT TM imagery is used to map visible lineaments
with the use of various enhancement techniques. Since
the tectonic stresses on these lineaments is not known,
they should not be used directly for borehole siting. Only
once a structural interpretation has been undertaken
can promising lineaments be identified.

Groundwater exploration and development

Ground-based geophysics

Although the identification and selection of drilling sites
should be based on structural geological criteria,
geophysical exploration can form the basis of locating
boreholes on these structures or of pinpointing identified
structures in the field. Due regard should be given to
factors such as access, topography, existing
infrastructure, water rights, etc.

Study area

The study area is in the eastern limb of the Bushveld of
South Africa. It occupies a 2-4 km wide N-S trending
valley, arching around into an E-W trending valley as it
follows the layering of the Bushveld. It covers the area
from approximately 24°15°S to 24°37°S. The valley
margins are bounded by steep terrain. Mean annual
rainfall varies from 477 m in the north to 583 mm in the
south.

The geology consists of the upper part of the Critical
Zone and the lower part of the Main Zone of the
Rustenburg Layered Suite of the Bushveld Complex and
comprises alternating layers of pyroxenite, anorthosite
and norite. The topographic highs that define the valley
to the west and south and east and north respectively
are underlain by rocks of the Main Zone Leolo Mountain
gabbro-norites and the Wintersveld norite-anorthosite.
The low-lying central valley is underlain by layered
norite-anorthosite and pyroxenite of the Winaarshoek
layer. Layering in the study area is generally NW-SE,
dipping 20 degrees SW. Numerous dolerite dykes
transect the area, generally trending NE.

The main aquifers in the region are structurally
controlled and related to fault zones. The weathering
susceptibility of the Bushveld Complex rocks generally
increases with pyroxene content, which coincides with
the valley floor areas. The valley floors are also covered
with a thick deposit of clayey alluvium of between 20
and 30 m in thickness, which function as a source of
storage.
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Geodynamic analysis of faults

A structural interpretation of the region to delineate
groundwater targets was undertaken by WSM. On the
eastern limb, the emplacement of the Bushveld and
post-emplacement isostatic adjustments caused E-W-
oriented compression, followed by sagging and tensional
conditions. Sagging structures commonly occur as normal
faults, oriented in an arc that is parallel to the strike of
the layering (N-S arching to E-W further north).

Differential sagging resulted in the development of
strike-slip stresses and NNE wrenching, resulting in NNE
wrench faults, such as the Wonderkop fault, which is
located immediately west of the study area. NNE left-
lateral wrenching would have introduced NNW-N
oriented extensional stress (ENE-oriented extensional
structures) and NE and ESE oriented shear structures
(Figure 1). The NE trending Steelpoort fault to the south
of the study area and several prominent ESE faults are
such post-Bushveld age shear structures. Sagging
structures of tensional origin and oriented NW parallel to
layering would have come under compressional stress.
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Figure 1: Theoretical fault pattern caused by strains
related to wrench faulting

During post-Karoo times, stress due to downwarping on
the Lebombo Moncline axis, following the rupture of
Gondwanaland, would have resulted in E-W-oriented
extension, with tension at its maximum on N-S
structures. The existing NNE and NNW structures would
have been re-activated under extensional stress.
Observed faults in the region (Figure 2) can be
characterised as follows:

1. Primary N to NNW trend. This trend is sub-parallel to
Bushveld layering and its origin can be attributed to
sagging structures. This trend also cuts across Karoo
strata, implying a post-Karoo re-activation by
extension during Lebombo downwarping. This
predominantly E-W extension has resulted in major
rivers exploiting N-S structures, which is plainly
evident on the topographic maps.

2. NNE and NE trend. These faults display left-lateral
movement, which implies a shear stress origin that is
related to NNE wrenching in post-Bushveld times.
Faults also cut across Karoo strata and have
therefore been re-activated during post-Karoo times.
Post-Karoo re-activation of these faults can be
attributed to the E-W extensional stress being taken
up on pre-existing NNE structures. This trend was
exploited by Karoo dykes, which intruded along the
pre-existing vertical NNE and NE shear structures.
However, the NNE and NE structures would not have
been subject to maximum extension during post-
Karoo times and are therefore less than ideal
groundwater targets.

3. Secondary SE-SSE trend. These faults are non-linear
and curve around the margins of the Nebo granites.
They do not cut the Karoo and are therefore pre-
Karoo in age. Their origin can therefore be attributed
to sagging of the Bushveld and resulting normal
faulting parallel to layering.

4. Secondary ESE trend. This orientation is consistent
with shearing that resulted from NNE wrenching. It is
also associated with the intrusion of diabase, which
suggests a post-Bushveld vertical shear structure
origin.

5. ENE trend. This orientation was subjected to
extensional stresses due to NNE wrenching, which
resulted in normal faulting, even along older ENE
thrust faults such as the Zebediela fault. Evidence
for the dip-slip setting is the presence of ENE
oriented block faulting to the north and NW, into
which Karoo sediments were deposited. Downthrows
on these faults is 300 m to the south, which indicates
that they are normal dip-slip faults that resulted
from extension to the NNW-SSE during post-Bushveld
times.



Figure 2: Rose diagram of observed faults

The fault pattern is consistent with post-Bushveld NNE
wrenching (Figure 2), which would have resulted in the
region being subjected to NNW trending extension and
an associated ENE dip-slip setting. As a result, ENE-
trending structures were subjected to extension and NE
and ESE structures to shear. This fault pattern was
subjected to post-Karoo extension, whereby the N-S
sagging structures and NE and ESE shear structures
would have been re-activated under extensional stress.

Dolerite dykes in the region exhibit NE, N to NNE and
ESE trends and intruded along pre-existing sub-vertical
fault zones. Several intrusive episodes have occurred
that are related to post-Bushveld and post-Karoo
tectonic stresses. The NNE direction is known as the
Great Dyke direction. It represents an abyssal fracture
zone along which mafic magmas were intruded into the
crust, resulting in dyke swarms. This orientation is also
the only prevalent orientation in Karoo age strata to the
east, implying that N-NNE dykes are associated with E-W
post-Karoo extensional stresses. The NE and ESE dykes
intruded into vertical structures of shear origin.

Strain analysis of joint
patterns

To ascertain whether predicted stress conditions from
the geodynamic analysis could be verified, a total of 10
outcrops were mapped in the field and 93 joint
orientation measurements were obtained. Several joint
sets were observed (Figure 3), namely:

1. Sub-vertical N to NNE-SSW striking joints, dipping at
50-60° and at more than 80°. These are interpreted
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as being dip-slip normal joints and associated mode 1
tension joints.

2. NNE-SSW steeply dipping joints. A vertical shear
striking 200 with horizontal slickenlines was also
noted, suggesting that this orientation has a strike-
slip origin.

3. WNW-ESE steeply dipping joints. These are
associated with the NNE joints and have a strike-slip
origin.

4. SE striking shallow dipping joints. These are sub-
parallel to layering and have a similar dip. Therefore
they are attributable to the sagging of the Bushveld.

5. NNW-SSE striking moderately to steeply dipping
joints. They are parallel to layering and probably
have a dip-slip origin that is related to the sagging of
the Bushveld.

K Sami

Figure 3: Equal area Stereonet and rose diagram of
jointing

The pattern of faulting and jointing indicates both a dip-
slip and strike-slip fault setting. To identify the different
stress fields that are responsible for the observed
fracture pattern, fractures were plotted into dip degree
categories of 90-80, 80-50 and <50 degrees. The stresses
responsible for the joint sets are shown in
Table 1.

Fractures dipping 90-80°

Several prominent joint sets are observed that are
striking NNE, ESE, SSE and WNW (Figure 3). These joint
sets are related to strike-slip faulting due to Post-
Bushveld wrenching. Maximum extension would have
been to the NNW, resulting in ENE-trending mode 1
tension joints (57/90 and 234/83 secondary poles).
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Table 1: Orientation of stresses responsible for observed fracture sets

Orientation Compression Neutral Extension
strike/dip
80-90 Dip-slip 5/82 95/90 5/0 275/7
Strike-slip 25/88 61/3 331/87 334/3
205/82
104/83
280/85
Dip-slip 57/90 252/80 342/10 324/3
234/83
Dip-slip 340/84 47/87 137/3 64/3
50-80 Dip-slip 3/63 98/77 8/13 284/22
192/55
Dip-slip 337/59 67/86 337/4 66/6
160/62

A secondary pole can be observed that is trending N and
dipping east. This can be attributed to mode 1 tension
jointing due to E-W extension during post-Karoo times.

Another secondary pole trends NNW. This orientation is
parallel to layering and could be related to tension that
resulted from sagging. An associated joint set at a
shallower dip suggests a dip-slip origin.

Orientation of stress fields

Maximum extension occurred to the W, NNW and ENE,
implying that structures oriented to the N-S, ENE and
NNW have a tensional origin. The NNW tensional
orientation is of post-Bushveld origin and related to NNE
wrench faulting. The ENE-oriented and W-oriented
tension are related to post-Karoo lebombo downwarping
and are therefore the most recent expression of
structural stresses. N-S and NNW-SSE striking structures
are therefore the most promising groundwater
structures.

Post-Karoo dykes could have intruded in the NE
orientation due to the existence of vertical shear
structures. However, this orientation is not the most
promising from a stress-orientation perspective.

Interpretation of [ineaments

Figure 4 shows the orientation of LANDSAT lineaments in
the region. These lineaments were identified
independently by another geologist in order to avoid
bias.
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Fractures dipping between 80-50°

These fracture sets are considered to be related to dip-
slip stresses. Prominent sets strike N-S and NNW-SSE.
These sets are related to E-W extension that resulted
from Lebombo downwarping.

The predominant orientation is to the NE in terms of
frequency. This orientation is associated with Karoo-age
dolerite (evident in the Karoo lithologies west of the
Oliphants River), diabase dykes and strike-slip faults of
post-Bushveld origin. However, these lineaments are
relatively short and do not exceed 10 km in length. This
orientation is not associated with extensional stress and
therefore these lineaments do not represent favourable
groundwater targets.

The longest lineaments are oriented NNW and N.
However, very few lineaments with these orientations
were observed. These orientations represent predicted
tensional structures that are due to dip-slip related
faulting and are the preferred groundwater targets.
Major regional rivers, such as the Olifants River, Dwars
River and Watervals River, can also be observed to have
major N-S oriented segments.
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Drilling results

Results obtained from 3 exploration strategies are shown
in Figure 5:
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Figure 5: Drilling results
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1. No structured exploration or drilling randomly or
by visual observation:
Scenario 1 represents historical results that are
recorded in the National Groundwater Database on
the farms on which the investigation was conducted.
This scenario is based on historic drilling records,
which are assumed to represent borehole siting
without scientific exploration methods.

2. Exploration based on a hydrocensus, EM-34 and
magnetometer  traverses  undertaken  over
LANDSAT-identified lineaments, VES confirmation
and a desk study of existing maps
This scenario is based on the historic success rates
achieved by consultants who worked in the area. The
depth of investigation shows that the methodology is
more intensive than the current practice in the
hydrogeological industry of anomaly hunting and only
used the EM-34 and magnetometer investigations
after a brief (if at all) desktop study.

3. Full exploration based on the
methodology

This scenario is based on the use of a MAX-MIN
system that was used to investigate LANDSAT
lineaments that were considered to be tectonically

significant by geodynamic and strain analysis.

proposed

The median yield achieved in scenario 1 was 0.5 {I/s.
The success rate (defined as boreholes that yield > 0.1
{/s) was 66%. Only 21% of boreholes would have been
successful if motorized pumps were to be installed (yield
>21/s).

Scenario 2 selected mapped structures as lineament
targets. The primary targets selected were NE faults and
dolerite dykes, which are the most prevalent target in
the study area. These targets were subjected to
magnetometer, electromagnetic (EM-34) and resistivity
(VES) investigations to identify drilling sites. The median
yield achieved was 2 {/s and the success rate was 91%. A
total of 50% of the boreholes could be equipped with
motorised pumps.

Scenario 3 represents the boreholes drilled during this
investigation. Drilling sites were almost exclusively N-S,
NNE and NNW structures, predicted to be extensional in
nature and identified in the field. One borehole was
drilled on an E-W structure, which proved to be dry. The
median yield achieved was 15 {/s and the success rate
was 92%. A total of 85% of the boreholes could be
equipped with motorized pumps.
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Figure 6: Borehole yield versus the orientation of
drilled targets.

Figure 6 shows a target analysis that was undertaken by
overlaying all the boreholes with adequate co-ordinate
data on a structural geology map in order to identify the
orientation of their targets. Only boreholes that lay on
an identifiable structure were included. The results
show that boreholes that lie on N-S structures have the
highest median yield. High yields were also achieved
from boreholes on ENE and NNW targets. These are the

orientations that were predicted to be under maximum
extension by the geodynamic and strain analyses. The NE
and W orientations, predicted to be under shear,
generally have poor yields, in spite of dolerite dykes
being targeted.

Financial analysis

The financial analyses was used to evaluate the extent
to which the proposed exploration strategy is financially
viable in terms of reduction in overall borehole
establishment costs (average cost for each successful
borehole) and the cost of the yield obtained (average
cost per litre per second borehole yield). The costs
associated with exploration work include a desk study,
LANDSAT and aerial photo interpretation, geophysical
surveys, structural mapping and community liaison.
The costs were based on standard South African rates
in 2004 and the standard number of man-hours
per activity envisaged during groundwater exploration
investigations.

Table 2: Assumed costs to establish 10 boreholes based on achieved success rates and approximate quantities

ITEM Units Rate Scenario 1 Scenario 2 Scenario 3

Qty Cost Qty Cost Qty Cost
Desk Study® E Day 3500 1 R 3500 5 R 17 500
EM34 survey® X Day 3500 3.7 R 12950
Max Min survey* P  Day 4000 36 R 14 400
Resistivity survey® L Day 3 000 55 R 16500
Geophysical interp. (0] Line 500 22 R 11000 11 R 5500
Subsistence R Day 300 10 R 3 000 6 R 1800
Landsat image® A Each 3000 1 R 3000 1 R 3000
Landsat interp. T Day 3500 3 R 10500 3 R 10 500
Structural mapping’ | Day 3500 3 R 10 500
Subtotal - Exploration (0] R 0 R 60,450 R 63 200
Community liaison? N Hr 250 16 R 4 000 11 R 2 750 11 R 2 750
Drilling® Hole 15 000 16 R 240 000 11 R 165 000 11 R 165 000
Drill supervision Day 2 000 20 R 40 000 11 R 22000 11 R 22 000
TOTAL R 284 000 R 250 200 R 252 950
Per successful site R 17 750 R 22745 R 22 995
Median yield s 0.5 2 15
R/¢/s R/E/s R 568 000 R 125 100 R 16 863




Groundwater development costs to establish 10
successful boreholes, excluding testing and equipment,
are shown in Table 2. Exploration that uses the
proposed approach has a similar cost implication to
conventional exploration. However, the geophysical
component is reduced in favour of structural mapping
and the development of a geodynamic model.

1. Review of topographical and geological maps and
geological reports.

2. At 1h per drilling site.

3. At 1 technician and 1 labourer and 3 boreholes sited
per day including magnetometer surveys.

4. At 2 technicians and 2 boreholes sited per day
including magnetometer surveys.

5. At 2 technicians and 2 boreholes sited per day.

6. At 22% recovery per usage of R 10,000 per 180 x 180
km image and R 1,200 in man-hours for co-ordinate
registration.

7. Field mapping of outcrops and aerial

interpretation.

photo

8. Casing costs are not considered as it is assumed that
only successful boreholes would be cased, which
would result in similar casing costs for all scenarios.

9. According to the success rate of 67% as determined
from the drilling records in the NGDB.

10. According to the success rate of 91% as determined
from the drilling records.

11. According to the success rate of 92% achieved during
this investigation.

The results suggest that a geological approach to
exploration that is oriented to the identification of
targets on a regional scale could in the long-term result
in significant cost savings, especially when the costs of
regional geological exploration are spread over many
boreholes. In such cases, dedicating a larger proportion
of the budget to structural mapping may result in more
efficient drilling and a net reduction in establishment
costs, especially when motorised pump systems are
planned. For such an exploration programme to be
successful, it should incorporate field geological
mapping; remote sensing and appropriate geophysical
exploration; and the development of a hydro-tectonic
model.

Groundwater exploration is significantly more cost
effective when structural controls on groundwater
occurrence are considered so that only potentially
significant targets are considered for field investigation.

—
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The proposed approach to groundwater exploration
exhibits a significant economy of scale and unit costs per
borehole decrease with the number of boreholes drilled.
Consequently, such an approach is warranted only when
the exploration costs can be distributed over several
boreholes. Based on a financial analyses for the
establishment of ten boreholes, the proposed
methodology proved to be cost-effective, in terms of
both successful boreholes established and the cost per
/s of water delivered.

Recommendations for
groundwater exploration in
fractured terrain

Hydrocensus

The objective of a hydrocensus is to hydrogeologically
characterise a region in terms of the physical and
economic feasibility of meeting water demands through
groundwater by quantifying the expected borehole
yields and their variability by geological domain; historic
drilling success rates and probabilities of exceeding
specific yields; and the proximity of boreholes to
geological structures and their yield. The identification
of high-yielding boreholes may also assist in identifying
targets that are potentially high yielding.

These investigations should attempt to determine the
number of boreholes that would be required to meet
water demands, the role of geological structures on
yield, the depth to which boreholes should be drilled
and the suitability of water quality for the desired
usage.

Tectonics and geodynamics

Geodynamic investigations require that the tectonic
history of the region be unravelled so that mapped,
identified or presumed structures and lineaments can be
explained in terms of historic and present-day geological
strain. Depending on the age of the rocks and the
structural complexity, this process could involve an
extensive literature review of the crustal evolution of
the region. Since these processes are of a large scale,
investigations are often much broader than the study
area.
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Figure 7: Flow chart of the recommended groundwater exploration process
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Geodynamic investigations aim to obtain a conceptual
model of pre-, post- and syntectonic geological evolution
that describes historical extension, compression and
shear orientations in geological time that is based on the
observed pattern of faulting. A geodynamic
interpretation  permits an  understanding  and
classification of observed lineaments and joint patterns
in terms of their origin and present strain conditions,
thereby enabling the identification of preferred
structures.

Strain analysis

A strain analysis attempts to identify strain conditions in
rocks by identifying compressional and tensional
orientations from the observed strike and dip of joints
with the use of stereonets. The objective is to identify
the orientation of tensional and compressional forces
that resulted in the observed fracture patterns. The risk
of using this methodology is that in many cases rocks
have been exposed to several tectonic events, perhaps
with different stress orientations, and therefore jointing
from several generations may be superimposed.
Consequently, subsets of joints have to be related to a
specific tectonic event. The identification of joint
patterns that are related to specific events requires the
geodynamic analysis to identify stresses that occurred at
various periods in time. For this reason it is also often
necessary to conduct joint mapping in the most recent
lithological formation that is present, even if it is
external to the study area, in order to identify stresses
that originated from the most recent tectonic event.
This process enables relative dating of joint sets.

Remote sensing and geophysical
survey

The objective of using remote sensing methods is to
identify structures of promising orientation and of
hydrogeological significance that are not noticeable in
the field or that have not already been mapped. The
usefulness of remote sensing is hindered when the
disturbance of the land surface hinders lineament
identification; surface cover, such as sands, prevents
identification of subsurface structures; lineaments are
related to non-structural features, such as lithological
variations of non-hydrogeological significance; or
features are too narrow to be delineated at the scale of
the image. Remote sensing that is used in isolation poses
the risk of succumbing to the largest or most frequent
anomaly syndrome, rather than identifying that which is
the most hydrogeolgically significant.

—
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Field proofing investigations are required to identify the
nature of target lineaments to determine their nature
and origin and to pinpoint the lineaments in the field
with the use of observation or geophysics, with due
consideration being given to constraints on siting
(topography and access; water-demand location and
quantity; reticulation or distribution systems; access to
properties; water rights; contamination potential and
vulnerability; and acceptance of drilling site by the
stakeholders).

Conclusions and
recommendations

Cost-effective groundwater exploration in fractured

environments should:

e Have a regional focus and be based on the
identification of structurally significant target
features for a region rather than be driven by local
demand.

In which case a large number of structures can be
identified with the wuse of a geodynamic
methodology. Subsequent pinpointing of boreholes
and drilling of targets can be driven by local demand
in accordance with priorities.

e Consider the expertise required rather than the
expertise locally available.

Borehole siting is commonly undertaken by local
consultants with the use of tools and skills that they
have available. This approach often results in the
repetition of poor practice and the use of
instrumentation or methodologies that cannot
achieve the required results. The consequence is
much wasted time and money and little water.
Structural geological understanding is essential to
successful exploration.

e Be guided by an understanding of the
geodynamics, together with the water-bearing
properties of identified targets, rather than be
restricted to ‘divining’ with the use of a variety of
instrumentation.

Only in this way can a conceptual model of
groundwater occurrence be developed and refined so
that an improved understanding of groundwater is
achieved.
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Consider the geological nature of targets prior to
geophysical investigation.

Some high-yielding targets may not exhibit any
geophysical anomalies with the use of magnetics or
electromagnetics, yet they can be of structural
significance. Conversely, some promising geophysical
anomalies may yield dry boreholes if drilled on
targets that are not structurally relevant
(compressional lineaments, compressional dykes,
lithlological variations etc.).

Groundwater exploration should be tendered on a
per successful site or R/€/s basis, i.e. define
outputs rather than inputs.

The current practice of subcontracting borehole
siting to geohydrological consultants purely on the
basis of cost or a per borehole sited basis does not
promote the incentive to increase success rates. In
fact, the opposite may be the case as the
consultants’ income increases with the number of
boreholes sited and the number of boreholes at
which drilling supervision is provided, regardless of
the success rate. The subcontracting of borehole
siting independent of the successful establishment of
a borehole also shifts the responsibility of the
implementing agent who controls the drilling budget.
An incentive to increase success rates could be
achieved by tendering groundwater exploration on a
per successful site or a per R/{/s basis (independent
of drilling costs), thereby creating a motivating
factor for increasing the success rates. This approach
is adopted in Mozambique, which encourages

consultants to use the most appropriate methodology
for exploration and discourages incompetent
hydrogeologists and diviners.

The above exposition suggest that there is a significant
need for a fundamental paradigm shift in groundwater
exploration in southern Africa. All of the above lessons
can be considered to be opposed or contradictory to the
current practice of groundwater exploration for rural
water supply.

The hydrogeological community has paid scant, if any,
attention to the importance of geodynamics and
structural analysis in  groundwater exploration.
Consequently, exploration has been relegated to an
exercise in geophysical anomaly hunting that adds little
to the identification of future targets. A structural
understanding of the aquifer is rarely built up and
mistakes are commonly repeated. This shortcoming may
reflect a lack of training in structural geology in South
Africa, which is fundamental to groundwater exploration
in fractured aquifers.

The losers in this regard have been the implementing
and funding agencies as well as the communities who
end up with much less water for their money than could
have been achieved. The winners have been the
hydrogeolgical community who have increased revenue
by increasing the number of boreholes sited per day and
the number of holes sited, while avoiding responsibility
for their failures or incompetence, as well as the water
diviners who can point out that they are usually as
successful as hydrogeologists.



Groundwater exploration and development of basement aquifers in

Formerly, Water Resources Consultants, Gaborone, Republic of Botswana

Abstract

Botswana

Flenner Linnt

Basement aquifers cover only 10% of Botswana, but form an important groundwater resource as some of the most
densely populated portions of the country are underlain by crystalline basement. Groundwater exploration and
assessment of basement aquifers has been undertaken as part of large-scale resource assessment projects as well
as at the local scale as part of village water supply development. Case studies that illustrate both scales of
investigation and development are presented from different areas of the country. Sufficient borehole yields,
acceptable quality and reasonable drilling success rates were obtained in all areas through the implementation of
comprehensive and integrated siting programmes that involve airborne geophysics; remote sensing analysis;
mapping and ground truthing; and ground geophysical surveys with the use of multiple methods. In areas with
high population densities, integrated supply strategies that are based on basement aquifers as well as water

transferred from external sedimentary aquifers are being implemented.

The primary issues concerning

basement aquifers in Botswana are quality (both natural quality and anthropogenic contamination), the
heterogeneity in rates of recharge and the complexities of fractured aquifer assessment. Although moderate
borehole yields are often obtained, the long-term sustainability of groundwater abstraction is often problematic.

Introduction

Botswana is an arid to semi-arid country, centrally
located within southern Africa (Figure 1), with limited
surface water resources and hence a significant reliance
on groundwater. It shares borders with South Africa,
Namibia, Zambia and Zimbabwe and has a total land
area of 582 000 km?. The majority of the country is
characterised by flat savannah and, although devoid of
major mountains, more hilly country is present along the
eastern margin. The major physiographic features in the
country include the Okavango Delta, Makgadikgadi Pans,
Tsodilo/Aha Hills and the Kalahari.
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Figure 1: Botswana location map.

Climate

The climate of Botswana is primarily semi-arid with
rainfall ranging from approximately 250 mm/yr in the
southwest to 550 mm/yr in the east and up to a
maximum of 690 mm/yr at Kasane (extreme north).
Annual open water evaporation is in the order of 2 000
mm and exceeds average rainfall in all months of the
year. The mean annual precipitation is approximately
550 mm, with 80-95% of the rainfall occurring during the
summer months when evaporation is highest. Average
temperatures are also high with a mean annual
temperature in Gaborone of 28.4°C and in Maun
(northwest) of 30.3°C.

Water resources

Two active river systems form borders with adjacent
countries (Limpopo and Linyati/Chobe), while the
Zambezi River, which forms a border with Zambia,
extends only 200 meters. Only three major river systems
are perennial (Okavango, Linyati/Chobe and Limpopo)
with the remainder generally experiencing annual
periods of no flow. The total estimated runoff for the
country is 705 MCM or 1.2 mm (National Water Master
Plan, 1991), which is extremely small in comparison with
other similar countries (i.e. Australia) and emphasises
the meagre surface water resources of Botswana.
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As a result of climate and the limited distribution and
extent of surface water resources, groundwater has and
continues to be an extremely important resource in the
development of the country.

Nearly half of the drinking water demand for the country
is provided by groundwater with more than 90% of
villages in Botswana supplied by groundwater (NWMP,
1991). Many of the major towns, such as Molepolole,
Kanye, Serowe, Maun and Ghanzi are supplied by
groundwater, while many other towns use groundwater
and surface water or have wellfields as backup capacity
to surface water sources. A major pipeline, the North-
South Carrier, connects reservoirs in the north with the
capital, Gaborone, as well as with a series of major
towns and villages on the eastern margin of the country.
There are several major wellfields that offer emergency
backup capacity in periods of drought.

Basement aquifers in
Botswana

Approximately 10% of the country is underlain by
Archean basement that consists of metamorphic and
plutonic bedrock. Basement formations are present
primarily in the east of the country, but also include
areas of the north-west where Kalahari Beds cover is
often thick. The basement regions of the east tend to be
found in regions of relatively high population density
(Figure 2).

Extent of basement rocks

The most extensive areas of basement outcrop/subcrop
in Botswana are present in the north-east of the
country, near the city of Francistown (Figure 2).
However, recent high resolution aeromagnetic surveys
(DGS, 1997) carried out in the Okavango region in the
north-west of the country have led to the revision of the
national geologic map and a significant increase in the
area of basement interpreted to be present beneath
thick Kalahari cover in this region.

Crystalline basement lithologies include granitoids,
gneisses, granites, migmatites and meta-plutonic rocks
in the north-east and granite, gneisses and granitoids in
the south-east (Carney et al., 1994). The north-east
region is primarily interpreted to be gneiss and banded
gneiss (DGS, 1997).

Structural environment

In the north-east of Botswana, crystalline basement is
complexly folded and faulted and is grouped within five
major tectonic terrains, the Francistown Complex,
Mosetse Complex, Motluotse Complex, Limpopo Belt and
Mahalapye Complex. The south-eastern basement
terrain is much less structurally complex with structures
consisting primarily of NW-SE trending faulting and E-W
and NW-SE trending antiforms and synforms. The
basement terrains of Botswana tend to be structurally
complex and often faulted although the major regional
faults and structural zones in Botswana (Figure 2) are
present outside of the basement terrains.
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Figure 2: Distribution of Basement and Major Structures in Botswana.
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Groundwater development in
basement aquifers in
Botswana

To highlight the challenges and evolving approach of
groundwater exploration and development in basement
aquifers in Botswana, three case studies are presented,
namely one that involves a large-scale regional
exploration and assessment project and two that
consider typical village water supply projects. The case
studies illustrate the strategies and methodologies that
are being employed in Botswana to address the
complexities and difficulties inherent in groundwater
development in basement aquifers in a semi-arid
environment.  They also underscore the important
potential that is associated with basement aquifers in
the region.

Major development projects

A major groundwater exploration and development
project, which is focussed on basement aquifers as well
as on Karoo formations was completed in the north-east
of Botswana. It is the Groundwater Investigation for
Rural Water Supply in the Northeastern District and Parts
of the Neighbouring Central District (DWA, 2001). The
goal of the project was to explore and assess the
groundwater potential in the north-eastern district
(north of Francistown, Figure 1) which has a high
population density, is underlain by basement complex
and has had a history of water supply shortage.

The exploration phase of the project included extensive
use of airborne and ground geophysics (AEM, airborne
radiometric survey and ground HLEM, VES and
electromagnetic methods); detailed structural and
geologic mapping; recharge assessment; and the drilling
and construction of exploration and test-production
boreholes. A total of eight successful boreholes were
completed in crystalline basement aquifers that have
yields ranging from 0.5-15 {/s. Water quality in all
boreholes was within Botswana’s drinking water
standards (TDS 270-630 mg/¥).

Although the basement aquifers in the north-east district
were considered to have significant potential, due to the
relatively high demand in the concentration of villages
and the considerable expected population growth, the
final recommended strategy for long-term water supply
was to use a range of sources that include basement
aquifers, a major wellfield developed in Karoo
sandstones and abstraction from alluvial sand aquifers
along rivers. This involves local sources (basement and

Groundwater exploration and development of
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sand river) as well as water transfers (from the distant
Karoo wellfield) to provide a reliable and sufficient
water supply solution in this basement area of Botswana.

Village-scale development projects

Many groundwater exploration and development projects
have been completed in basement aquifers for village
water supply in Botswana. In isolated villages in much
of the west of the country, where even intermittent
surface water resources are absent, groundwater offers
the only viable option for water supply. Therefore
successful identification of sufficient groundwater
resources for village water supply is a requirement of
these projects. No alternatives are readily available.
The groundwater exploration and development for the
village of Qangwa in northwestern Botswana provides an
example of groundwater exploration in  this
environment.

In the east of the country, some perennial rivers are
present, one being the Limpopo River. Many villages
have developed along the course of the Limpopo, which
forms the border with South Africa. Although surface
water would appear to be a logical source for some of
the relatively large villages in basement terrains,
significant groundwater potential has been identified in
shallow basement aquifers that are hydraulically
connected with the river system in the villages of
Mabalane, Sikwane and Mathudubudukwane (the ‘river
villages’).
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Figure 3: Village Project Locations.

F Linn



Groundwater exploration and development of
basement aquifers in Botswana

Groundwater development in Qangwa,
Ngamiland district

The village of Qangwa is located in north-western
Botswana, near the border with Namibia (Figure 3).
Population density in most of western Botswana is
extremely low, less than 1 person per km? and villages
are small and far apart. As such, water demand is low
(16 m/d for Qangwa), but the requirement for
reliability and sustainability is very high due to the
isolated nature of villages in this area. Additionally, the
vulnerability of shallow basement aquifers to
contamination is illustrated by the deteriorating water
quality of the existing supply borehole that is located
within the village with nitrate levels recently reaching
139 mg/f. Additionally, naturally occurring fluoride
(2.93 mg/f) and manganese (125 mg/{) that exceed
Botswana’s drinking standards were identified in the
existing production borehole.

To address the water quality problems as well as to
cater for future demand growth, a groundwater
development project was implemented (DWA, 2004).

The Qangwa area is underlain by the Qangwadum
Basement Complex of Upper Proterozoic Age (1200-570
million years), which is covered by variably thick sands
of the Kalahari Beds. The Qangwadum Complex mainly
comprises granitic gneisses and augen gneisses with
minor developments of medium grained biotite-
muscovite granite. Aquifers tend to be developed at
shallow depths (<50 m), primarily in the upper
weathered mantle of the basement. Drilling success
rates for the area are extremely poor, with only one in
five boreholes near Qangwa encountering groundwater
(existing supply borehole: 0.6 I/s) and similar success
rates observed across this area.

Exploration Methods

Considering the 20% drilling success rate in this area, a
comprehensive siting programme was implemented.
Initial assessment included the interpretation of existing
airborne magnetic survey (AEM) data in conjunction with
satellite imagery and a site reconnaissance/borehole
census. A series of north-west to south-east trending
faults were identified near Qangwa and are clearly
depicted in the AEM image. Parallel and cross-cutting
lineaments were also observed in the satellite imagery.
Areas of the most prominent development of these
interpreted structures and their intersections were
targeted for ground geophysical surveys, with the focus
on dry river channels (enhanced recharge potential)
away from the village and cattle posts in order to avoid
contamination threats.

The ground geophysical surveys selected, were
integrated magnetic and horizontal loop electro-
magnetic (HLEM) profiling, followed by vertical
electrical soundings (VES) in areas of interest. A key
component of the survey was calibration at boreholes
with existing hydrogeologic data. An example of an
interpreted data set at a calibration borehole is
provided in Figure 4. HLEM was found to be effective in
identifying fracture/fault zones in the basement where
weathering/fracturing would be expected to be most
developed, while VES provided quantification of the
anticipated depth of fracturing.

Results

A prioritised set of nine drilling sites in two target areas
were selected on the basis of the interpretation of the
ground geophysical surveys. Drilling at the first site
encountered a significant fracture zone to 38 meters
with an estimated yield of more than 14 £/s. The second
site encountered less extensive fracturing, but still had
an estimated vyield of 3 {#/s. These yields were
subsequently  confirmed during test pumping.
Laboratory analyses of water samples from both
boreholes indicated that all parameters were within
Botswana’s drinking water standards.

The good success rate and high yields obtained in this
project in a difficult basement environment is attributed
to the integrated siting investigation, which included
AEM and remote-sensing interpretation, multiple ground
geophysical survey methods and, most importantly,
overall co-operative interpretation and site selection by
the hydrogeologist and geophysicist involved in the
project.

Groundwater development in the river
villages, Kgatleng District

The adjacent villages of Mabalane, Sikwane,
Mathudubudukwane and Malowane are located along an
approximately 10 kilometer stretch of the Limpopo
River, 50 kilometers from the capital, Gaborone. The
villages have experienced rapid growth due to their
proximity to the capital and the presence of a border
post with South Africa, which resulted in demand rapidly
outpacing several existing low-yielding supply boreholes.
Consideration was given to connect the villages to the
North-South Carrier water pipeline, but a decision to
explore the basement aquifers in the area (DWA, 1999)
was taken prior to committing to this large capital
investment.
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The river villages area is underlain by gneisses and
granitoids of the Archean Olifant’s Drift Formation.
Foliation trends in the Olifant’s Drift gneisses and
granitoids are generally west-north-west, parallel to the
major structures of the area and crossing the Limpopo
River.

Given the rapid growth of the villages, there was
significant concern that basement aquifers would
provide insufficient yields and unreliable supply over
time. Existing production boreholes in the vicinity of
Mabalane had shown yield reductions in the order of 50
percent since commissioning less than 10 years earlier,
primarily due to lower water tables and aquifer
depletion. However, some boreholes close to the
Limpopo River were found to have been in operation for
periods of 20 to 30 years and more, with no observed
yield reductions.

Based on a review of existing data, a two-pronged
groundwater exploration and development strategy was
developed, including re-testing of the existing
production boreholes to evaluate the causes of the yield
decline and the exploration of areas adjacent to the
Limpopo River to assess the potential of aquifers that
are recharged by the river.

Re-testing existing production boreholes

The primary existing production boreholes are present
along a small intermittent stream that is approximately
five kilometers from its confluence with the Limpopo in
an area that is underlain by granitic basement. Although
a major source for the supply of the river villages, a
persistent yield decline was observed in all the
boreholes by operations staff, which created serious
shortfalls.

To assess whether yield reductions were the result of
borehole damage (encrustation, biofouling or collapse)
or aquifer depletion, a re-testing programme was
implemented. Each borehole was taken off line
individually to avoid significant supply disruption, the
production pump removed and examined and a step test
and 72 hour constant-rate test implemented prior to re-
commissioning the borehole. The inspection of pumps
and rising mains provided an indication of the potential
of biofouling or encrustation. Observation of water
levels in adjacent production boreholes during testing
was used to evaluate the presence of interference.

The results of the re-testing programme clearly
indicated that the major cause of yield decline was
primarily overexploitation of the aquifer, which resulted
in significant water level declines (up to 40 m). This was
further aggravated by borehole interference that is
associated with boreholes that are sited along the same
structure. As such, the groundwater exploration
programme went ahead to replace these existing
boreholes and develop sufficient additional capacity for
future demand.

Exploration methods

Given the moderate topography of the area and
generally thin cover, aerial photograph interpretation
was a critical first step in the exploration activity. The
focus of air photo interpretation was the identification
of lineaments associated with structures, emphasising
those that cross the Limpopo River. Fieldwork was then
carried out to provide detailed geologic and structural
data, particularly along the river margins where bedrock
was well exposed.

Similar to Qangwa, an integrated geophysical survey
comprising magnetic and HLEM profiling with VES in
selected locations, was conducted in the study area. A
series of prioritised sites were selected for drilling with
eight boreholes eventually drilled. Five were successful
with tested yields ranging from 1 to 15 £/s. During
borehole test pumping, extremely heavy rainfalls were
experienced (resulting from the 2000 cyclone) and three
boreholes showed significant response to recharge (up to
5 m water level rise) with one borehole showing full
recovery during test pumping due to the recharge event.

The water supply from the new project boreholes
provides for the present demand and ten year estimated
demand, allowing decommissioning of the existing and
low-yielding boreholes and avoiding the necessity of
connecting the villages to the North-South Carrier
pipeline. The completion of boreholes proximal to the
Limpopo River, where aquifers are interpreted to be in
hydraulic connection is expected to address the
problems of limited sustainability of the basement
aquifers that are dependent on rainfall recharge in this
environment. The observed recharge effects during an
unusual rainfall event supports the conclusion that the
new production boreholes are in active aquifer systems.



Basement aquifers in
Botswana: challenges and
potential

The above case studies provide an overview of the
nature of challenges that are associated with
groundwater development in basement aquifers in
Botswana as well as their potential and important future
role in water supply at many levels. The significant
experience in basement aquifer exploration and
assessment in Botswana provides important insights for
the region in terms of strategies for basement aquifer
development and the constraints and potential that
these groundwater resources represent.

The key issues that arise from the Botswana experience
in basement aquifers are described below.

Storage and recharge

In a semi-arid to arid environment such as Botswana,
with a common occurrence of drought, aquifer storage
characteristics are a crucial aspect of the sustainability
of groundwater abstraction. As a result of the
commonly limited extent of basement aquifers that is
associated with fracture zones and some weathered
profiles, basement aquifer storage often has poor
characteristics and results in borehole yield decline over
time and in many cases, eventual abandonment of
boreholes.  The river villages production boreholes
provide a typical example of the limited sustainability of
some basement aquifers in this environment.

However, there are indications that many basement
aquifers in Botswana are actively recharged, even in
areas of Kalahari Beds sand cover. Where recharge is
reasonably regular and of sufficient magnitude, even
basement aquifers of limited storage characteristics can
be sustainable. Basement aquifers that underlay and are
in hydraulic connection to perennial or intermittent
streams clearly have greater recharge potential as well
as provide potential for induced recharge under
abstraction conditions.

Recharge assessment in basement aquifers is a critical
challenge for improving the reliability and sustainability
of abstraction. The identification of fresh groundwater
in shallow basement aquifers in arid to semi-arid areas
of Botswana, where Kalahari Beds unconsolidated cover
is ubiquitous, suggests that active recharge occurs.
However, due to the intermittent nature of recharge in
these areas, direct methods, such as the monitoring of
water levels, may not show a recharge event over the

Groundwater exploration and development of
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period of study. Therefore more innovative methods for
recharge assessment in these aquifers, such as CFC
sampling, will be crucial to effectively evaluate
sustainable resources from these aquifers. CFC analysis
has been increasingly used in Botswana to evaluate the
potential of active recharge in the recent period and
thereby enable assessment of the sustainability of
groundwater supply from these aquifers. CFC testing
was used to evaluate recent recharge to high-yielding
aquifers in fractured basement in the Tsabong Area of
Botswana as part of the assessment of sustainability of
these aquifers for town water supply (DWA, 2002).

Exploration methods

In Botswana, groundwater exploration has increasingly
focussed on integrated and comprehensive siting
programmes that involve remote sensing imagery,
regional airborne geophysical data sets and multiple
ground geophysical survey methods, even for small rural
village projects. This strategy is considered to be
particularly vital for groundwater exploration and
development in basement aquifers.

Implementation of comprehensive siting methods has
shown the potential not only to increase drilling success
rates in basement aquifers, but also to result in borehole
yields that are well beyond existing averages. Relatively
high borehole yields (>14 {/s), which are confirmed
through quantitative analysis over 72 hours, in basement
aquifers have been achieved across Botswana when
integrated siting methods have been employed.

Vulnerability

The vulnerability of basement aquifers to contamination
has been well documented throughout the region. In
Botswana, the primary anthropogenic threat to shallow
basement aquifers is nitrate, which often can result in
local aquifer contamination beyond acceptable drinking
standards in periods of the order of ten years. The
primary strategy to address this issue in Botswana has
been the siting of supply boreholes well away from
human and livestock areas. Since rural water supply is
based strictly on mechanised pumped boreholes and not
handpumps or open wells, this does not impose a
significant constraint on the exploitation of basement
aquifers for rural water supply.

Potential

When comprehensive and integrated siting methods are
employed, including remote sensing interpretation,

F Linn
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airborne geophysics, ground geophysics and
geologic/structural mapping, basement aquifers have
been found to provide moderate yields (5 - 15 {/s) with
acceptable drilling success rates (>75%). Sustainability is
the crucial issue with the geometry/extent of
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Abstract

This is a review of groundwater chemistry in Malawi. In spite of their low water-yielding capacity of between
0.15 to 5 ¢/s, basement aquifers are the source of water supply for about 60% of the rural population in Malawi.
Most of boreholes and wells are in the basement aquifers, which covers approximately 70% of the land surface.
They also contribute between 10-30% of the total annual stream and river flow. Fractures, weathered zones and
intrusions control the occurrence of basement aquifers leading to the inherent heterogeneity of basement
aquifers in terms of hydraulic characteristics and lithology. While ground water is generally of acceptable quality,
sporadic cases of high concentration of iron, fluoride and salinity have been reported which may underscore a
widespread problem being masked by limited data. On the other hand, the occurrence of electrical conductivity
values of over 4000 ps/cm and 1000 ps/cm of two bores in the same village in Dowa West is indicative that large
communities in Malawi might be consuming ground water of unacceptable qualities that poses a potential health
risk. The mixing of groundwater with surface water on the valley lower slopes of Bua River provide a case of a
common route for microbial contamination of boreholes and poses a health hazard to some communities.
Insufficient sampling, analysis of potential toxic compounds, research on groundwater quality and dissemination
of research findings could be responsible for creating inadequate public awareness of the potential health risks
that rural people, who depend on groundwater sources, are facing.

Introduction

——r———{xaRONGA|
Malawi has about 12 000 boreholes and 5 600 wells \
(Kalua et al., 1997) and these sources supply water to {
about 60% of the national population (National B ___sourw RuKURU AREAl
Statistical Office, 2002). Most boreholes and wells are in N =
basement aquifers, which cover approximately 70% of w-$-E
the land surface area, (Figure 1). Aquifers contribute =

between 10-30% of the total annual stream and river
flow in Malawi and are the main source of stream and
river flows during the dry season (Malawi Government-
UNDP, 1986). Most of the groundwater is used for
domestic purposes with limited amounts being used for
small-scale irrigation (National Statistical Office, 2000).
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Figure 1: Malawi’s Hydrolithological Units (Source:
Government of Malawi-UNDP, 1985)
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Figure 2: Number of boreholes drilled in Malawi from
1992 to 1996 (Source: Malawi State of Environment
Report, 1998).Major aquifer systems

According to Malawi Government-UNDP (1986), there are
two main types of aquifers in Malawi. The extensive, but
relatively low-yielding, basement aquifers and the high-
yielding alluvial aquifers (Figure 1).

Basement complex aquifers

Basement complex refers to crystalline metamorphic and
igneous rocks of Precambrian to Lower Paleozoic age
(Carter and Bennett, 1973). The major lithological units
of the basement complex are syenitic granites,
charnocktic and ultra-basic gneisses, schists, granulalites
and quartzites.

Basement complex aquifers are of two types and their
occurrence is associated with physiographic units
(Figure 3). The first type is characterized by the
prolonged in situ weathering of basement complex
rocks, which produces a layer of unconsolidated
saprolite material that constitutes the aquifer system.
The second type is characterised by largely fractured
unweathered basement complex rocks (Malawi
Government-UNDP, 1986). These commonly occur in
plateau areas (Figure 3) where saprolite thickness
generally ranges from 15m to 30m. These basement
aquifers can be found in the areas around Zomba and
the Mulanje Mountains (Figure 3), upper Shire River
Valley, Lilongwe-Kasungu Plain and South Rukuru River
catchment (Figure 3).The average yield in the
weathered zone of the basement complex is in the range
of 1-2 litres per second (Stanley International, 1983).
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Figure 3: Major physiographic zones of Malawi

In the plateau areas in which basement rocks
predominate, groundwater occurrence is mainly
dependent on secondary porosity derived from fractured
rock. Aquifer vyields for the weathered fractured
crystalline basement rocks are in the range of 2-4 litres
per second. Yields from groundwater in the basement
complexes are generally only sufficient for rural water
supplies by hand pumping (Stanley International, 1983).

In the Upper Shire River Valley (Figure 3), basement
complex rocks form the main source of the valley-fill
deposits. Sandy clays cover the northern part of this
area to a depth of up to 60 m while arenaceous deposits
of deltaic origin underlie the southern part of the
aquifer. Aquifer yields range from 0.15 to 1 litre per
second (Stanley International, 1983).

In the Lilongwe area (Figure 3), the aquifers are part of
the extensive Central Region Plateau, which is at an
altitude of 1 100 m above mean sea level. The Plateau is
underlain by basement complex gneiss and granulites of
which the buried surface slopes towards Lake Malawi
and are intersected by faults associated with the
development of the Rift Valley (Carter and Bennett,
1973).
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The lakeshore rift valley plain (Figure 3) covers an area
of about 1 400 km? and is generally bounded to the west
by the Rift Valley Fault Scarp. About 50% of the
boreholes in this area derive water from fractured
crystalline and weathered rocks, which produce very low
water yields with a maximum vyield of 0.2 litres per
second (Stanley International, 1983).

The South Rukuru River catchment (Figure 1) drains an
extensive area of about 12 200 km? in the northern
region of Malawi. Igneous and metamorphic rocks of the
basement complex underlie this catchment and the
aquifer yield range is 0.75 litres per second to 3 litres
per second (Malawi Government-UNDP, 1986).

Some of the basement aquifer systems in Malawi have
also been affected by intense lifting that is associated
with the Great East African Rift system. Dolozi et al. (in
press) note the presence of major geological lineaments
and faults in most crystalline aquifers in the Zomba area
including the Zomba Plateau. Northeast trending faults
that are associated with the East African Lift Valley
marks the Zomba Mountain’s western border. These
major faults and lineaments, together with the
weathered portions of the crystalline basement rocks,
constitute the aquifer system of the mountain. These
geological features, coupled with high rainfall in areas
like the Zomba and Mulanje Plateaus, are favourable for
recharge.

From the preceding discussion it is evident that
fractures, weathered zones and intrusions control
groundwater occurrence in crystalline basement rocks
with generally low yields, rarely exceeding 3 to 4 litres
per second. The challenges in such hydrogeological
environments are mostly two-fold: quality and quantity.

Alluvial aquifers

Alluvial aquifers are fluvial and lacustrine sediment
successions with variations in both vertical and lateral
extent. These aquifers are relatively high yielding in
comparison with the basement complex aquifers with
recorded yields in excess of 10 litres per second. They
are mostly located in the rift valley floor areas along the
shore of Lake Malawi on the western side of the Shire
River Valley, which includes the Salima-Nkhotakota-
Karonga area; the Bwanje Valley; the Upper and Lower
Shire Valley; and Lake Chilwa basin on the outer slopes
of the Zomba Plateau (GOM-UNDP, 1986; Stanley
International, 1983) as shown in Figure 1 and Figure 3.

The main lithological component of the alluvial aquifers
is clay with significant occurrences of poorly sorted
sands in some localities. Most of the alluvium aquifers
are unconfined although most thick clay sequences are

semi-confined. In the Lake Chilwa Basin, which is
perched on the eastern side of the rift valley, most of
the alluvium aquifers are clayey with the highest yields
obtained from sand and gravel aquifers that are found in
buried river channels (GOM-UNDP, 1986).

Hydrochemistry of basement
aquifers in Malawi

The quality of groundwater in Malawi is generally
acceptable for domestic use. Some problem areas are
identified in which a high concentration of individual
ions may render the water unacceptable for human
consumption. Malawi adopted the more realistic drinking
water standards of the Government of Malawi-UNDP
(1986), which are shown in Table 1, because the World
Health Organisation’s (1993) standards were considered
to be too strict.

Most of the hydrochemical studies of basement aquifers
in Malawi were carried out in the 1970s and early 1980s
by the Malawi Geological Survey Department and are
contained in Geological Bulletins and various geological
reports (Bradford, 1973; Chapusa 1977; Pascal, 1973;
and Wilderspin, 1973; Bath, 1980; Malawi Government-
UNDP, 1986). Although this information is valuable, the
results of groundwater analyses may reveal imbalances
between cations and anions and thus should therefore be
used with caution. Water samples have been collected
without filtration and acidification (for cation analysis)
and unstable parameters such as pH and alkalinity have
not always been measured in the field (Bath, 1980).
Analyses for groundwater chemistry are presently
carried out by the Ministry of Water Development’s
Central Water Laboratory, which was established in
Lilongwe in 1982/83.

The water quality in the basement complex aquifers is
characterised by the dominance of alkaline earths in the
cation group and carbonates in the anionic group.
Groundwater in the basement complex aquifers shows
low total mineralisation, indicating that most of the
water is derived from recent recharge. The chemical,
physical and biologic parameters that are being
monitored include those mentioned in Table 1 as well as
fluoride, sulphate, nitrate, iron, total hardness
(manganese and magnesium), electrical conductivity (for
total dissolved solids), tubidity, total Coliform and pH
(GOM-UNDP, 1986). Iron is being monitored in Lilongwe,
Dowa and Karonga. Manganese and magnesium are being
monitored in the Chikwawa and Nsanje districts and
sulphates are being monitored in Dowa. Table 2 shows
the most common ranges for various parameters that are
associated with groundwater resources in the basement
complex and alluvial aquifers.
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Table 1: Standards for drinking water in arid regions adopted in Malawi (Government of Malawi-UNDP, 1986)

Parameter

Suitability for permanent supply

God | For | oderme |

Electrical conductivity S/cm 0-750 750-1 500 1 500-3 000 3 000-6 000
Na (mg/t) 0-115 115-230 230-460 460-920
Mg (mg/?) 0-30 30-60 60-120 60-120
Hardness (mg CaCOs/%) 0-250 250-500 500-1 000 1 000-2 000
Cl (mg/t) 0-180 180-360 360-710 710-1 150
SO, (mg/¥) 0-145 145-290 290-580 580-1 150
Table 2: Common range in the quality of groundwater (Government of Malawi, 1986).

Parameter Unit Weathered basement Alluvial aquifers

Electrical conductivity fs/cm 100-1 000 500-3 000

Total dissolved solids mg/{ 60-600 300-1 800

Calcium mg/{ 10-100 50-150
Magnesium mg/t 5-50 20-100

Sodium mg/{ 5-70 20-1 500
Potassium mg/{ 1-6 1-6

Total Iron mg/{ 1-5 1-5
Bicarbonate mg/{ 100-500 200-1 000

Sulphate mg/{ 5-1 000 20-2 000

Chloride mg/t Less than 20 20-2 000

Nitrate mg/{ Less than 5 Less than 5
Fluoride mg/t Less than 1 2-10

Suitability and salinity

Groundwater quality is generally acceptable for
domestic use despite widespread occurrence of high iron
concentration (Malawi Government-UNPD, 1986). There
are, however, some problem areas where groundwater
quality is not suitable for human consumption and most
of these areas are still to be delineated in greater
detail.

Electrical conductivity (EC), which is indicative of the
total amount of dissolved solids and salinity, has been
used to assess groundwater quality in Malawi (Bath,
1980). The upper limit of groundwater quality,
expressed as EC, that is suitable for human consumption
in Malawi has been set at 3 000 pS/cm (Malawi
Government-UNDP, 1986). In general, groundwater from
basement aquifers within the plateau areas has a lower
EC (750 to 1 500 pS/cm). Boreholes located in escarp
zones have EC values greater than 3 000 uS/cm (Bath,
1980).

The groundwater quality can vary greatly even over
short distances. This is indicative of the heterogeneity of

basement aquifers, both in terms of hydraulic
characteristics and lithology. For example, several
boreholes in the Dowa West Integrated Project area had
EC values close to 4 000 uS/cm while those nearby, some
even in the same villages, have recorded EC values of
less than 1000 pS/cm (Malawi Government-UNDP, 1986).

This implies that people of the same village could be
consuming groundwater of different qualities when it is
derived from different boreholes. The increasing number
of NGO’s that are providing boreholes to rural
communities at a time when there is decreasing capacity
for the monitoring and control of groundwater quality
(by the Ministry of Water Development) poses a
potential risk in this regard.

In the Dowa West Integrated Project area, high levels of
EC are mainly attributed to high levels of sulphates, as
shown in Figure 4 (Malawi Government-UNPD, 1986).
There is therefore a need in Malawi to verify the source
of high levels of EC and to accurately delineate the
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source of sulphates and assess its linkage to the
distribution of groundwater quality. This requirement is
imperative, because there have been few reliable field
measurements of groundwater quality elsewhere in
Malawi apart from the area under the Dowa West
Integrated Project (Figure 4). Logic therefore suggests,
and indeed experience bears out, that this scenario of
the Dowa West Project area is more likely to be
widespread across Malawi rather than being an isolated
case.

KEY:
B Towns
ﬂ District
7 Intand Water
Chemistry in mg/l

®  Fluoride

® lron

@ Sulphate

Figure 4: Levels of fluoride, iron and sulphate in
groundwater

Stratification of groundwater quality is also possible for
basement aquifers (Malawi Government-UNDP, 1986).
For example, conductivity logging and analyses of
groundwater samples from different depths for several
boreholes in the Lilongwe area revealed vertical and
horizontal changes in hydrochemistry (Smith-Carrington,
1983).

Fluoride, iron and sulphate

Figure 4 shows the spatial distribution of fluoride, iron
and sulphate concentrations for groundwater that is
based on data of the Ministry of Water Development
(1997). It is clear from the figure that there are a

number of areas in Malawi for which information is
scarce or not available. For example, information on
fluoride is restricted to the Karonga Lakeshore Lilongwe,
Nkhotakota, Mwanza and Chiradzulu areas. Similarly,
analyses of sulphate and iron concentrations have mostly
been carried out for groundwater in the Dowa District.
There is therefore a clear need for further research in
other parts of the country where basement aquifers
occur.

The available data indicate that the fluoride
concentration of groundwater is generally above the
recommendations of the Ministry of Health of 0.6-0.8
mg/f (Malawi  Government, 1998) for human
consumption. Consumption of water with a high level of
fluoride could lead to fluorosis, i.e. bone diseases and
mottling of teeth (Malawi Government, 1998). Thus far
there have been few studies that link the concentration
of fluoride with these known diseases in Malawi (Malawi
Government-UNDP, 1986).

Groundwater contamination and toxicity

Palamuleni (2002) states that the lack of reporting of
incidences of groundwater contamination is one of the
most important water-related health problems that
Malawi is facing. This arises from a number of factors
such as the lack of public awareness; insufficient
sampling and analyses of potentially toxic compounds;
and limited research on groundwater contamination.

Two boreholes in the weathered basement aquifers on
the lower valley slopes of the Bua catchment provide a
good example of the latter. At this site, groundwater
rises to the surface and mixes with the surface water of
a nearby wetland (Malawi Government-UNDP, 1986). The
mixing of groundwater and surface water could also
provide a common route through which microbial
contamination of groundwater could take place.
Palamuleni (2002) observed that groundwater quality in
the Lunzu Township of Blantyre in Southern Malawi was
threatened by the poor sitting of sanitary and waste
disposal facilities that resulted in microbiological
pollution. This observation is supported by Dolozi et al.
(in press, Malawi Journal of Science and Technology)
who report a number of high levels of faecal coliforms in
wells and boreholes in the municipal area of Zomba.
There is a need for research into the mixing of
groundwater and surface water and the evaluation of its
impact on health.
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Conclusions

This review indicates that there is insufficient sampling
and monitoring of groundwater, analyses of potential
toxic compounds and research on groundwater quality in
Malawi. This scenario could be responsible for
inadequate public awareness, and the resultant masking,
of the potential health risks that are faced by rural
people who are dependent on groundwater. There is
therefore a need to conduct further studies in the
following areas:
e Identification and delineation of areas with
unacceptably high concentrations of iron, fluorine,
salinity and sulphates

e Determination of the causes of salinity to enable
appropriate mitigatory measures to be instituted

e Evaluation of the extent to which the mixing of
surface water with groundwater leads to the
contamination of groundwater.
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Abstract

Recharge is important for quantifying available water resources and to identify areas that are vulnerable to
pollution. Recharge is difficult to estimate reliably and the application of more than one method is usually
recommended. In semi-arid basement aquifers there is generally a dearth of data, making the estimation of
recharge difficult. The choice of methods will depend on the availability of data, conceptualisation of the aquifer
system and the study objectives. In this paper a simple approach is followed to identify quantitative recharge
estimation methods that are applicable to a particular area. In the case study three methods were identified and
applied to estimate recharge. The methods are the chloride mass balance, cumulative rainfall departures and
saturated volume fluctuation methods. Recharge estimates varied between <1 - 11 mm/yr. Several data sets
were used to develop a conceptual understanding of regional groundwater recharge patterns through factor
analysis and GIS modelling.

fluctuation (SVF) methods and integrated qualitative
approaches (i.e. statistical and geographical information
systems).

Introduction

The quantification of the rate of groundwater recharge

is important for the optimum management of The use of quantitative and qualitative approaches are

groundwater, especially in basement aquifers in semi-
arid and arid regions in which the storage potential is
relatively low. To meet the increasing human,
agricultural and ecosystem demands on these basement
aquifers, best estimates of groundwater recharge is
required. Basement aquifers are used here to describe
both the weathered zone and fractured rock aquifers. A
systematic approach was developed to quantify natural
recharge in an area considered representative of arid to
semi-arid conditions: Namaqualand in South Africa.
Recharge assessment approaches include both
guantitative estimates and qualitative assessments.
Quantitative estimates are important for the optimum
managment of well fields and aquifers. The pattern of
recharge is defined by, among others things, the
distribution of precipitation, topography, geology,
hydrogeology and land-use patterns at a given location.
In the assessment undertaken for the Central
Namagqualand region, recharge was estimated with the
use of the chloride mass balance (CMB), Cumulative
rainfall departures (CRD) and saturated volume

important as the uncertainty associated with recharge
estimates is dependent on the level of understanding of
recharge processes, spatial density, time frequency and
length of data records (Church et al., 2003).

Concepts and variability of
recharge

Recharge concepts

Recharge is defined as that portion of precipitation that
reaches the water table, either by direct contact in the
riparian zone or by downward percolation through the
unsaturated zone. Other sources of recharge include
irrigation return flow and artificial recharge.
Groundwater recharge is dependent on factors such as
climate, geology (lithology and structures),
geomorphology, vegetation, soil conditions and
antecedent soil moisture.
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Lerner et al. (1990) defines three principle mechanisms
for aquifer recharge, namely:

e Direct recharge - the addition of water to the aquifer
in  excess of soil moisture deficits and
evapotranspiration by vertical percolation through
the unsaturated zone;

¢ Indirect recharge - the percolation of water through
the beds of surface water bodies or ephemeral
streambeds; and

e Localised recharge - this entails recharge from
localised water ponding directly overlying the aquifer
and percolating through the unsaturated zone.

The scale of recharge assessments is usually determined
by the objectives of a study. At smaller scales, recharge
estimates are important to manage localised
groundwater  abstraction or determine aquifer
vulnerability. At larger scales, recharge estimates are
important for catchment management. Groundwater
recharge estimation is prone to errors due to the
application of techniques that average values over time
and space (Gee and Hillel, 1988).

Spatial and temporal variability of
recharge

Temporal variability

Recharge in arid and semi-arid areas is primarily driven
by the occurrence of periods of above-normal rainfall.
The climate of southern Africa is inherently variable in
time and space and changes through seasonal, annual,
decadal, millennial and even longer variations
(Meadows, 2001). Recharge will also be influenced by
this variability. The temporal variability of recharge is a
result of the incidences of rainy days as well as the
intensity and duration of the rainfall events. Rainfall in
dry areas is usually in the form of short intense
rainstorms. It is generally documented that rainfall
below a certain value, usually 400 mm, will not result in
any, or insignificant, recharge (e.g. Gustafson and
Krasny, 1995; Singhal 2003). This assumption is often not
valid due to the fact that arid regions receive
occassional intense rainspells, which generate
infiltration, percolation and eventually recharge under
favourable conditions. Recharge in arid and semi-arid
areas is mainly indirect. In semi-arid regions, recharge
may be direct if favourable conditions exist. Conditions
that are favourable for recharge in turn determine the
spatial extent of recharge.
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Spatial variability

Geomorphic features favourable for recharge in semi-
arid areas underlain by basement aquifers are indicated
in Table 1. The alluvium (or soil cover) and weathered
zones are important in that they store infiltrating water
and may, under favourable conditions, transmit the
stored water to the fractured aquifer. Localised
recharge areas are related to the type of aquifer. The
alluvial aquifers are easily recharged due to their
favourable hydraulic characteristics and their position
within the landscape. The structural control on the
drainage systems is evident in their alignment along
fracture systems associated with the underlying bedrock.
The alluvial systems are major pathways for
groundwater recharge to the weathered and bedrock
aquifers. The distribution of rainfall over an area is
determined by the movement of the frontal systems and
the effects of topography (i.e. orographic rain).

Table 1: Geomorphic features that influences recharge.

Terrain Conditions Recharge

probability

Granitic domes Fractured Low -
Moderate
Fractured bedrock Little soil cover Moderate -
High
Foothills/ Contact zones High
Mountain fronts
Valleys Fractured/ High
weathered
Rivers/streams Significant soil High
cover
Plains Thick soils/ Low
Xeric shrubs

Estimating recharge

Commonly used methods to estimate
recharge in southern Africa

Several methods have been developed over the past few
decades to determine recharge. Publications that deal
exclusively with recharge and the various methods
include, among others, Lerner et al. (1990); Bredenkamp
et al. (1995); Simmers et al. (1997); Kinzelbach et al.
(2002); Scanlon and Cook (2002) and Xu and Beekman
(2003). Estimation techniques are divided into physical
techniques, tracer techniques and numerical models.
Different techniques estimate recharge over different
spatial and temporal scales (e.g. Scanlon et al., 2002;
Beekman and Xu, 2003).

A summary of the principle approaches applicable in arid
and semi-arid areas are presented in Table 2.

—
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The applicability of any recharge estimate depends on
the availability of data and the potential to obtain data,

the characteristics of the area and,

importantly, the

cost of obtaining data. Recharge estimation methods and
case studies are well documented. It is beyond the scope
of this paper to describe all the techniques.

Bredenkamp et al. (1995) and Beekman and Xu (2003)
provide a comparison of methods that are used in
estimating recharge.
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It should be noted that the accuracy and cost of a
particular method are relative and depend on factors
such as:

The proximity of the study area to the research
institution;

The availability of laboratories (in-house versus
commercial);

The availability of specialised equipment (in-house
versus commercial or acquisition);

The availability of skilled human resources (in-house
versus consultants); and

The level of accuracy and quality assurance required.

Table 2: Comparison of methods for estimation of recharge (Beekman and Xu, 2003).

Method

Limitations

Applicability?

Rating3

HS

SW

CcwB
WM
Lysimeter

UFM

ZFP

Unsaturated'

CMB

Historical

CRD

EARTH
WTF

Sat. - Unsat.

CMB

GM

SVF

EV-SF
GD

Saturated

Ephemeral rivers

Inaccurate flow measurements
Ephemeral rivers
Surface run-off

Poorly known relationship
hydraulic conductivity -
moisture content

Subsurface heterogeneity;
periods of high infiltration
Long-term atmospheric
deposition unknown

Poorly known porosity; present
°H levels almost undetectable

Deep (multi-layer) aquifer;
sensitive to specific yield (S,)
Poorly known S,

In/Outflow and S, usually
unknown

Long-term atmospheric
deposition unknown

Time-consuming; poorly known
transmissivity; sensitive to
boundary conditions
Flow-through region; multi-
layered aquifers

Confined aquifer

¢, ®H/°He, CFC: poorly
known porosity / correction
for dead carbon contribution

400 - 4 000
(0.1 - 1 000)

100 - 5 000
1-400
1-500

(0 - 200)
20 - 500
30 - 500
0.1-300
(0.6 - 300)
10 - 50
(10 - 80)
(0.1 - 1 000)

(1 - 80)
5 - 500

0.1 - 500

(0.1 - 1000)

(0.1 - 1000)

(0.1 - 1000)

14C: 1 - 100 *H/°He,

CFC: 30 -1 000

Flux Area Time Cost
(mm/a) (km2) (yrs)

10*-1 300 0.3-50
(10 - 1 000) (1 - 100)
10°- 10 ad - 1yr 2-3 2 3
107 - 5¢10° 1d - 10yr 2 2-3 3
0.1 - 30m? 0.1-6 2 3 3
0.1-1m? 0.1 - 400 3 2 2
0.1-1m? 0.1-6 3 2 2
0.1-1m? 5-10 000 2 1 1
0.1 -1m? 1.5 -50 2-3 23 3
(1 -1 000) (0.1 - 20) 1-2 1-2 2
(1 -10m?) (1-5) 1-2
5%10°->107 0.1-5 2 1
2*¥10°->1072 5->10 000 2 1 1
(10 - 10°%) (1d - 20yr) 1-2 3 3
(0.1 - 1 000) (0.1 - 20) 1-2 12 2
(1 - 100) (1 - 100) 1-2 12 12
¢, ®*H/°He, CFC:  “C: 200 - 200 000 3 2-3
2¥105->10 H/°He, CFC: 2 -
40

1 All methods for estimating fluxes through the unsaturated zone assume diffuse vertical flow whereas in reality flow along preferred pathways is the rule rather than
the exception. These methods therefore tend to overestimate the diffuse flux.

2Data in brackets are estimates from southern Africa. Rainfall may be up to 2000 mm/year; other data represent global values and are from Scanlon et al. (2002).

3 Ratings for methods applied to semi-arid southern Africa (1 is cheap and 3 expensive).
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Selection of appropriate recharge
estimation method(s) — A decision
support framework

Groundwater recharge assessments can be divided into
qualitative and quantitative approaches. The type of
data available will determine the recharge estimation
methods that can be applied. Both qualitative data (i.e.
geomorphological and hydrogeological maps, etc.) and
guantitative data (i.e. water levels, rainfall, chemistry,
etc.) can be used to develop conceptual models and to
determine recharge rates. Recharge assessments should
follow the general approach outlined in Figure 1.

In order to find methods that may be applicable for
estimating recharge, an Excel spreadsheet was
programmed to determine the suitability of various
methods, based on the availability of data and the
potential to gather the required data. A suitability
assessment index was created to determine whether
available data for a specific area are sufficient to
perform a detailed recharge assessment.

Initial
Conceptual Data Collation I\?Ic?r?il:goripn/ ——
Model 9
L Suitability Insufficient
Sufficient Data Assessments Data
Methqd New Data j—
Selection
Quantitative Qualitative
Methods Assessment
Recharge Conceptual
Estimates Model

Figure 1: Generalised approach for conducting
recharge assessments.

The suitability assessment is based on a simple approach
whereby various data sources/types are listed. Based on
the availability and the type of data, a score is given. If
a particular dataset is available, it scores 0.5 and if not,
0; and if the data are quantitative, it scores 0.5 whilst
gualitative data score 0. Qualitative data are important
for the development of conceptual models, but cannot
be used to estimate recharge. The approach is
subjective and requires that it be evaluated against the

objectives of the study. If insufficient data are
available, the recharge study will become complex and
expensive. Based on the total score of the avialable
data, a recommendation is made whether recharge
could be reliably estimated or whether additional data
should be collected.

If sufficient quantitative and qualitative data are
available, the user can proceed to the various recharge
estimation methods. Different methods are listed and
each method is preprogrammed with the minimum data
required. The user can input the type of quantitative
data available or data that will be collected within a
specific project. The minimum requirements of each
method are assigned a value of 1. If all the data for a
specific method are available, the column is totaled and
if the total equals the preprogrammed value, the
applicable cell will return a “yes” or “no” that indicates
whether a specific method could be used to estimate
recharge.

Recharge estimation in
central Namaqualand

Approach

Based on the above approach, four methods for
estimating recharge (including the GIS assessment) and
two for a qualitative assessment method of recharge
(including the GIS assessment without recharge
estimates) were identified that could be applied in the
central Namaqualand area. These methods are the CMB,
CRD and the SVF methods. Data that were available or
collected, included water levels, rainfall, abstraction,
water chemistry and position. The qualitative
assessments of recharge, using statistical analysis and
the GIS assessment techniques, identify areas that are,
respectively, receiving recharge and are favourable for
potential recharge. The National Water Archive contains
data on hundreds of boreholes with water chemistry for
the area. This data and data collected during an
extensive hydrocensus in the area (Titus et al., 2002)
was analysed statistically with the use of factor analysis.
A recharge potential map was produced by integrating
various spatial data sets. The semi-quantitaive GIS
assessment was used to produce a regional map with the
use of a weighting and rating approach within ArcView™.



Physiography of the study area

The study area is located in the Northern Cape Province
of South Africa and is situated in an area called
Namagqualand (Figure 2). The area is well known for its
copper and diamond mining activities as well as for its
annual mass flowering after the first significant rainfall.
The central Namaqualand area comprises coastal,
intermediate and mountainous zones. The area has
several rural and mining villages that are dependent on
groundwater resources, except for the larger towns,
such as Springbok, that are supplied with water via a
pipeline from the Orange River.

The climate of the study area is controlled by altitude,
topography and distance from the sea. The region can be
classified as arid to semi-arid, with rainfall occurring
mostly during winter.

The mean annual precipitation (MAP) varies from
44 mm in the coastal zone area to 480 mm in the Kamies
Mountains.

Higher rainfall in the higher lying areas is the result of
orographic rainfall. High incidences of fog days on the
West Coast contribute significant moisture to the coastal
areas of Namaqualand (Olivier and Van Heerden, 1999).

Namaqualand can be subdivided into three major
geological provinces (Tankard et al., 1982). These
provinces are the basement rocks of the Namaqua
Province, the volcano-sedimentary rocks of the Gariep
Complex in the north-west and a Phanerozoic cratonic
cover. The geology of the area has been discussed in
detail by Titus et al. (2002) and Titus (2003).

Groundwater occurs in three different aquifer systems in
the Namaqualand area. They are: (1) fractured bedrock;
(2) the weathered zone or regolith; and (3) the
sandy/alluvial aquifers. The fractured bedrock and
weathered zone aquifers are hydraulically linked; the
weathered zone acts as a reservoir that is able to
recharge the bedrock aquifers. This process may be
minimal where extensive clay layers exist between the
two aquifers. The weathered zone aquifers are generally
considered to be the most productive groundwater zones
(e.g. Tindimugaya, 1995; Acworth, 1997). Superimposed
on the basement aquifers are the
alluvial aquifers that are associated with the
ephemeral rivers, paleochannels and the coastal plain.

A methodological approach to recharge estimation of semi-arid basement
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Alluvial aquifers associated with the river systems are
usually very shallow, namely 1 - 15 m, and in the coastal
areas, tens of metres.
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Figure 2: The study area
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Tracer balance approaches
Chloride mass balance (CMB)

The fundamental basis of the CMB method is that the
water mass flux crossing the plane of the water table
can be calculated if most of the assumptions outlined in
Table 3 are met (Bazuhair and Wood, 1996; Wood,
1999). Because these conditions are not all met, the
method does not permit accurate quantification of
recharge rates. However, it is still a suitable method for
a first approximation of recharge. Cook (2003) also
warns about the use of the CMB method in fractured
rock aquifers due to the effects of the different types of
porosities of the aquifer media, but also states that the
method can provide better estimates of recharge to
fractured rock aquifers than most other methods.

Table 3: Assumptions when using the CMB method and the
situation in Namaqualand.

Chloride in groundwater originates only from X
precipitation (no unmeasured chloride mass from
overlying, underlying or adjacent aquifers and no
unmeasured run-on occur).

Chloride is conservative in the system. v
The chloride mass flux has not changed over time. ?
There is no recycling or concentration of chloride $'d

within the aquifer.

No evaporation of groundwater occurs upgradient ?
from the groundwater sampling points.

The adsorption of chloride in soils and the vegetation v/
uptake is considered negligible.

X = not met; V= met; ? = uncertain

The method is attractive to obtain a first estimate of
total recharge if saturated zone samples are used. The
chloride concentration in rainfall measured over the
Springbok area is highly variable. Most of the rainfall
that occurred in 2001 over the area was collected for
chloride analysis. The values ranged from 0.17-8.59 mg/{
with a volume weighted concentration of 2.42 mg/¢.
Because chloride in rainfall was only monitored at one
site the results had to be extrapolated to the whole
area. Chloride concentrations increase with increasing
rainfall. This is based on available chloride data for the
near coastal areas of South Africa (Figure 3). Based on a
linear regression, the relationship between chloride and
the amount of rainfall occurring near the coastal sites of
southern Africa at a distance >15km away from the
coastline, the chloride in precipitation can be estimated
by (Adams et al., 2004):

Clp = 0.0043(P) +1.1214

Where Clp (mg/f) is the chloride concentration of the
rainfall and P is the precipitation in mm. The
relationship provides a best estimate of chloride in
rainfall in the absence of data. The chloride
concentration of the rainfall in the study area, excluding
the coastal strip and the area behind the escarpment
ranges between 2 and 3 mg/f{. The area also falls in
relatively large homogenous rainfall regions as defined
by Dent et al. (1990). More data on chloride deposition
will further reduce uncertainties.
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Figure 3: Relationship of chloride vs. rainfall amount
for the coastal areas of South Africa (Adams et al.,
2004)

The results are shown in Table 4. The average,
maximum and minimum chloride concentrations of the
groundwater at the specific localities were used to
determine the average, minimum and maximum rate of
recharge. In the hard rock areas, higher chloride values
may indicate very old water and in the alluvial aquifers
high chloride values may indicate leaching of evaporitic
salts during infiltration and leakage of groundwater from
the adjacent hard rock aquifers. However, low chloride
groundwater is also associated with the higher lying
areas and alluvial zones receiving active recharge.
Higher lying areas have higher recharge rates (10.6
mm/yr) compared to the low-lying areas where recharge
is generally less than 1 mm/yr. There is considerable
evidence that shows that groundwater recharge is
significant in upland semi-arid environments (Seyfried et
al., 2005). The CMB method gives incorrect results for
alluvial zones due to the presence of chloride that is not
derived from rainfall. Excess chloride comes from
infiltrated runoff.
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Table 4: Recharge estimation using the CMB method.

Buffels River 747.9 369.6 188
Bulletrap 283.7 279 172
Kamieskroon 2229.2 99.1 212
Klipfontein 1859 1393 196
Komaggas 1481.3 186.4 229
Leliefontein 209 34.8 395
Rooifontein 1907.5 54 138
Spoeg River 1970.8 1575.1 200

Re (mm/yr) 2Re (%)
1.93 0.7 0.5 1.0 0.4
1.86 1.1 1.1 1.1 0.7
2.03 0.7 0.2 4.4 0.3
1.96 0.2 0.2 0.3 0.1
2.11 1.0 0.3 2.6 0.4
2.82 10.6 5.8 32.0 2.7
1.71 0.4 0.1 4.4 0.3
1.98 0.2 0.2 0.2 0.1

1Extrapolated values. 2Average value as a percentage of the mean annual rainfall.

Physical approaches
Cumulative rainfall departures (CRD)

Estimating recharge by correlating water levels, rainfall
and aquifer storage was identified as the most promising
method for application in the study area. The response
of an aquifer to recharge can be assessed quantitatively
and qualitatively. A qualitative approach would involve
examining water level hydrographs for periods of
recharge (Adams et al., 2004). The quantitative methods
that involve water levels require a good knowledge of
the storage coefficients (S-values) of the aquifers
(Bredenkamp et al., 1995). These methods do not yield
absolute values for recharge because of the
interdependence between recharge and the S-value of
an aquifer. Hydrographs are used to determine the
spatial and temporal changes in water levels and to
apply these changes, whether they are anthropogenic
and/or naturally induced changes, to estimate aquifer
storativity and then recharge. Conversely, if recharge is
known, the S-value of an aquifer can be determined.
Water levels in the study area, extracted from the
Namagqualand hydrocensus database, reveal that most of
the water levels occur between 5-20 mbgl. Methods that
involve the use of water levels are sensitive to the depth
to water level. As the water level becomes deeper, the
relationship between rainfall and recharge becomes
weaker. The area of influence is also an important
parameter to determine. The area of influence is
generally considered to coincide with areas that
contribute to recharge.

Several methods exist in determining aquifer storage.
These methods include the interpretation of hydraulic
tests (e.g. aquifer test data), volume balance methods
(e.g. saturated volume fluctuation (SVF) method),water

budget methods, geophysical methods and field capacity
tests (Healy and Cook, 2002). Storativity values were
calculated for the study area with the use of aquifer test
data and values obtained by the SVF method. S-values
calculated during periods of no recharge, using the
saturated volume fluctuation method (Van Tonder and
Kirchner, 1990), are expressed as:

l-0-Q

. (1-0-0)
AV @
At

where: | = inflow; O = outflow; Q = abstraction; AV = change in saturated

volume aquifer and At = time increment.

The SVF and CRD methods were programmed in
Microsoft Excel (Visual Basic for Applications™) and
include additional tools to estimate S-values (SVF and
recession period methods) and recharge (SVF and equal
volumes) that are used in Table 5. The S-values
obtained by pumping test analyses are also included for
comparison. Recharge estimates from the SVF and equal
volume methods are in close agreement. The S-values
obtained from the SVF method are an order of
magnitude lower than that obtained from pumping test
data. Bredenkamp et al. (1995) and Van Tonder et al.
(2005) caution against the use of S-values that are
obtained from pumping test data because the results can
be unreliable in fractured rock environments. Recharge
estimates are higher in aquifers that are associated with
the alluvial and weathered zones.
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Table 5: S-values calculated for the study area compared to the pumping test results.

Site S(svr) S Rsvr (%)

Buffels River 5X10°% 1.0 X 107 2.8
Bulletrap 5.43 X 10° 0.2
Klipfontein 3.86 X 10° 9.5X 10* 0.1
Komaggas 7.83 X 10* 6.6 X 10° 1.9
Rooifontein 8.5 X 10* 1.9
Spoeg River 1.47 X 10* 1.4 X 10* 0.1

R Equal volume (%) R svF (mm) R Equal volume (mm)
2.5 5.3 4.7
0.2 0.3 0.3
0.1 0.3 0.1
2 4.4 4.6
1.9 2.6 2.6
0.1 0.2 0.2

S-values calculated from the aquifer test data in
crystalline basement aquifers are wusually highly
erroneous due to problems of non-uniqueness, the
spacing of the observation boreholes and the hydraulic
connectivity of the observation boreholes with the
pumping borehole. The S-values obtained from the SVF
method may also be subject to the same errors as that
of the pumping test data. The SVF value is probably
closer to the true value because it integrates the S-value
over a larger area. The values obtained with the use of
the two methods give a range in which simulations, using
the cumulative rainfall departure (CRD) method, can be
performed. The S-values can be ascertained, relatively,
on the responses of the water level fluctuations. Rapid
water level rises/drops indicate that the S-value is
mainly associated with the fractures, indicating lower S-
values. Slow water level rises/drops may indicate
storage in the fractures and matrix, indicating higher S-
values. In the Buffels River area recharge is estimated to
be 5 mm and in the Spoeg River less than 1 mm of MAP
contributes to the groundwater resources (Table 5).

The CRD method uses the same data as the SVF method.
The main advantages of using the CRD method in central
Namaqualand are: (1) the method can accommodate
variable pumping rates; and (2) the method can
incorporate a lag time if water levels are deep and
recharge is not immediate after a rainfall event. As the
depth to the water table increases the correlation
between rainfall infiltration and recharge decreases (Wu
et al., 1996). Wu et al. (1996) also state that for
groundwater at intermediate depth the recharge events
produced by individual rainfall events merge into one
single annual event although a few peaks of recharge
correspond to large rainfall events or concentrated
rainfall clusters. Two versions of the CRD method are
available, namely the Bredenkamp et al. (1995) and the
Xu and Van Tonder (2001) methods.

The approach was as follows:

e To calculate recharge by using the S-values derived
from both the SVF and the aquifer test; and

e To calculate recharge by using both the Bredenkamp
et al. (CRD 1995) and the Xu and Van Tonder (CRD
2001) formulas.

In most cases the two CRD versions give different
results. Xu and Van Tonder (2001) found similar
variations when they applied both methods to the
Grootfontein dolomitic aquifer. Recharge values range
from 0.1 mm to 6.4 mm of MAP (Table 6). Recharge to
aquifers associated with the alluvial zones, like the
Buffels River aquifer, receive more recharge than
aquifers associated with the crystalline rocks.

The results of the revised CRD (2001) are favoured
because of the following (Xu and Van Tonder, 2001):

e The revised CRD method produces a better fit
between the observed and the simulated water
levels;

e The method can account for variable pumping and
outflow rates;

e It can account for trends in data; and

e The method does not require a large set of spatial
data.

The disadvantages of the method are:

e The approach does not address parameter variations
spatially; and

e Recharge is averaged over the simulated period and
may be significantly higher than the average during
periods of peak rainfall. It is well recognised that
recharge in drier climates is associated with short
periods of intense rainfall (i.e. episodic recharge).
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Table 6: Recharge estimations using the two CRD methods and different S-values.

Resvr(S) (%) Rep1(S) Resvr(S)
(%) (mm)
. CRD (2001) 3.43 6.87 6.4 12.9
Buffels River 12
CRD (1995) 6.56 13.11 12.3 24.6
CRD (2001) 0.06 0.1
Bulletrap 20
CRD (1995) 0.12 0.2
. . CRD (2001) 0.04 0.92 0.1 1.8
Klipfontein 15
CRD (1995) 0.07 1.78 0.1 3.5
CRD (2001) 0.29 1.64 0.7 3.8
Komaggas 25
CRD (1995) 0.58 4.92 1.3 11.3
. . CRD (2001) 0.54 3.06 0.7 4.2
Rooifontein 8
CRD (1995) 0.87 5.12 1.2 7.1
. CRD (2001) 0.04 0.04 0.1 0.1
Spoeg River 25
CRD (1995) 0.1 0.1 0.2 0.2

All concentrations are in mg/£ unless indicated otherwise

Integrated approaches
Factor analyses

The statistical approach involves the use of groundwater
chemistry and isotope data to delineate areas of
recharge and discharge. This approach can also indicate
regions in which direct recharge occurs (Lawrence and
Upchurch, 1982). The basic assumption is that in areas
that receive direct recharge the water chemistry would
not show large deviations from the rainfall chemistry as
opposed to water that has undergone significant
chemical changes as a result of evapotranspiration prior
to infiltration and long residence times that results in
“old” and stagnant water with no “refreshening” from
recharging rainwater.

Table 7: Factor loadings for the 12 variables selected.

Only the R-mode intrepretations are discussed here. The
Q-mode interpretations appear in Adams et al. (2004).
Four factors account for 70.4 % of the variance in the
data set (Table 7). Factor 1 has a high loading of
variables that contribute to the salinity of the
groundwater in the area. Included in this factor is the
altitude of the sampling point.

The altitude load is weakly negative, indicating that
salinity generally increases with decreasing altitude.
Groundwater flow in topographically steep areas is
dynamic resulting in water with low salinity. The factors
that influence factor 1 include the aquifer as well as
topographical, climatological and geological
characteristics. It is assumed that areas with very high
salinities occur in discharge zones and the fresher water
in recharge areas or close to these areas.

Variable Factor1 | Factor2 | Factor3 | Factor4 However, the formation of saline soils as a result of high
Altitude (m) -0.35 -0.51 evaporation, discharge and, to a lesser extent, irrigation
pH 0.38 0.50 return flow may, during periods of high infiltration and
HCO; 0.30 0.56 0.43 subsequent recharge, add to the salinity of the
Na 0.87 groundwater in recharge areas. Areas are also indicated
cl 0.94 where over-abstraction leads to the upconing of poorer
ca 0.91 quality water.

K 0.58

Mg 0.89 Factor 2 includes pH, strontium, oxygen-18 and altitude
SO, 0.76 (Table 7). The grouping has high negative loadings for
NOs 0.88 strontium and oxygen-18. The exact explanation for this
= 0.88 loading is not known. The crystalline basement rocks
Sr 0.87 have naturally high strontium concentrations. The
180 (%)) -0.86 presence of altitude within this factor indicates that the
Eigenvalues 4.76 2.13 1.19 1.07 pH is controlled by the altitude and is a result of more
Cumulative % 36.62 53.02 62.21 70.41 acidic direct recharging precipitation. Factor 3 includes
variance pH, bicarbonate and fluoride (Table 7). The fluoride in

—

the groundwater is generally high in the central
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Namagqualand area due to the influence of the geology.
Elevated fluoride concentrations in the groundwater
occur sporadically. The fluoride in the groundwater is
mainly controlled by the pH of the groundwater. The
presence of bicarbonate in this factor indicates localised
recharge as HCO; is primarily derived from the
dissolution of carbonate minerals by slightly acidic
rainwater. At higher altitudes or topographically steep
zones fluoride concentrations are generally low. Areas
that receive direct recharge seem to be unaffected but
some distance away the process becomes significant.
This is an indication of residence times and flow
regimes.

Factor 4 is characterised by a high nitrate and moderate
bicarbonate loadings (Table 7). This factor is associated
with pollution from agricultural activities. This factor
indicates localised point recharge by nitrogen-rich water
that results from animal drinking stations and possibly
pit latrines. Livestock farming and the planting of
livestock feed are the dominant agricultural activity.

Geographical information systems (GIS)

The GIS approach involves the evaluation of different
surface and subsurface features and its influence on
natural groundwater recharge. The approach is mainly of
a subjective nature in which probability weights are
assigned to features that may have a positive or negative
effect on groundwater recharge.

By incorporating the rainfall distribution and amounts, a
map of recharge from direct rainfall is produced
(Figure 4). The method is demonstrated in Conrad and
Adams (2007). Eleven data sets were collated that could
be used in defining a recharge potential map. They are:

1. Lineaments + flow potential (confirmed by NDVI /
SAVI)

Lineament density

Lineament intersections

Drainage density

Land cover

Soil type (clay content)

Soil thickness

Soil texture (% rock vs % soil)

© 00 N oo o B~ W N

Slope (degrees)
10. Depth to groundwater
11. Lithology (geology)
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Figure 4 Recharge potential map for the central
Namaqualand region.

Recharge is higher in the high-lying areas where rainfall
is significantly higher as a result of orographic rains.
Recharge is also higher along major linear structures
that are exposed on the outcrops or that underlie the
structurally controlled valleys and riverbeds. The GIS-
generated results compare well with point estimates,
with the use of several different methods for calculating
groundwater recharge. The GIS approach is an excellent
tool for visualisation and spatial analysis. However, the
method is more descriptive and subjective and less
quantitative than rigorous analytical approaches to
recharge calculations.

The main shortcoming of the approach is that it only
assumes direct vertical infiltration. Therefore a number
of assumptions are needed to arrive at a groundwater
recharge probability map.

Discussion and conclusions

Assessing recharge to any aquifer depends on the type of
area under investigation as well as the availability and
spatial distribution of good quality data. The assessment
of groundwater resources is inherently complex in arid

—



to semi-arid crystalline terrain due to the complex
geological and hydro(geo)logical conditions as well as
the variability of the climate. Groundwater recharge
rates over large areas are difficult to estimate due to
problems associated with upscaling and data
distribution.

Two approaches have been followed in this study
whereby recharge was quantitatively and qualitatively
assessed. Applying the CMB method and water level to
rainfall relationships (SVF and CRD) gave quantitative
estimates of recharge. The qualitative assessment
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involved the use of existing data from the area and the
application of statistical and spatial techniques to assess
recharge processes and patterns. The results of the
guantitative analysis are shown in Table 8. Recharge
was calculated as the average annual recharge.
However, it is well recognized that only certain rainfall
events during the wet winter season will contribute to
meaningful recharge (episodic recharge). The aquifers
associated with some of the alluvial systems of the
Buffels River are being actively recharged. This is also
corroborated by tritium and CFC measurements in the
Buffels River (Wachtler, 2006).

Table 8: Comparison of results between the CMB, SVF and CRD methods.

Aquifer
(mm/yr)
Buffels River Town 188 0.7 5.8 6.4 1.2 Modern Alluvial/Basement
Bulletrap 172 1.1 0.3 0.1 1.0 Basement
Klipfontein 196 0.2 0.3 0.1 1.2 >30 000 Basement
Komaggas 229 1.0 4.4 0.7 1.1 Modern Alluvial/Basement
Leliefontein 395 10.6 - - 2.8 > 5000 Basement
Rooifontein 138 0.4 2.6 3.06 1.3 Alluvial/Basement
Spoeg River 200 0.2 0.2 0.1 1.3 >2 000 Basement
Tweerivier 296 3.5 0.6 1.8 1.6 Basement
Vyemond 239 - 0.05 0.09 2.3 Basement
10000
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Figure 5: Recharge estimates for Southern Africa (after Beekman et al., 1996; Beekman and Xu, 2003)
integrating the Namaqualand estimates from the CRD method.
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Regional and national estimates of groundwater
recharge are important for a first overview of recharge,
but more detailed information on a local or sub-regional
scale is necessary for best management practices.
Regionally, recharge generally increases with the
amount of rainfall. The Namaqualand estimates fit well
into the recharge trends for southern Africa that were
identified by Beekman et al. (1996) and Beekman and Xu
(2003) (Figure 5).

The approach followed in this study can easily be

replicated in areas where the required data are
available.
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Abstract

The characteristics of secondary aquifers vary widely, but more often than not the values for basement aquifers
tend to be on the low side. Smaller communities that cannot afford expensive schemes often rely on them, but
borehole siting, resource evaluation; and aquifer management are difficult while the vulnerability may be high.
Aspects of siting and ways to improve recharge are discussed.

Introduction

What have (metamorphic) basement aquifers in common
with other aquifers and what is specific to them? What is
common is the dependency of recharge on rainfall and -
given climate, rock type and some other variables -
equilibrium between average rainfall and vegetation
cover that transpires the available water. During
droughts, plants perish while during high rainfall periods
the main groundwater recharge takes place. What they
have in common with other non-sedimentary aquifers is
also the secondary porosity that is due to jointing and
fracturing.

What is specific to basement aquifers is old age,
generally high grades of metamorphism and a long
tectonic history. In southern Africa, basement is
comparatively seldom exposed as it is often covered by
younger formations. Where there are no surface water
supplies, the rural population has to rely on groundwater
resources. In basement rocks, groundwater resources are
often limited in size and/or difficult to explore.

For the last two or three decades, investigations have
focussed on basement aquifers in tropical Africa.
Following Wright (1992), as cited in Chilton and Foster
(1995), these often low-productivity aquifers have: (i)
widespread occurrence in areas of relatively high rural
population density and (ii) often shallow water levels
that allow low-cost exploitation (cf. also Zoppis and
Zoppis, 1989).

Basement aquifers tend to have low storativity values
and, if larger supplies are sought, there have to be
saturated higher porosity reservoirs that can feed the
basement joints and fractures, such as weathered
bedrock (Detay and Poyet, 1990) or alluvial sediments.

They tend to mask the underlying bedrock structures.
Consequently, geophysical exploration methods and
remote sensing are gaining in importance.

Recent hydrogeological research in South Africa has
dealt with basement in the less densely populated arid
Namaqualand (Bertram and Vandoolaeghe, 1981; Titus,
Pietersen et al., 2002) and in the Northern Province
(Geophysical exploration: Botha, Combrinck et al., 2001
and Hydrogeology of Groundwater Series: Vegter, 2001;
Vegter, 2001; Vegter, 2003; Vegter, 2003b). The
Windhoek aquifer (and the adjoining Khomas Hochland)
of the Damara Sequence and Namibian Erathem will also
be discussed because it has similar aquifer properties
and is well researched.

The status quo

Borehole yields and aquifer properties

Reported yields from boreholes in basement aquifers
vary widely. For instance, the transmissivities for tested
Zimbabwean boreholes range between 0.5 and 100 m?/d
(Chilton and Foster, 1995).

According to Vegter (2001a, b and 2003a, b), between Vs
and ¥ of the recorded boreholes in Regions 1 (Makoppa
Dome), 3 (Limpopo Granulite-Gneiss Belt), 7 (Pietersburg
Plateau) and 19 (Lowveld) in north-east South Africa

were unsuccessful, i.e. with a yield of less than 0.1 L/s
(Table 1).



Table 1: Percentage of yield ranges of boreholes in Regions 1, 3, 7 and 19

<0.1 &/s 0.1-0.9¢/s
Region 1 64 - 74% 20%
Region 3 34 - 67% 21%
Region 7 48% 21%
Region 19 40 - 55% 38 - 50%

5>Yield<10 &/s >10 &/s
6 - 15% <2% <1%
15 - 30% 1-3%
24% 4.5% 2.2%
18 - 28% 5% 2-3%

Under the favourable conditions of the Dendron area
(in Region 7), however, groundwater irrigation
schemes abstract 8.6 Mm® per annum. Toens et al., as
quoted by Titus, Pietersen et al. (2002), report that
37% of boreholes in Namaqualand yield 0.1 to 0.5 /s
and only 5.5% produce more than 10 {/s.

Borehole yields depend on the permeability of the
targeted structure and the transmissivity of the rock
in the area affected by pumping. In addition, the size
of the reservoir (saturated pore volume), the interval
between recharge events and the recharge amounts
determine the long-term productivity of the aquifer
(after the losses have been taken care of).

Although faults, fracture zones and dykes may reach
greater depth as evidenced by hot springs, e.g. in the
Lowveld in South Africa or in Windhoek, the best
supplies are generally struck at depths varying
between 10 - 15 m below the water table in the
Lowveld and 10 to 40 m below the water table in
Region 7 (Pietersburg) or in Namibia (see Figure 1).

Depth to Water Table

Analysis of some 30 000
borehole records of the
Geological Survey of Namibia
has shown that maximum
yields can be expected at
depths between 10 and 40 m
below the water table.

Figure 1: Depth to drilling target - at 10 to 40 m
below the water table the fault/fracture
permeability is the highest.

At greater depth, the walls of a fault are not yet
weathered by the circulating groundwater while near
the water table, at reduced hydrostatic pressure,
dissolved CO, escapes and calcium carbonate may

precipitate. Statistical analysis of some 30 000
Namibian borehole records reveal that only about 1%
of boreholes in fractured rock had their main water
strike deeper than 40 m below the water table (S.Z.E.
Dippenaar, pers. comm.).

Site selection

Most faults and fractures are of tectonic origin.
Knowledge of the stress field may help to identify the
direction of tensional structures that tend to have
higher permeability. Local circumstances may
determine whether openings are blocked by
weathering products or whether flow paths in a down-
gradient direction have a greater permeability as a
result of the preferred groundwater flow direction.

Rock outcrops are often covered by soil, alluvial
deposits or weathering products, especially in more
humid regions where it may be difficult to geologically
pinpoint the targeted structure. Remote sensing,
geophysical exploration methods and GIS therefore
become increasingly important (Kruck, 1979; Boeckh,
1992; Greenbaum, 1992; Gustafsson, 1994; Sander,
Chesley et al., 1996).

In South Africa, Botha, Combrinck et al. (2001)
successfully used airborne geophysical data as an aid
to identify and map regional structures in the Nebo
Granite, south-east of Pietersburg in the Northern
Province.

The electromagnetic technique was then used to
determine whether there was weathering that was
associated with the target structure. Subsequently,
the average yield of the sites was 5.8 {/s with only
7.6% of the sites unsuccessful. This result proves the
usefulness of applying appropriate exploration
methods.

The most economic option to supplement Windhoek’s
water demand is to artificially recharge the Windhoek
aquifer when the dams have sufficient water and this
requires an upgraded infrastructure to infiltrate and
abstract the additional water. Amongst other things,
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helicopter-borne geophysical surveys were carried out
to help identify covered faults and fracture zones. The
system includes geophysical sensors for collecting five-
frequency electromagnetic, magnetic and gamma-ray
spectrometry data as well as altimeters and
positioning systems. Figure 2 shows resistivity raw
data together with existing boreholes and geologically
mapped structures while Figure 3 depicts the total
gamma count. With the help of the geophysical data,
target structures can be better and more
comprehensively located and their relative importance
can be better assessed.

An aspect that deserves more attention in southern
Africa is the choice of the optimum drilling technique
as well as proper cleaning and development after
drilling. Cleaning is particularly important when holes
are drilled in low permeability fractured rock where
down-the-hole hammer drilling often blocks smaller
joints and fractures.

In the beginning of the 1990s, Less and Andersen
(1994) carried out hydrofracturing for the South
African Department of Water Affairs and Forestry and
showed the potential of improving yields of weak
boreholes. Vegter (2001) summarised hydrofracturing
results in Region 3. On average the improvement of 16
boreholes was 0.74 m®/h.

Twelve successfully hydrofractured holes improved on
average by 1.22 m®/h, and the four unsuccessful ones
decreased by 0.68 m®/h. The mean yield of the 16
holes before hydrofracturing was 1.32 m/h with
individual yields ranging between 0 and 5.9 m*/h.

Recharge

The amount of recharge depends on a considerable
number of factors that have an influence on it.
Bredenkamp and Xu (2003) have listed them as
follows:

e Rainfall f(intensity, frequency, variability and
spatial distribution);

e Evapotranspiration losses f(temperature, wind,
humidity and phreatophytes);

e Discharge losses f(interflow, springs, base flow,
lateral flow and artificial discharge);

e Catchment f(soil type, thickness, spatial
distribution, topographical features, vegetation);
and;

e Geology f(rock type, fracture network and dyke
occurrence).

Whether mankind is responsible for the changing
climate is still being debated, but we can at least
influence those factors that relate to land use.

Figure 2: Helicopter-borne geophysics over the southern Windhoek Townlands (apparent resistivity raw data).
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Figure 3: BGR helicopter survey: Total gamma count with overlain geologically mapped structures.

Climatic influences

Rainfall, as a source of groundwater recharge, is the
most important of these factors. That we are
experiencing a rapid climate change (which obviously
affects rainfall) is hardly being debated amongst
scientists. Since industrialisation began (implying that
manmade CO, output might be a major reason), the sea
temperature in the Arctic has risen by 3°C and the
forecast is that by the year 2100 there will be an
additional rise of 7°C, resulting in an ice-free Arctic
during the summer months. Alpine glaciers have been
receding since 1856 (Kirchner, 2003) and “Snow on the
Kilimanjaro” will also be a thing of the past in the not
too distant future. Hansen, Ruedy et al. (1996) of NASA
and NOOA have observed the worldwide temperature
change between 1965 and 1995 (see Figure 4) and for us

it is of particular interest that on their maps there is a
“hot spot” over southern Africa during all four seasons.

Alexander (2004) is of the opinion that “there is no
evidence to support the view that climate change could
cause appreciable environmental damage or increase the
frequency and magnitude of floods and drought in
southern Africa within the foreseeable future” and he
expects “on the contrary beneficial consequences of
increased global warming”. The analysis of Namibian
rainfall over the past decades by Hutchinson (1998) in
the report by Seely, Crerar et al. (1998, see Figure 5) as
well as approximately 20% reduced runoff of Okavango
and Cunene Rivers in the 1990s may, however, indicate a
trend towards drier conditions over the subcontinent.
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Figure 4: Seasonal mean change of the land-ocean temperature index based on the linear trend for the period

1965-1995 (Hansen, Ruedy et al., 1996).

Figure 5: ’20-year’ running mean as percentage of
long-term mean (Seely, Crerar et al., 1998)

Land use

Plant water demand can be considerable. De Klerk
(2004) showed in a recent study that, during the growing
season, bush encroachment could abstract up to a few
hundred cubic meter of water per day from a one
hectare surface area. In Namibia, there is a drive to
inform the population about the threats of a
deteriorating environment. Scientists in South Africa
(and elsewhere) are also aware of the effects of bush
encroachment, alien plants and water demand of forest
plantations (Kok, 1976; Vegter, 1985; Vegter, 1993;
Vegter, 1995; Scott and Le Maitre, 1998; Toens &

Partners, 1998; Winter, Harvey et al., 1999; Parsons,
2004)

Aquifer management

If we want to manage basement aquifers properly, we
should have a sufficient knowledge of:

e The amount of the mean recharge, which is variable;
e The reservoir size and characteristics; and

e The time span for which the stored water has to last.

This is also difficult to establish. However, the larger the
reservoir and the more frequent (some) recharge is
occurring and the smaller the water demand, the easier
the management task is. In a wider sense, management
includes measures that enhance the utilisation potential.

Storage

The porosity of fractured crystalline aquifers is
comparatively low (Table 2). For the Windhoek Aquifer,
Carr and Barbour (1999) give the following storativity
values that were derived from pumping tests:

e Test pumping in 8 boreholes, 1989:
0.22%

e Test pumping in 11 boreholes, 1995 to 1998:

0.29%

e Drawdown-production, 9/69:

0.17%

period 7/66 to



Kirchner (1976) obtained a storativity value of 0.5%
during an 18 month pumping test of a production
borehole (Bh 9/14). Therefore, if larger abstraction
rates are to be maintained for prolonged periods, there
should be either a very sizable aquifer or the aquifer
should be hydraulically connected to saturated high
porosity formations such as a thick regolith or alluvium
that can feed the fractured aquifer for a longer period
than just the short rainfall events in arid and semi-arid
areas. The graben part of the Windhoek Aquifer is partly
fed by the higher lying alluvium of the Usib River that
collects the runoff from the southern slopes of the Auas
Mountains. In more humid regions, a thick saturated
regolith can often develop that recharges basement
aquifers.

Table 2: Porosity values of crystalline rocks (after Titus,
Pietersen et al., 2002)

Crystalline rocks Porosity [%]
Fractured crystalline rocks <10
Dense crystalline rocks <5
Basalt crystalline rocks 3-35
Weathered granite 34 - 57
Weathered gabbro 42 - 45

Recharge enhancement

Indirect recharge can be enhanced if the runoff is
retarded. The building of a “Grundschwelle” in the
alluvium of smaller rivers can do this. A
“Grundschwelle” is a concrete structure that rests on
the bedrock and goes up to the surface of the alluvium,
blocking the base flow in the alluvium and feeding faults
and fractures that follow or cross the riverbed.
Alternatively, smaller or larger (earth) dam walls can
create small impoundments. This method improves the
yield of boreholes that are drilled in the Damara mica
schist of the Khomas Hochland. While water is in the
dam and a few weeks afterwards, average borehole
yields are up to 10 m®/h. Because of the generally small
storage capacity of the targeted en echelon structures,
yields recede to 0.5 m%/h or less within a few weeks
after the dams have dried up.

The City of Windhoek plans for similar structures at the
foot of the Auas Mountains where faults or fracture
zones intersect rivers so that runoff can be retarded and
the recharge period prolonged.Another structure outside
of Namibia, that is not well known, is the Sand Storage
Dam. It was originally designed by Wipplinger (1958) and
can support smaller communities. A sand storage dam
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can be built in catchments with predominantly
arenaceous weathering products. It is constructed as a
concrete wall in stages of about 1 m in height with a v-
notch opening in the middle (see Figure 6). During
floods coarser sediment is retained while the suspended
silt and clay is carried away with the overflowing and
outflowing water. Once the sand has reached the height
of the wall, a new section is built. In this way dams of
several metres in height with a considerable storage
capacity are built where the water is largely protected
from evaporation. Water is abstracted either through an
outlet at the foot of the wall, a well in the retained
sediment or in a borehole nearby that is fed through
fractures that are recharged by the dam.

Artificial recharge

If there is a periodic surplus of surface water or if
reclaimed water of suitable quality is available, artificial
recharge provides a further possibility to enhance the
aquifer utilisation potential (Murray and Tredoux, 2002).
Depending on the availability and cost of alternate
resource development, this may be a feasible option. In
developing countries, the scarcity of capital does not
permit transportation of water from distant sources
(WMO, 1979).

Dmﬁ;ﬁu copFucied © ° Sand retined |

instagee <. _ bydam

Figure 6: Sand storage dam (Seely, Crerar et
al.,1998)

In the case of Windhoek (see the most recent reports by
WCE, 2003; Windhoek Aquifer Consultants, 2004; and
Murray, 2002, for further reference), artificial recharge
is the most economical option to increase the supply
capacity to the city, amongst other things because the
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scheme will be an “add-on” system that can be
extended as the need arises. More than 20 Mm® can be
stored in a water-level depression some 30 to 50 m
deep, about 4 km wide and 8 km long, which has been
created through the abstraction of more than 100 Mm?®
since the beginning of the 1950s.

Flow

It is essential for detailed exploration of these aquifers
to understand how water flows in fractured rock aquifers
(and how pollutants spread). In his Darcy Lecture,
(Shapiro, 2004) showed that, at metre scale,
permeabilities vary from as little as 10™° m/s to highly
conductive fractures with K-values in the 10™ range (see
Figure 7). Bulk rock permeability determinations over
larger distances yielded values in the order of 107 m/s.

In fractured rock aquifers there is hardly ever piston
flow and individual solutes will move in varying direction
with varying velocity from higher head to lower head. In
Figure 8 water can flow directly from A to B, follow the
longer path via C at a correspondingly lesser gradient or
stay unmoved in blocked opening D.

In Windhoek, Van Wyk, Murray et al. (2000) did tracer
and dilution tests during a borehole injection test in a
borehole that is sited on a fault in fractured quartzite

aquifer. The injection test formed the basis of a study
into the artificial recharge to the Windhoek aquifer.
After 187 days of injecting water at a rate of 17 {/s, the
tracer Fluorescein was added to the injection water and
monitored in a borehole 786 m away. After 216 minutes,
the tracer arrived at the observation borehole, giving a
flow velocity of 3.6 m/min.

14C age determinations of samples from the Windhoek
Aquifer yielded apparent ages between about 6 800
years at the foot of the Auas Mountains near the
catchment boundary and 21 800 years at the site of the
former hot springs some 10 km NNW. This corresponds to
equilibrium Darcy flow velocity of about 0.7 m/a and is
in good agreement with the values cited by Shapiro
above.

Highly permeable structures, such as the one
investigated by Van Wyk, Murray et al. (2000), can yield
permeability values that are even 2 orders larger than
the range given in Figure 7. This is good news if one is
looking for high-yielding boreholes. At the same time it
increases the vulnerability threat in terms of both over-
abstraction and potential pollution.

Hydraulic conductivity
Results from the Mirror Lake research site

Scale of measurement

1-5m 20-100 m

1-3 km

i Highly conductive fracture cluster
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e K
round-wate
od

Hsieh, 1998

Figure 7: Flow paths and permeability determination in fractured rock at the Mirror Lake research site (top) and
effective permeability over larger distances (bottom) (source: Allan Shapiro, USGS).
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Figure 8: Flow in fractured rock aquifers

Conclusions

Basement aquifers are especially important for the rural
population, which cannot afford expensive water supply
systems.

More sophisticated geophysical and remote sensing
techniques are required to locate promising target
structures under overburden. Regional stress analysis
may help to identify more favourable (tensional)
fault/fracture directions. The yield of basement aquifers
is often limited because of comparatively low
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Abstract

One of the challenges of a conceptual model for basement aquifers and a precursor for sustainable aquifer
management is to understand the factors that control high borehole yields in the crystalline terrain. The
basement rocks of the Limpopo Province are geologically and structurally complex, shaped by multiple tectono-
metamorphic events that span at least 600 million years (Kramers et al., 2006). Therefore the groundwater flow
and the hydraulic properties of the basement aquifer depends on a number of factors such as weathering;
climate; lithology; geological structures, including neo-tectonic stresses, presence and thickness of Quaternary or
alluvial sediments; depth of weathering; age of landforms (erosion surfaces); and relief. This study indicates a
number of control factors that influence the productivity of boreholes within the basement rocks of the Limpopo
Province. Knowledge of the dominant factors in each area or groundwater zone is useful for groundwater
exploration projects. Despite the similarities in some of the investigated control factors that influence borehole
productivity on a regional scale (e.g. rivers and lineaments), the heterogeneity of the aquifers suggest an
overriding influence of local features such as small-scale structures.

Introd UCtiOn The variability of borehole yields in Archean crystalline
basement rocks is usually dependent on one factor or a
set of controlling factors (Wright, 1992; Neves and
Morales, 2007). Regolith thickness, lithology, climate
(past and present), age of land surface, relief, tectonics
and structural geology are a complex pattern of factors
that are responsible for determining borehole yields.
The common viewpoint (e.g. Chilton and Smith-
Carington, 1984; Wright, 1992) of crystalline aquifers is
that long-term borehole productivity relies on the
presence of a weathered material that overlays the
fractured rock. Even where the basement is fractured, if
weathering is thin or absent, the available groundwater
resource is likely to be small and unreliable unless an
alternative source of indirect recharge to the fractured
basement, such as a river or associated alluvium, is
present. The relationship of the weathering process to
permeability is complex and variable and often more
advanced weathering products are found in regolith that
overlays older erosion surfaces (e.g. African). However,
the significant differences of weathering thickness and
borehole productivity on the erosion surfaces suggest
overriding influences of other factors (e.g. tectonics and
structural geology). Highly fractured zones, which act as
regional hydraulic conductors, may be ideal target areas
for productive boreholes if clay has not filled the
discontinuities due to more recent weathering or the

The Department of Water Affairs and Forestry (DWAF)
has proposed sustainability as a concept that will resolve
water-use issues. Together with equitable access to
water, sustainability is one of the main principles of the
National Water Act of 1998. However, the meaning of
the word ‘sustainability’ is often contested and it is
operationally and conceptually one of the most complex
concepts that modern science has faced (Cabezas and
Fath, 2002). Early efforts to define sustainable yield
brought forth certain considerations and determining
factors that limit the definition to specific environments
and associated acceptable changes over time. When
considering, for example, the spatial scale of an aquifer
system, it is important to understand the associated
scale of influence. Withdrawals from an aquifer might
have a severe impact on individual ecosystems locally,
but might be considered minor in terms of recharge and
discharge for the catchment as a whole (Maimone,
2004). Thus the position, spacing and depth of boreholes
strongly influence the possible sustainable borehole
yield (Seward et al., 2006). Understanding the
behaviour of groundwater and the varying factors that
control borehole productivity can be regarded as a first
step in determining any form of sustainability, whether
it is on the catchment, basin or borehole scale.



fractures are not being closed up due to the influence of
neo-tectonic stress fields and their preferred
orientation. The influence of topography on borehole
productivity on a regional scale may be attributed to
plains that develop superficial coverings that allow for
higher recharge as well as to the thickness of the
unsaturated zone. In basement rocks, shallow water
levels generally reflect a subdued surface topography,
implying aquifer recharge on the broad interfluves and
groundwater discharge in surface depressions. Therefore
boreholes located on slopes and hill tops are often much
less productive than boreholes located in valleys. It is
apparent that the productivity of boreholes, and
therefore their sustainable yield, depends on a complex
combination of factors, in addition to the particular
characteristics of an area.

Despite the fact that a great portion of the population of
the Limpopo Province of South Africa depends on water
supply from basement rock aquifers, few studies have
been done on the behaviour and factors controlling the
yields of boreholes. In the current study, an attempt is
made to identify the most common factors that
influence the yields and transmissivities of boreholes
within the Limpopo Province.

The study uses a dataset that was established as part of
the Limpopo Groundwater Information Project (GRIP),
which was initiated by the Department of Water Affairs
and Forestry. Under the GRIP framework, single-well
pumping tests were primarily conducted to recommend
sustainable abstraction rates for rural water supply
boreholes. The determined ‘sustainable abstraction
rates’ are based on the FC programme (Van Tonder et
al., 2002), which typically addresses the long-term
assurance of water supply from a borehole that is based
on available drawdown figures and abstraction rates for
a single borehole and by no means on the sustainable
borehole or aquifer yield as described by, for example,
Kalf and Woolley (2005).

An initial assessment of the dataset within the study
area was limited to one thousand boreholes, but has
since been increased to over two thousand boreholes
that are distributed over an aerial extent of
approximately 16,000 square kilometres. The compiled
dataset consists of the following hydrogeological
parameters: static water level, SWL; transmissivity, T;
sustainable vyield, sust Q; and borehole depth (BH
depth). In order to identify factors that influence the
hydrogeological parameter, the dataset was spatially
subdivided with the use of available GIS layers. Selection
criteria included lithology, erosion surfaces,

topographical setting as well as proximity to rivers,
structures, lineaments and faults. The (arithmetic) mean
values of the selected subsets were compared to the
corresponding population mean and a one-sided Student
t-test was used to determine the level of confidence
that the specific value is larger or smaller than the
population mean. This approach ensures an unbiased
assessment of a large number of influencing factors. An
inherent flaw is that the assessed boreholes were not
drilled randomly (statistically), but after preliminary site
investigations. In this regard the dataset is biased
towards one or the other anomaly and higher yields are
to be expected due to the “pre-selection” of samples
from a theoretical population of boreholes in basement
aquifers. However, the large number of assessed
boreholes of varying success compensates partially for
this statistical bias.

Description of study area

Physiography

The study area falls within the Pietersburg Plateau and
Lowveld groundwater regions as defined by Vegter
(2001). The boundaries of these two regions coincide
roughly with the watershed (escarpment) of two surface
water management areas in the middle of the focal area
(Figure 1), the Limpopo (WMAl) and the
Levuvhu/Letaba (WMA2) water management areas. The
Pietersburg Plateau, east of the watershed, is flat and
almost featureless with the Blouberge towards the west
and the Soutpansberg towards the north-east forming
topographic highs. Partridge and Maud (1987) described
the southern third of the plateau as a dissected African
surface with mountainous ground above the African
surface found in the extreme south-western and south-
eastern corners of the region. The northern two-thirds is
classified as undifferentiated post-African surface. The
climate of the plateau is characterised as semi-arid with
a mean annual rainfall that ranges from of 300 mm to
700 mm per annum.

The Lowveld region to the west of the watershed is
characterised as a plain that undulates moderately with
highly irregular, almost hilly, surfaces. The transition
from the Plateau to the Lowveld is a sloping, strongly
undulating surface in the upper catchment of the
Levuvhu/Letaba WMA.
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Location of the study area, displaying geology and borehole distribution

Figure 1:



The Lowveld is characterised by subtropic temperatures
and is semi-arid with a fairly high humidity. Against the
escarpment, orographic rain occurs frequently and the
mean annual rainfall varies from 650 mm in the north to
over 1000 mm in the south. The land surfaces of the
Lowveld include the dissected Africa surface, that is
directly east of the central escarpment, and a dissected
post-African surface further east. Rivers in both regions
have water throughout the wet season, but are
otherwise dry.

Geological setting

The rectangular study area covers the crystalline
basement rocks between the Pietersburg Greenstone
Belt in the south to the Soutpansberg basaltic lavas in
the north. The western margin is delineated by intrusive
rocks of the northern lobe of the Bushveld Complex and
the eastern margin by the Giyani Greenstone Belt
(Figure 1). The geology of the project area entails
almost entirely Archaean basement lithologies,
dominated by two lithostratigaphical units in the
basement complex, namely the Hout River Gneiss, which
underlays the larger part of the Pietersburg Plateau, and
the Goudplaas Gneiss which underlays the larger part of
the Lowveld groundwater region. Other younger granitic
intrusions occur as scattered bodies and batholiths
(Figure 1).

Structurally, the study area is located in the north-
eastern part of the Kaapvaal craton and the southern
marginal shear zone (SMZ) of the Limpopo Mobile Belt.
This northward dipping zone is referred to as the Hout
River Shear Zone (Figure 1). The Hout River Shear Zone
incorporates the ortho-amphibole isograd in its hanging
wall so that relatively low-grade basement rocks to the
south are separated from higher (amphibole and
granulite) grade rocks in the SMZ hanging wall. Diabase
dykes occur throughout the region and form dyke
swarms where they outcrop more densely in the north-
eastern part of the study area. The dykes show a
dominant north-east trend in the study area (Figure 4).
and are associated with 2.7 Ga Ventersdorp Supergroup
trends (Uken & Watkeys, 1997), which formed either in
response to the Limpopo orogeny (Burke & Dewey, 1973)
or by crustal extension due to mantle plume activity
(Hatton, 1995). Later Karoo dolerites sporadically cut
through the older dykes, but usually follow the same
intrusion paths as their Archaean predecessors. The Hout

Factors that control sustainable yields in the Archean basement rock aquifers
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River Shear Zone was probably one of the controls of the
dyke emplacement in the study area with more dykes
observed north of the HSZ (in the SMZ) than to the south
of it. Alluvial deposits are present along the lower
reaches of the major rivers.

Structural and tectonic context

The dominant NE-SW extensional neo-tectonic regime in
the study area resulted from the unbroken lithosphere’s
resistance to relative rotation between the Somalia
Plate and the Africa Plate (Bird et al., in 2005). Normal
faults and open joints were formed mainly in the NW-SE
direction, and therefore structures inherited from the
Precambrian tend to be open under the -current
neotectonic stress regime (Table 1). Shallow-dipping
joints (those inclined from zero to forty-five degrees)
are well spread out over the entire study area (Figure
2). Whereas some of these joints could have formed due
to dilatation (i.e. pressure release as a result of erosion
or plutonism), it is believed that many of these joints
are actually tectonically induced, suggesting that the
study area was at one stage subjected to compression.
Such regime would favour the formation of open
discontinuities in the NE-SW direction, but at the same
time closing many brittle structures that might have
been favourable groundwater conduits in the geological
past. Joints striking NE-SW were probably reactivated
during successive tectonic events (for example the N-S
extension during later Karoo times) and lie parallel to
one of two strong preferred lineament orientations (NE-
SW and NNE-SSW) as displayed by the dolerite dykes in
the study area.

As geological time passed, the extensional tectonic
stresses were continuously alleviated along the
structures, which began to act as crustal weakness
zones. In some areas, tectonism and metamorphism
were both so intense that they cannot be unraveled. Due
to the shearing complexity and extent of these zones
(e.g. Hout River Shear Zone), it is difficult to assess their
influence on well productivity, but the mylonitic rocks,
which occupy the shear zones, are likely to be highly
brittle, weathered and more fractured than the
surrounding gneiss and granites, providing obvious
targets for water abstraction.



Factors that control sustainable yields in the Archean basement rock aquifers

of the Limpopo province
M Holland <K Witthiiser

Table 1: Measured joint quantities.

Dip angle of joints Comment Amount of joints Percentage
Shallow (0° - 45°%) Usually thrust (compression) induced or decompressional 36 9.45%
Moderate (46° - 79°)  Usually tensionally induced 188 49.34%
Steep (80° - 90°) Strike-slip, or Mode | tensional joints 157 41.21%
All joints (0° - 90°) 381 100%
Equal Area
(Schmidt)
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Figure 2: Poles to all joint planes and density distribution of all poles to joint planes.

m?/d and < 40 m?/d can be generally expected, several
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L. boreholes with significantly higher T-values (outlier)
prOdUCt|V|ty push the arithmetic mean of transmissivities to 25 and

41 m?/d respectively.

General overview
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The measurement of the productivity of boreholes in the 4t

study area is based on the transmissivities and 250 ﬂ@@
recommended ‘sustainable abstraction’ rates that were -

obtained from over two thousand borehole entries in the g

GRIP database (Figure 1). It should be noted that 5 150

different consultants and contractors were used to & 100

conduct the pumping tests over a number of years within = i i Ji
the GRIP project framework. The data is therefore

potentially  influenced by  long-term  climatic 93 e o 30 - a0 J!ﬁ!%‘}{%zf;xm
fluctuations, seasonal rainfall and changes in T m2id)

groundwater extraction by farmers, communities and
mines. Nevertheless, these factors were deemed to be
of relatively low significance and do not fundamentally
limit the veracity of the study. The distribution of T-
values obtained from the GRIP datasets, based on the
two groundwater regions, are shown in Figure 3.

Figure 3: Distribution of transmissivities T [m?/day]
for the Pietersburg Plateau and Lowveld groundwater
regions.

As a first step, the boreholes were grouped in
accordance with the two groundwater regions found in
the study area and therefore similar to the two surface
WMA’s 1 and 2. Table 2 shows the corresponding mean
values and levels of confidence that the specific mean is
larger or smaller than the total population mean
calculated on the basis of a one-sided Student t-test.

The distribution is positively skewed and follows a
lognormal distribution. Such distribution is frequently
reported in regional studies of soils, fractured aquifers
(e.g. Hoeksema & Kitanidis 1985, Nachabe & Morel-
Seytoux, 1995) as well as for basement aquifers in Africa
(Razack & Lasm, 2006). While transmissivities between 5



Geological influence on borehole
productivity

To investigate potential geological influences, the
boreholes were grouped in accordance with the
geological or lithological setting (Table 3). Buffer zones
that were used for the spatial extraction of boreholes
included a 500 m inside and outside buffer surrounding
granitic outcrops to represent the “granitoid (batholiths)
contacts” and a 300 m zone adjacent to river courses to
represent boreholes drilled “along rivers” (alluvial
deposits).

Boreholes that target rivers (supposedly in alluvial
deposits) and especially the Hout River Gneiss or the
Bandelierskop intrusions are the most productive
regional units as indicated by the above-average
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borehole yields and transmissivities (Table 3). On the
other hand, boreholes in the granite intrusions have the
lowest production capability and yield. Although most of
the study area is located on crystalline rocks, the
presence of Quaternary cover of soil, calcrete and
ferricrete or alluvial sediments along drainage channels
are common. These covers are generally not very thick,
but widespread towards the north-east of the area and
their potential as high recharge and storage zones
suggests that high yields could be obtained in their sites
of occurrence. While the geological analysis of the data
set indicates the obvious, i.e. that the geology
influences borehole productivity, the complexity of
crystalline basement aquifers suggests that a larger
number of factors influence their yield, as discussed in
the subsequent section.

Table 2: Determined hydrogeological parameter based on the groundwater regions.

Determinant Total N BH depth [mbs]
Population mean 2093 60.50
Pietersburg Plateau 1213 62.83
Significance [%] 99.03
Lowveld 1213 58.80
Significance [%] 98.55

SWL [mbs] Sust Q [€/s per 24h] Transmissivity [m2/d]
15.31 1.21 31.85
15.99 1.62 41.13
94.46 100.00 99.99
14.82 0.91 25.11
94.89 100.00 100.00

The productivity of boreholes located in the Pietersburg Plateau is significantly higher than in the Lowveld region with average T values of 41.1 m?d and

25.1 m2/d respectively.

Table 3: Determined hydrogeological parameter based on the geological setting of boreholes.

Determinant Total N BH depth [mbs]
Population mean 2 151 60.89
Bandelierskop Metapelites 36 67.77
Significance [%] 90.92
Goudplaats Gneiss 844 59.61
Significance [%] 92.83
Hout River Gneiss 392 63.15
Significance [%] 92.36
Granitoid contacts 131 58.57
Significance [%] 80.09
Quarternary cover 146 66.80
Significance [%] 98.60
Along Rivers 286 58.39
Significance [%] 91.70
Granite Intrusion 240 61.29
Significance [%] 58.78
Greenstones 76 60.88
Significance [%] 50.12

SWL [mbs] Sust Q [¢/s per 24h] Transmissivity [m2/d]
15.25 1.20 31.63
22.25 1.46 45.58
99.75 75.23 87.73
15.87 1.01 27.21
94.91 100.00 99.60
17.21 1.73 47.74
99.80 100.00 99.98
14.45 1.18 29.96
82.08 55.27 66.70
17.96 1.31 32.58
98.60 82.35 59.29
11.28 1.52 36.92
100.00 99.93 95.85
11.94 0.65 13.50
100.00 100.00 100.00
16.45 0.92 29.34

81.58 99.66 61.98
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Lineament domains

Perhaps one of the most differentiating structural
features of the study area is the spatial distribution and
orientation of dyke swarms (Figure 4). The magnetic
nature of the dykes makes aeromagnetic data ideal for
mapping these features and most magnetic lineaments
identified on aeromagnetic maps are therefore
associated with dyke swarms (not necessarily reflected
on the published geological maps). Stettler et al. (1989)
subdivided parts of the Kaapvaal Craton and the
Limpopo Belt in accordance with the prevailing
aeromagnetic lineament pattern into five domains
(Figure 4). The varying magnetic signatures of the
domains most probably indicate differences in the
tectonic history of the lithospheric rocks into which the
dykes intruded. The magnetic lineaments therefore show
an orientation that is dictated by an inherent fracture
pattern in each particular domain of the crust.
Recognition of these domains therefore provides a
tectonic and morphostructural framework to describe
hydraulic parameters on a regional scale.

The most common strike direction of lineaments in
domain A is ENE. This direction is especially dominant
along the southern boundary of domain A, where the
strike direction of lineaments is probably controlled by
the northward-dipping shear zones. Although the
northern boundary of domain A lies north of the
Soutpansberg trough, our area focuses on the crystalline
rocks towards the south. Due to the considerable large
east-west extent of domain A with varying lithologies, it

was decided to differentiate domain A into the Hout
River (HR) and Goudplaats (GP) gneiss portions. The
magnetic lineaments in domains B and D occur
infrequently, show less orientation preference and are,
together with domain C and E, situated in areas of low-
grade metamorphism. The high degree of random
lineament orientation in domain B and D are attributed
to oblique cuts across the granitoid intrusions and the
Pietersburg and Giyani greenstone belts. Lineaments in
domain C are mostly curved and show a preferred
lineament orientation, which varies between NNE in the
west and NE in the east.

The GRIP dataset was subdivided in accordance with the
domains and the average hydrogeological parameters for
each domain was determined and compared to the
population mean (Table 4).

Domain A (Hout River Gneiss) can be regarded as the
most productive groundwater domain with yields and T-
values significantly above the population mean, while
domain D with a less pronounced lineament orientation
shows the lowest groundwater-yielding domain
(statistical significance of > 99.99% based, on t-test,
Table 4). Domain A (Goudplaats Gneiss) and domain C
have similar average hydrogeological parameters, which
suggests lithological or weathering controls on borehole
productivity rather than lineament orientation. Domain
B has above-average yields and transmissivities, but
high-yielding boreholes within the domain could not be
attributed to specific orientations of lineaments alone.

Table 4: Determined hydrogeological parameter based on the magnetic orientation domains.

Determinant BH depth SWL [mbs] Sust Q [€/s Transmissivity
[mbs] per 24h] [m2/d]

Population mean 2 151 60.89 15.25 1.20 31.63
Domain A Hout River Gneiss 243 69.52 19.93 1.92 54.64
Significance [%] 100.00 100.00 100.00 100.00
Domain A Goudplaats Gneiss 532 62.10 15.50 1.00 28.95
Significance [%] 90.34 75.18 99.98 92.76
Domain B 645 60.96 13.91 1.56 36.76
Significance [%] 59.06 99.94 100.00 96.75
Domain C 383 55.98 16.63 1.00 28.66
Significance [%] 99.96 99.17 99.89 89.35
Domain D 379 57.46 12.07 0.76 17.30
Significance [%] 98.47 100.00 100.00 100.00
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Control factor

Domain A Hout

River Gneiss

Domain A Goud-
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plaats Gneiss

Domain B

Table 5: Determined transmissivity based on control factors within each domain.

Domain C

Domain D

M Holland <K Witthiiser

I 2 ) ) Y I
[m2/d] [m2/d] [m2/d] [m2/d] [m2/d]
Domain mean 243 54.6 532 28.9 645 36.7 383 28.6 379 17.3
Along Rivers 81 44.7 59 28.7 98 48.6 39 49.4 62 14.2
Significance [%] 92.3 51.9 97.5 97.1 96.1
Lineament 100 m 37 75.9 107 27.8 59 41.9 80 26.8 89 18.0
Significance [%] 89.4 58.7 77.9 59.8 59.5
Fault 100 m 4 56.7 5 63.0 3 6.5
Significance [%] 53.1 81.0 92.4
Goudplaats Gneiss 258 29.4 35 37.7 196 27.8 127 25.3
Significance [%] 55.1 53.8 59.8 97.3
Hout River Gneiss 47 79.1 287 37.8

Significance [%] 88.6 59.2

Quaternary Deposits 63 29.7 27 41.1 31 25.3

Significance [%] 100.0 88.1 95.8

Bandelierskop 11 94.0 26 18.2 4 30.7

Significance [%] 91.7 99.6 66.3

Granite 21 29.1 75 14.6 18 5.1 75 6.1
Significance [%] 50.5 100.0 100.0 100.0
Granitoid Contacts 24 32.3 48 45.8 11 7.1 18 7.2
Significance [%] 64.8 86.7 100.0 100.0
Greenstones 10 18.2 8 11.4 31 28.9 5) 49.1
Significance [%] 90.1 100.0 51.4 91.6

Controlling factors within lineament
domains

To identify factors that control above-average
groundwater potential within each lineament domain,
the pumping-test data for each domain were further
classified on the basis of their distance to rivers (300 m),
distance from faults (100 m), lineaments or geological
contacts and lithology. All published lineaments (1:250
000 geological maps) and linear anomalies, captured (on
high-resolution and low-resolution aeromagnetic maps)
by the Council for Geosciences (CGS) as part of this
project, were used to assess the productivity of borehole
yields that are associated with lineaments (in most cases
representing dykes). However, the subjective character
of lineaments has been questioned by Tam et al. (2004).
In this case, the characteristics of the structural feature
that compound the lineaments, such as its topology,
dipping angle and genesis, were disregarded. Table 5
shows the corresponding mean transmissivities along
with the levels of confidence that the value deviates
from the domain (sub-population) mean.

—

Boreholes located near drainage channels are supposedly
only above average in domain B and C. Alluvial material
overlays or replaces the weathered overburden and
creates a distinct intergranular aquifer type. However,
below-average yields and T-values are found along the
rivers in domain D, in comparison with the other
domains. Domain D is predominantly covered by intruded
granitoids and forms part of the topographically
elevated Tzaneen escarpment (Figure 1), which is
defined by Partridge and Maud (1987) as part of the
escarpment erosion surface. The draining features in this
area, therefore represent mostly headwaters that are
incised into the basement rocks with a thin or absent
alluvium, which explains the comparable low borehole
productivity along rivers in this domain.

No attempt has been made to assess the productivity of
the boreholes on the basis of the orientation of the
rivers, which often follow structures, but it was assumed
that the thickness of alluvial material overrides the
strike of a potentially underlying structure. It is
interesting to note the variable geological setting of
high-yielding boreholes in the various domains. While
within domain A (Hout River Gneiss), the highest yielding
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and transmissive boreholes are found in the
Bandelierskop intrusions, they represent poor targets in
domain A (Goudplaats Gneiss).

Weathering thickness

The influence of rock weathering and the thickness of
the regolith on the productivity of boreholes were not
tested statistically or correlated with other influencing
factors. However, a map of the thickness of weathering
(Figure 5) that is based on the GRA Il (Groundwater
Resources Assessment phase Il, Department of Water
Affairs and Forestry) dataset show that the thickness of
weathering does not appear to be a major controlling
factor on a regional scale, especially if the area of high
borehole productivity in domain A (Hout River Gneiss) is
considered. In this domain, the depth of weathering
ranges between 21 and 30 m, which is less than the
weathering depth of up to 45 m in the south of Mogwadi,
which has significantly lower borehole productivity. In
the Lowveld groundwater region, the escarpment
immediately east of the watershed has a weathering
depth of 21 to 30 m, but increases to up to 45 m further
east with borehole productivity decreasing with the
distance from the escarpment. However, this
phenomenon might also be attributed to the
mountainous areas, which are often considered to be a

Factors that control sustainable yields in the Archean basement rock aquifers
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constraint to borehole siting. It is envisaged that more
accurate estimates of weathering depths could be
obtained from borehole logs in the future.

Topographical setting of boreholes

The influence of topography on borehole productivity
was assessed by using a smaller dataset that describes
the physical setting of the drilling location as recorded
in the GRIP database (Table 6). Boreholes in
mountainous areas have deeper than average water
levels and significantly lower transmissivities and
sustainable yields, i.e. they are the most unfavourable
topographical borehole locations. It is furthermore
important to note that the average borehole depths are
relatively constant throughout the dataset, with average
borehole depths in mountainous areas exceeding the
typical depth by approximately 7 m, while the static
water levels is on average 8 m deeper. Since the
topographical setting is directly related to the
underlying geology, it is not an independent variable.
Although the valley settings prove to produce fairly
productive boreholes, flat surfaces also have higher than
average transmissivities, suggesting that there are
controlling factors other than topography on the
productivity of the boreholes.

Table 6: Determined hydrogeological parameter versus topographical setting of boreholes and corresponding confidence levels.

Determinant Total N BH depth | SWL [mbs] Sust Q [€/s | Transmissivity
[mbs] per 24h] [m?/d]
Population mean 346 61.32 16.09 1.10 39.96
Flat Surface 167 61.81 15.27 1.23 46.99
Significance [%] 58.68 81.67 90.71 87.72
Mountainous 11 68.37 24.33 0.31 6.82
Significance [%] 77.60 90.95 100.00 100.00
Slope 125 60.28 17.89 0.99 35.23
Significance [%] 66.99 96.52 89.75 82.22
Valley 43 60.67 11.91 1.10 34.87
Significance [%] 57.61 99.94 50.40 74.12
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Discussion and conclusions

Granite intrusions of the Palmietfontein and Matok
granites as well as the Schiel complex, in domain A,
have higher yields than other domains. The southern
boundary of domain A coincides closely with the Hout
River Shear Zone. Therefore the higher grade
metamorphism and series of shearing zones (e.g. Matok
and Petronella) generally have resulted in more
productive boreholes within the intrusions. The
hydraulic parameters on the contacts zones of the
granite intrusion in domain B are more prolific than in
any other domain. As noted by Vegter (2003), the
country rock is more intensely fractured in the aureoles
and therefore its water-bearing properties were
enhanced by the intrusions. Du Toit (1999) has
investigated this matter in detail. Apart from the alluvial
aquifers in domain B, these sites remain highly
productive borehole yielding areas.

Boreholes that target lineaments appear only in domain
A (Hout River Gneiss) and domain B transmissivities
above the domain mean, which suggests a greater
influence of structures on borehole productivity within
these two domains. Domain A (Hout River Gneiss) is, in
comparison to the other domains, generally high-
yielding, with above-average yields and transmissivities
for almost every tested factor (river, lineaments or
lithology) compared to the other domains. The elevated
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Hydrogeochemistry of fluoride and salinization mechanism of
groundwater in the Singida region, central Tanzania
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Abstract

This study focuses on the determination of factors that control high fluoride groundwater and salinization in
basement aquifers of a semi-arid area in central Tanzania. Water samples were collected from productive
dugouts, shallow wells and boreholes. The presence of '0, 2H, and major cation and anion chemistry, including
fluoride, was determined with the use of standard analytical techniques. A sodium-bicarbonate type of water
dominates the study area. The '®0 - ?H relationships suggest that the infiltration of water and groundwater has
undergone evaporation while in some cases preferential flow mechanisms are suggested. Shallow wells and
dugouts were found to have higher concentrations of both fluoride and chloride and this fact is partly attributed
to the effect of evapotranspiration. The main mechanism for fluoride input into groundwater as well as
salinization is attributed to the leaching of surface and near-surface soil salts, especially trona. No clear
relationship was observed between the depth of wells/boreholes and fluoride concentration. Similarly, there is
hardly any clear relationship between the fluoride concentration and the geomorphology of the study area. A
more detailed investigation is needed to determine the relationship between sampling depth, fluoride
concentration and salinization.

: basement rocks (Bugaisa, 1971; Kilham and Hecky, 1973;
Introduction (Bug y
Nanyaro et al., 1984).

High fluoride concentration in groundwater is one of the
most  important health-related geo-environmental
problems that result in fluorosis. Fluorosis is rampant in
both central and northern Tanzania, despite the fact
that the two areas are covered by different geological
formations. The central Tanzania area is occupied by
fractured basement rocks in a semi-arid environment
and has been studied less than northern Tanzania, which
is dominated by volcanic rocks and a humid climate.
Fluoride in groundwater occurs in the form of the anion
F . Although traces of fluoride are present in many water
sources, higher concentrations are often associated with
volcanic rocks. In some African countries, concentrations
exceed national and international standards for fluoride
in drinking water supplies, which are typically within the
range of 1-2 mg/{. In countries in which the soil is rich in
fluoride-bearing minerals, the national standards of
fluoride in drinking water may be set relatively high. For
example, in the United Republic of Tanzania, the
fluoride concentration can be up to 8 mg/f (Mambali,
1981).This value exceeds the WHO guideline for drinking
water of 1.5 mg/t (WHO, 1993). High fluoride
concentrations have been reported in association with
rift zones, volcanic rocks and granitic (Ca-poor)

This study was conducted in the northern Iramba
district, which is located in semi-arid central Tanzania
at elevations that range from 1 062 to 1 744 m above
mean sea level(Figure 1). The study area falls within the
Tanzanian craton at the margins of the East African Rift
System which is volcanically active and has rocks that
contain high fluoride-bearing minerals. The
hydrothermal activities of the rift faults favour the
dissolution of these minerals. Minerals such as
villiaumite and fluorite are often present in these rocks.

Groundwater in the study area occurs in the saprolite
and in fractured basement aquifers that have static
water-level that is generally measured at 10 m below
ground surface. Groundwater for domestic water supply
is exploited from shallow wells and boreholes. The
concentration of fluoride in groundwater is attributed to
factors that include evaporation, leaching of soil salts
and dissolution of fluoride-bearing minerals. The
saprolite is approximately 15 m thick and overlays the
less weathered bedrock (saprock). Boreholes as deep as
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Figure 1: Location map of Iramba District showing study area (Kabuhu, 1996).

90 m, shallow wells of up to 10 m and dugouts of less
than 1 m are constructed as groundwater supply points
among various communities in the area.

Several studies have been conducted in volcanic rocks in
Tanzania to investigate the occurrence of fluoride in
groundwater, but hardly any studies have been
undertaken on basement rocks. This study was
conducted to find answers to the following basic
questions:

1. What are the processes that control fluoride
occurrence in groundwater in fractured basement
aquifers?

2. How is the fluoride concentration related to the
depth of wells and boreholes?

3. What is the relationship between the fluoride
concentration and the geomorphology of the study
area?

4. What are the nature and controls of the overall
chemical character of groundwater in this area?

5. What are the mechanisms that are responsible for
groundwater salinization in semi-arid areas and
fractured basement aquifers?

Intensive groundwater sampling was carried out covering
on both shallow and deep groundwater flow systems in
the area. Dugouts that had been constructed in

streambeds, shallow wells and boreholes located at
various altitudes and within different rock types were
sampled. Major and minor chemistry and stable isotopes
were determined in various laboratories.

Materials and methods

Geological mapping

Preliminary geological mapping was conducted at the
scale of 1: 50 000 (Figure 2). The mapping was
conducted in various geomorphologic units at various
altitudes. Basement rocks, including high-grade
metamorphic rocks, along with granitic rocks and
quaternary alluvial sediments, were observed. The area
is characterized by mountains and valleys that are at
altitudes that range from 1 480 m to 1 750 m above
mean sea level.
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Figure 2: Geological map of the study area

Water sampling

Random water sampling was adopted for this study and
standard methods were used for the determination of
the chemical and physical characteristics of the water as
described by the APHA (1985). Samples were collected
from various sites at variable altitudes and water
sources including boreholes, shallow wells and dugouts.
Six sub- samples were collected at each sampling site,
all of which were filtered with the use of 45 pym filter
papers. Two of the sub-samples were collected in 30 m{
polyethylene bottles and then acidified with 0.6 m{ of 6
N HCI and with 0.3 mf of 6 N HNO3. One sub-sample was

Nyanzian System, migmatite facies

Granites/gneiss complex undifferentiated .
including K- rich late — kinematic Nyanzian intrusives

Granitic outcrop nrea.[mn or kopjes) producing
prominent radiometric anomalies mostly )
L ding to K- rich late kinematic Nyanzian intrusives

> 21 Ri fauh, chserved and inferred
{barbs on downthrow side)

N Megalineaments, faults or shear zones

~ - (inferred from gnetic |

lir

and satellite-i gery)

collected in a 60 m{ polyethylene bottle for stable
isotope analyses. Glass bottles of 40 m{ capacity were
used for collecting the rest of the water samples for
fluoride determination. Thereafter all samples were
stored in a cool box during fieldwork and then in the
refrigerator at the Department of Geology of the
University of Dar Es Salaam before sending them to the
British Geological Survey in the UK for laboratory
analysis. Table 1 shows village and location names of
the sampling sites as well as their altitude, latitude and
longitude.
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Table 1: Location of the water samples

Sample Village Location Altitude Latitude Longitude
Number (m amsl) S (Degrees) E

IR1 B lambi Kikundya 1503 4.351 34.752
IR2 " lambi Kihau 1481 4.351 34.769
IR3 B llunda Mtundua 1526 4.349 34.800
IR4 " Ilunda llunda 1527 4.368 34.797
IR5 B Kinampundu Mwembe 1561 4.404 34.789
IR6 B Kinampundu Kisutu 1 550 4.415 34.794
IR7 W Ishenga Madukani 1459 4.389 34.687
IR8 D Kitangiri Stream 1485 4.457 34.616
IR9 B Nsunsu Soweto 1100 4.223 34.233
IR10 W Nsunsu Ng'unga 1105 4.199 34.222
IR11 D Doromoni River 1062 4.090 34.330
IR12 D Luono River 1066 4.064 34.397
IR13 W Kidaru Kidaru 1 065 4.051 34.579
IR14 W Chemchem Shuleni 1116 4.108 34.491
IR15 D Chemchem Mission 1121 4.050 34.582
IR16 W Mkalama Mkailu 1253 4.106 34.644
IR17 B Ibaga Manamba 1171 4.078 34.590
IR18 D Ibaga River 1182 4.085 34.601
IR19 B Matongo Hindamili 1569 4.083 34.744
IR20 W Matongo Mponoelo 1554 4.089 34.747
IR21 B Nkito Miula 1574 4.146 34.748
IR22 B Nkito Kinyantungu 1594 4.148 34.768
IR23 W Mwangeza Dar es salaam 1413 4.091 34.815
IR24 B Mwangeza Kisene 1 460 4.103 34.814
IR25 B Dominiki Mzanga 1 468 4.132 34.919
IR26 B Kidarafa Kidarafa A 1672 4.211 34.935
IR27 B Kidarafa Hailosi A 1709 4.211 34.910
IR28 B Mwanga Mpaligogo 1580 4.269 34.889
IR29 W Mwanga Singida Street 1542 4.288 34.866
IR30 B Singa Kagera 1610 4.400 34.859
IR31 B Nkungi Nkungi 1554 4.339 34.835
IR32 " Nduguti Uswahilini 1569 4.302 34.700
IR33 W Kisana Kintamba 1736 4.248 34.482
IR34 W Kisana Kisana 1744 4.238 34.480
IR35 B New Kiomboi Magula 1562 4.256 34.389
IR36 W Lulumba Water Department 1596 4.267 34.393

B =Borehole; D =Dugout in the riverbed; W = Shallow well

Laboratory methods

Chemical analyses of water samples were conducted at
the British Geological Survey in the UK. Major elements
were determined by ICP-AES following the analytical
techniques described by Banks et al. (1998b, c).
Measurements for Cl were conducted with the use of

automated colorimetry. Analyses for fluoride were
conducted at the Department of Geology, University of
Dar es Salaam, with the use of an Orion ion specific
electrode, following the methodology described by Frant
and Ross (1966). The fluoride electrode was calibrated
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at 23°C. Standard fluoride concentrations of 0.1 mg/¢,
0.2 mg/t, 0.5 mg/¢, 1 mg/¢, 5 mg/¢, 10 mg/¢, and
20 mg/t were prepared for establishing the calibration
curve. About 3 ml of each standard was mixed with 3 ml
of Total lonic Strength Adjustment Buffer (TISAB), and
measured in millivolts (mV) of fluoride with the use of
the Orion fluoride electrode to obtain the calibration
curve. The (TISAB) was added to each sample to provide
a constant ionic strength background, thereby
minimizing variations between samples and standards
(Hitchon, 1995). The voltage values of fluoride were
taken at constant potential readings. For electrical
conductivity (EC) measurements the EC meter was
calibrated at room temperature with the use of 1413
pS/cm and 718 pS/cm solutions. The stable isotopes of
80 and 2H were determined with the use of a mass
spectrometer at the British Geological Survey in the UK.

Results

Hydrogeology of the study area

The study area is characterized by Quaternary alluvium
and lake deposits as well as Precambrian granites and
greenstones (Figure 2). Granite rocks dominate the area
and are known to contain elevated concentrations of
fluoride-bearing minerals. However, the extent to which
these minerals influence the levels of fluoride in
groundwater in this area is not yet known. Groundwater
is always encountered in weathered and fractured zones
at depths of about 10 meters below ground surface. A
saprolite of about 15 meters covers the basement
although exposed basement formations in some areas
are not uncommon. In riverbeds, which are mainly
covered with sands, groundwater occurs at about half a
meter below ground surface. Groundwater occurrence
and flow seem to be fracture controlled. The static
water level, at about 5 to 10 m below ground surface, is
highly variable among adjacent boreholes, which
indicates the existence of discrete fracture systems.
Pumping-test data show that the facture systems have
hydraulic conductivity values of about 10 m/sec and
storativity values of about 107°. Deep groundwater

occurs under confined conditions while shallow
groundwater occurs mainly under water table
conditions.

Most of the water samples were collected from
Precambrian granite terrain with fluoride concentrations
above 3 mg/t. Fluoride concentrations below 1.5 mg/¢
have also been found in the same terrain. The
exceptions are some samples that were located in the
Quaternary lake deposits, alluvium and in the
greenstone rocks (Figure 2). Precambrian granites
contain a high proportion of high-fluorine bearing

minerals such as mica, amphiboles and occasionally
fluorite. These minerals probably contribute to the
observed elevated fluoride concentrations in
groundwater.

Although elevated fluoride concentration is found to be
predominant in the granite terrain, the relationship
between fluoride concentration in groundwater and the
geology seems rather obscure. It is therefore unclear
whether the high fluoride concentrations are related to
bedrock geology or to other factors that could lead to
secondary enrichment.

Hydrochemistry
Fluoride concentrations

The results obtained are given in Tables 2, 3, and 4 with
the sources from which the samples were collected. It
was found that 72 % of the water samples had fluoride
concentrations that exceed the WHO guideline of
1.5 mg/¢ for drinking water (WHO, 1993). The majority
of the samples (52.7%) were collected from shallow
groundwater sources of which 73.7% had a fluoride
concentration that is above the WHO guideline, while
70.6% of the boreholes had a fluoride concentration that
is above the guideline.

The highest concentration of fluoride appeared in a
water sample that was collected from the riverbed of
the Luono River (sample IR 12). It may be attributed to
the leaching of surface or near-surface soil salts that had
concentrated in the soil matrix as a result of
evaporation. The lowest concentration appeared in a
shallow well at the New Kiomboi Water Department.
This area is also characterized by low salinity as
indicated by the low electrical conductivity values. This
finding may indicate the bypass flow of water through
macropores, which result in a minimum of water-rock
contact time during infiltration and percolation to the
water table.

The presence of fluoride in groundwater is generally a
natural phenomenon that is influenced by local and
regional hydrogeological conditions (Agrawal et al.,
1997). Differences in fluoride concentrations in the
shallow wells and dugouts are large, even at very short
distances. This observation is similar to that made by
Latha et al. (1999). Changes in fluoride concentration
among adjacent boreholes and wells may indicate
hydraulic and lithologic heterogeneity in aquifer
formations.
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Table 2: Fluoride and major ion concentrations in dugouts.

Sample lon

Number Balance%

IR8 663 1223 73.25 4.98 1.59 33.6 77.1 3.1 48.1 157 2.52 -9.9 -1.99
IR11 296 550 14.32 1.65 1.46 10.6 39.1 3.5 5.97 86.7 2.26 -15.5  -3.32
IR12 845 1 660 128.6 6.07 14.33 66.5 7.7 5.7 2.07 449 2.37 -20.1 -4.08
IR15 443 753 31.08 -0.22 2.01 21.5 42.6 2.6 15.2 123 1.33 -13.1 -2.44
IR18 172 369 35.06 -0.22 1.36 9.2 37.3 2.1 9.43 35.5 3.07 -16.3  -3.56

Table 3: Fluoride and major ion concentrations in shallow wells

Sample lon

Number Balance%

IR2 566 964 39.21 2.55 5.14 11.5 49.5 1.1 20.6 173 4.08 -15.2 -3.11
IR4 750 1470 69.34 6.58 5.26 48.1 18.1 4.4 18.6 318 2.07 -16.38  -3.57
IR7 312 663 35.79 11.43 3.1 8.3 67 3.5 14.1 70 3.58 -15.6 -3.38
IR13 307 766 63.58 2.09 2.97 44.4 33.8 1.4 10.9 139 4.61 -16.6 -3.04
IR14 269 491 24.62 -0.22 2.27 9.1 40.7 1.3 9.98 62.4 2.89 -23.6 -5.15
IR10 340 806 51.92 6.09 2.19 36.9 59.8 0.9 14.4 105 3.05 -6.9 -2.17
IR16 518 1172 139.4 2.74 4.41 29.4 59.1 4.9 27.7 205 3.78 -10.2 -2.47
IR20 536 1012 41.02 3.29 2.61 56.2 59.3 <0.5 27.1 167 4.62 -18.3 -3.77
IR23 600 1436 160 0.33 8.73 67.7 47.4 5.4 17.3 284 1.57 -21.4 -3.81
IR29 707 1127  47.23 7.61 4.16 14.2 51.6 2.9 47.1 193 4.05 -16 -3.24
IR32 247.5 769 39.07 25.1 1.62 34.3 55.1 17.1 23.2 71.8 3.55 -17.5 -4.29
IR33 37 146 4.08 5.36 0.49 8 5.5 10.9 2.89 11.7 1.51 -13.1 -3.31
IR34 44 191 2.55 0.77 0.67 4 3.3 1.4 1.19 15.8 2.95 -10.5 -3
IR36 16 58.4 4 -0.22 0.21 2.4 4.3 1 0.23 5.7 5.31

Table 4: Fluoride and major ion concentrations in boreholes

Sample lon
Number Balance%
IR3 490 853 8.26 4.11 4.64 21.9 52.1 10.1 32.2 98.4 4.11 -19.8  -4.06
IR1 489.7 1007 46.78 0.77 2.85 6.6 73.3 5 24.3 127 8.49 -18.3  -3.69
IR5 569 1027 48.84 16.97 2.33 9.6 7.7 14 53.2 94 2.36 -14.5  -2.73
IR6 449 808 56.66 1.65 1.57 13.9 83.6 3.4 26.2  771.7 2.27 - -3.78
18.17
IR9 291 389 2.23 -0.22 1.42 2.2 73.8 1.7 9 12.9 1.60 -13.8 -3.19
IR17 201 382 18.64 0.33 1.87 7.3 27.6 1 8.61 49.9 3.43 -13.6  -3.51
IR19 569 1013 82.48 0.49 2.86 34.1 70.1 4.9 25.8 175 3.71 -16.1 -4.02
IR21 576 947 69.11 7.15 2.04 44.4 99.6 1.1 38 121 2.14 -22.8 -4.93
IR22 602 662 36.05 5.93 1.46 5 76.3 9.1 19.2 47.6 -1.57 -23.2  -3.98
IR24 444 765 41.25 0.82 1.85 7.3 53.4 1.5 24.2 97.1 1.54 -15.5 -3.54
IR25 632 871 31.71 2.41 2.01 19.9 84 6.7 41.9 103 1.90 -22.7 -3.65
IR26 488 822 42.99 8.23 4.5 8.6 71.1 1.8 27.8 117 4.78 -18.1  -3.75
IR27 430.7 923 26.7 30.1 0.82 11.4 100 17.6 46.7  60.5 7.81 -15.4  -4.03
IR28 557 971 48.71  13.79 0.99 60.7 111 5.3 42.3  96.2 2.26
IR30 589 1187 83.01 9.85 1.46 36.9 76.2 33 74.3 81 2.96 -19 -4.28
IR31 583 1055 43.44 23 1.79 39.7 104 14.7 56.9 78.2 1.53 -19 -4.44
IR35 445 766 23.98 0.99 2.44 37.3 68.6 0.9 29.2 823 3.35

TON =Total Oxidized Nitrogen
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Table 5: &%H (%0) and 8'%0 (%o) content of local rainfall

5180(%o) -6.09 -9.35 -5 -0.4
5°H(%o) -33.7 -58.4 -18.2 19.8
520 (%o) -4.42 -3.65 -4.27 -6.22
5°H(%o) -22.5 9.7 -17.8 -32.6
580(%o) 0.48 -1.48 -1.78 -1.83
5°H(%o) 17.1 -3.9 2.1 -1.4
580(%o) -10.4 -8.28 -8.97 -5.34
5°H(%o) -57.2 -55.2 -61.1 -26.4
520 (%o) -7.65 -4.52 -5.44 -6.1
5°H(%o) -45.4 -20.3 -27.7 -33.4

0.25 -2.27 -6.76 -3.06 -2.99 -5.18
21 -2.1 -40.7 =115.9) -8.9 -33.6
-7.71 -7.1 -7.98 -5.69 -7.71 -0.27
-46.4 -42.8 -50.2 -30.9 -44.9 13
-1.57 -1.71 -4.73 -5.83 -5.83 -9.07
-3.4 -2.5 -20.8 -37.9 -57.2 -74.4
-4.26 -8.79 -0.85 -1 -1.05 -2.41
-19.3 -55.2 4.7 6.3 1.2 -7.3
-5.43
-34.5

Major cation and anion chemistry

Na® concentrations are found to be higher than any of
the other cations (Ca?", K*, and Mg?) as shown in Tables
2, 3 and 4 and are positively correlated with fluoride
concentrations. Elevated Na* concentrations may be due
to cation exchange where Ca?" from groundwater is
adsorbed on clayey materials in exchange of Na'.
Another possible reason for the higher Na* concentration
could be dissolution of trona (Na,CO3.NaHCO;.2H,0), a
white salt commonly found in the semi-arid East African
Rift Valley with lots of fluoride. While conducting
fieldwork, trona was found in almost all the dry
riverbeds that have flow towards the study area during
the wet season.

Large variations in chloride concentrations were
observed in the groundwater, which may be attributed
to evaporation of rainfall, leaching from the surface
and/or soils salts and minor contributions from acidic
rocks. High concentrations of chloride were observed in
the wells that are within sediments that are
predominantly composed of materials that derive from
the volcanic area (faults of the Rift Valley). Fuge (1988)
reports that chloride occurs in minerals such as sodalite
(Nas Al Siz Op, Cl). According to Fuge (1977), fluorine
and chlorine occupy the hydroxyl sites of hydroxy
silicates, such as micas and amphiboles, and also
apatite. Fluorine is richest in granite rocks, while
chlorine is richest in the hydroxy minerals of basic rocks.

The occurrence of SO, can be associated with volcanic
activities (Haile, 1999). Other sources of SO, include
rainfall, gypsum dissolution, oxidation of pyrite and
agricultural fertilizers.

Total oxidized nitrogen (TON) values in the study area
are high (see Table 4) although agricultural fertilizers

are not used in this area. The elevated values (of TON)
suggest domestic pollution by the leaching of sewage
from pit latrines into the groundwater flow system.
Livestock farming could be another source of pollution
as large numbers of grazing cattle were observed in the
study area.

The majority of boreholes have a high calcium and low
fluoride concentration, which suggests that Ca
concentration in the bedrock of the aquifers plays an
important role in limiting the amount of fluoride.
Shallow wells contain low calcium with high fluoride
concentrations, except for those shallow wells in
Kintamba and Kisana that are located at the highest
altitude of the area (Figure 3).

Figure 3: Relationship between Ca and F in the
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The highest fluoride concentration observed in a dugout 16
in the bed of the Luono River had the lowest -
concentration of Ca?" and highest concentrations of both 141 + F
Na* (Figure 4) and HCO5 (Figure 5). This finding may be 12 Linear (F)
attributed to the dissolution of trona = 104
(Na,CO3.NaHCO3.2H,0), an evaporite mineral that is E
commonly found in the East African Rift System and is 2 3 y = 0.0048x - 1.1786
always contaminated with fluoride. The latter may also E 6 - T = 04483
indicate that evaporation processes took place and -
therefore concentrated salts on the surface and within 47
the near-surface soils with subsequent leaching that 2
leads to elevated concentrations in the groundwater o
system. 0 500 1000 1500 2000
16 EC (p3 cm)
14 ® Dugouts [}
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12 A ¢ Borcholes Figure 6: Relationship between salinity” and F values
_— 10 A in the various water sources in the Northern Iramba
ED g | A District
- 67 A A Alkalinity was also found to be positively correlated with
4 - N ”“ ’“ fluoride concentration, albeit to a low extent. The Piper
2 ‘..t‘" ° diagram (Figure 7), which was prepared in accordance
o f * ‘ . . . with the modification by Back (1966), shows that water
0 100 200 300 400 500 generally contains lower concentrations of calcium and
Na (mgL'l) magnesium in comparison with sodium and potassium.

Bicarbonate is the dominant anion. Most of the
boreholes contain water that has no dominant cation -
HCOs-type and most of the dugouts and shallow wells
contain a Na-HCO; type of water. The predominantly Na-
HCO; water type could be attributed to the dissolution of

Figure 4: Relationship between Na+ and F- in
different water sources in Northern Iramba District

16 near-surface salts.
14 4 e Dugouts L4
4 Shallow Wells Stable isotopic ratios
12 ¢ Boreholes
o~ 10 Evaporation had an impact on the groundwater of the
N “ study area, which is characterized by a semi-arid
£ N climate. The *H and '°0 values range from -6.90%. to -
o’ A 23.60% and -1.99%. to -5.15%. respectively. This range
47 N . . “ could be attributed to heterogeneity on the soil surface,
21 o Aee % “\ . which affects the infiltration rates of the surface water
o Ja% i - ° i . and brings about the modification of the isotopes
0 200 400 600 800 1000 through evaporation effects. The mean values for
HCO3 (mg/L) dugouts are -14.98 and -3.08 (n = 5); for shallow wells, -
15.48 and -3.39 (n =13); and for boreholes, -18.00 and -
Figure 5: Relationship between F and HCO; in 3.84 (n =14) for 2H and *®0 respectively (Table 6).

different water sources in Northern Iramba District

Table 6: Mean & ®0 (%.) of the various water sources
A relationship between salinity (EC values) and fluoride
concentration (Figure 6) has a positive correlation,

Water Source Mean & 180 (%o)

which indicates that fluoride mobilisation through the Rainfall - 4.46
leaching process results in an increase in the salinity Dugouts -3.08
values of the groundwater due to the dissolution of Shallow wells -3.39
easily leachable salts such as trona. Boreholes -3.84
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The slope of 5.3 for the shallow wells (Figure 8)
suggests that surface water/runoff in this area has
undergone evaporation before and during infiltration,
which resulted in the enrichment of both ?H and *®0 of
the shallow groundwater. A comparison to the mean
5%0 value of the rainfall (Table 6) supports the
observation shown in figure 8. In addition, the mean
data for the dugouts and the resultant slope of 4.4 for
the dugouts support the surface to subsurface
evaporation processes of infiltrating water.

The mean stable isotope data for boreholes, that are
less enriched than both the dugouts and shallow wells,
indicate that the isotopic character of deeper
groundwater may result from a mixture of evaporated
surface  runoff before infiltration and direct
infiltrating/recharge of rainfall through bypass flow
mechanisms in macropores. The bypass flow mechanism
of groundwater recharge is typical in the basement
fractured aquifers of central Tanzania as observed by
Nkotagu (1996) at the Makutupora groundwater basin in
the Dodoman craton. A relationship between & 0 and
fluoride concentration (Figure 9) show the same fluoride
values to vary with different 5 80 values with no clear
pattern. However, most data are concentrated between
5 80 3%, and -4%o with fluoride values at about 3 mg/X.
This indicates that similar processes are responsible for
fluoride enrichment in the various groundwater sources.
As indicated, bypass flow mechanisms may play a major
role in the groundwater recharge processes within the
study area.
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Figure 9: Relationship between 5'%0 and fluoride
concentration in the various water sources of the
Northern Iramba District.

A relationship between fluoride concentrations and
depths of boreholes/wells (Figure 10) generally shows

that the groundwater from dugouts (mean depth = 0.5
m, mean [F-] = 4.15 mg/f, n = 5) and shallow wells
(mean depth = 6 m, mean [F-] = 3.31 mg/{, n = 11) have
higher concentrations of fluoride than the groundwater
that was abstracted from boreholes (mean depth =49 m,
mean [F]= 2.17 mg/{, n= 8) for the water sources with
known depths. Groundwater sources that are deeper
than 40 m have lower fluoride concentrations than
groundwater that was abstracted at depths less than 30
m below ground level. This difference may be attributed
to the leaching of near-surface salts that are formed due
to the repetitive evaporation processes. The range of
fluoride concentrations in shallow wells, from 0.5 to 6
mg/f, at the same depths, and dugouts to a lesser
extent, supports the view that fluoride leaching and
subsequent infiltration of groundwater may be taking
place under different heterogeneous soil conditions
(Figure 10). The narrow range of fluoride
concentrations, of about 2-3 mg/{, for the groundwater
that was abstracted through deeper boreholes may imply
a similar or uniform process of fluoride enrichment with
depth (Figure 10).
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Figure 10: Variation of fluoride with depth for various
water sources in the Northern Iramba District

Subsurface evapotranspiration tends to concentrate
fluoride and other salts in solution. In groundwater
sources that are deeper than 40 m, this effect is not as
significant in  comparison with the shallower
groundwater sources. The dissolution of minerals
through water-rock interaction contributes significantly
to the release of fluoride and other elements into
groundwater.
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Conclusions

Fluoride concentration in 72% of the groundwater
samples was found to have fluoride concentration that is
above the WHO guideline value of 1.5 mg/¢. Four factors
that bring about the chemical character of high fluoride
groundwater in the study area were determined and it
was found that the leaching of surface and near-surface
soil salts lead to the high concentration of fluoride and
other major ions in the groundwater. Mineral dissolution
of CaF, and NaF plays an insignificant role in elevating
fluoride concentrations in the groundwater of the study
area. The subsurface evaporation process contributes to
the elevated fluoride concentration in groundwater as
indicated by the stable isotopes data. Fluoride
concentration in groundwater is highly variable,
suggesting the heterogeneity of basement aquifers,
both in terms of hydraulic (fractured/non-fractured) and
lithologic characteristics. It has been noted that
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Abstract

The groundwater resources for the Namaqualand region are developed predominantly in the basement rocks. The
infiltration and flow of water is controlled by the prevailing complex fracture network and can vary in space and
time. Such conditions relate to structurally controlled flow systems and varying water chemistry amongst closely
spaced fracture systems.This article summarises the processes that influenced the groundwater chemistry and
resulted in the dominant NaCl character of the groundwater. In addition, emphasis is placed on a mineral-
dissolution approach that is based on the reaction between primary minerals and CO,-charged water to produce
the measured dissolved constituents. As a result, the effects of both carbonate and silicate weathering processes
are discussed to explain concurrent changes in the groundwater composition. It is possible to spatially distinguish
between dilute, shallow circulating and relatively young groundwater systems compared to more brackish, slower
circulating and relatively older systems. The relatively dilute end-member is associated with dynamic, actively
recharged groundwater systems with rapid through-flow rates occurring in the higher lying mountainous regions
or with infiltration through highly transmissive fracture zones within the lower lying valley systems. The more
brackish end-member, associated with the valley systems, or the lower lying regions, is characterized by a
localized, predominantly vertical flow component and possibly a lateral flow component that may approximate an
intermediate flow system.

depend on groundwater for domestic and stock water

Introduction
supply.

The StUdy area The study area falls in the arid, hot (BWh), tropical

desert climatic region of South Africa, according to the
Koeppen classification. The climate of the study area is
determined by altitude, topography and distance from
the sea (Midgley et al., 1994). The region can be
classified as arid to semi-arid with mountainous regions
having higher rainfall than the arid lowland due to

The study area, situated between latitude 17° 00’ -
18°30’ and longitude 29°00’- 30°30°, includes the Buffels
River catchment (F30) as well as parts of catchments
F40 and F50. The area is classified by three
physiographic regions in accordance with topography,

altitude and landforms (Figure 1). These regions are the
higher lying Bushmanland Plateau to the east, the
Namaqualand highlands (which is the escarpment zone)
and the lower lying coastal area to the west (Visser
1989).

Namagqualand consists of seven communal areas, namely
the northern Richtersveld, southern Richtersveld,
Steinkopf, Concordia, Komaggas, Pella and Leliefontein.
Namakwa Water supplies surface water from the Orange
River to the larger towns only, such as Springbok,
Nababeep, Okiep and Kleinzee. All of the rural villages
as well as state-owned and privately owned farms

orographic effects. Rainfall occurs mostly during the
winter months while snow in the highest mountainous
regions was observed during the summer months.
Potential evapotranspiration can be as much as 12 to 15
times the precipitation. This high evaporation to
precipitation ratio means that salts will easily form on
the surface as well as in the subsurface (Campbell et al.,
1992 and Van der Sommen and Geirnaert, 1988).
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Figure 1: The study area compromising of secondary
drainage catchments F30, F40 and F50.

Methodology

Ninety-six groundwater samples were selected to
represent the groundwater composition (in terms of
mineral saturation indices calculations) for the Buffels
River catchment. Sensitivity analyses, in terms of
varying the relevant input parameters (i.e. field pH vs.
laboratory pH, etc.), were performed to test the

robustness of the thermodynamically calculated mineral
saturation indices for a specific groundwater
composition. The groundwater chemistry data, upon
which the conceptual models are based, was collected
over the period 1997 to 1999. The boreholes were not
optimally positioned, while the depth and construction
of boreholes were generally unknown. Furthermore, the
groundwater samples collected, represent a mixed
sample volume due to different inflows emanating from
possibly numerous water strikes in a particular borehole.

In addition, information on the mineralogical ‘make-up’
of the aquifer system as well as a reasonable
understanding of the hydrogeochemical controls
(including weathering processes) on the activities of the
ions in solution is essential to constrain the
interpretation based on mineral saturation indices. For
example, pyrite minerals were frequently observed in
rock samples and the groundwater had a characteristic
‘rotten egg’ smell in the vicinity of the town of Garies.
The following minerals seem to have a major influence
on the groundwater composition for this catchment
(Table 1). The numerous lithological units and
associated mineral phases within the study area
prevented any further reduction or prioritization of the
mineral phases that may influence the groundwater
composition.

Table 1: The minerals that have a major influence on the groundwater composition of this catchment, as derived from mineral
saturation indices that were calculated with the use of the WATEQF chemical speciation model of Plummer et al. (1992).

Supergroup Group

Framework Silicates 1. Feldspar group
1.1 Plagioclase subgroup
1.2. Alkali subgroup

2. Silica group

Sheet Silicates Mica group

Clay mineral group
Chlorite
Talc

Non-Silicates
Carbonate minerals

Sulphate minerals

Halides

Hydroxides

Minerals

Albite to Anorthite
K-feldspar (i.e. Microcline)

Quartz & Chalcedony

Kmica (eg. Biotite, Muscovite, Phlogopite, etc.)
Kaolinite, Illite &
Ca-montmorillonite

Calcite, Aragonite,
Rhodochrosite, Dolomite
Strontianite & Witherite

Gypsum, Anhydrite,
Barite & Celestine
Fluorite

Gibbsite
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The few Na-SO, and Mg-SO, type waters are associated
with mining and/or agricultural activities in the area.

Groundwater chemistry

Dominant groundwater types The dominant NaCl character of the infiltrating waters is

a result of either the direct infiltration of NaCl (or Na-
K/Cl) dominated precipitation (Table 2) or the
preferential dissolution and leaching of the more soluble
evaporitic salts during the infiltration process. The
water table fluctuations are assumed to be minimal for
the Namagqualand region. Salt dissolution occurs as the
water infiltrates through the weathered overburden.
Alternatively, the direct evaporation of precipitation
results in the dry deposition of salts. The dominant ions
in precipitation are Na (or K) and Cl (Table 2).

The groundwater of Namaqualand is generally very
similar in character with a dominant NaCl signature
throughout the recorded EC ranges and can be described
as end-point waters and/or slowly circulating, relatively
old groundwater(Figures 2). The few groundwater
samples with either a Ca-HCO; or Na-HCO; character
may be attributed to elevated partial pressure of CO,
due to root respiration and microbiological activity as
well as carbonate dissolution in the soil zone, driven by
selective and localised recharge processes(Figures 3).

Table 2: Most of the precipitation in the area has a NaCl or Na-K/Cl character (Adams et al., 2004).

e Lo Lo T Lo Lo Lo Lo ] o Joor

Spk 1 9h15 8-7-01 3.36 0.54 2.14 2.84 0.49 0.37 1.99 0.02 3.05
Spk1 11h30 24-8-01 5.8 1.2 0.16 0.08 0.35 1.05 0.14 0.44 0.42 0.01 0.32
Spkl 11h45 21-8-01 6 1 0.05 0.07 0.94 1.09 0.18 0.3 3.10 0.02 0.29
Spk2 8h30 5-7-01 6 2.3 0.29 0.25 1.20 0.01 0.26 0.45 1.82 0.01 0.64
Spk2 9h30 10-8-01 5.8 2.1 0.16 0.27 1.79 0.70 0.10 0.31 2.21 0.02 0.43
Spk2 16H30 4-7-01 5.6 4.8 0.05 0.11 0.65 0.68 0.24 0.23 0.85 0.02 0.41
Spk2 16H45 18-7-01 5.6 2.2 0.13 0.30 2.32 0.10 0.11 0.31 3.28 0.02 0.51
Spk3 8H30 19-7-01 6 3.2 0.14 0.31 2.16 0.01 0.3 0.16 3.15 0.02 0.77

The Na/Cl character of the lower salinity groundwater in
the mountainous regions is probably determined by the
Na/Cl (or Na-K/Cl) character of the precipitation in
areas where direct rainfall recharge is dominant and the
preferential dissolution and leaching (to a minor extent)
of highly soluble Na/Cl salts to the subsurface. Isotopic
signatures confirm that direct rainfall recharge
dominates in the higher lying, higher rainfall areas such
as the highest reaches of the Kamiesberg and
Wildeperdehoek mountain ranges. The driving forces of
the above-mentioned process are the dilute infiltrating
waters and a reduced evaporation to rainfall ratio for
the higher lying regions of Namaqualand.

The evaporation of surface water and soil moisture in
the unsaturated zone results in the deposition of
evaporitic salts. Above average, periodic precipitation
results in the dissolution and predominantly vertical
leaching of the evaporated salts to the saturated zone.
Various authors attribute the NaCl character of
groundwater to the preferential dissolution and leaching
of the highly soluble evaporitic NaCl salts. The less
soluble salts (i.e. calcite and gypsum) may only partially
dissolve while any subsequent evaporation process may
result in the re-precipitation of these salts. Such a
process of re-precipitation will preferentially increase

the concentrations of Na and Cl compared to the other
major cations and anions.

The Na/Cl character of the higher salinity groundwater
in the lower lying regions of Namaqualand is
predominantly related to the dissolution and periodic
leaching of highly soluble salts, particularly Na/Cl salts,
to the subsurface. The isotopic signatures of these
groundwaters indicate that the effects of evaporation,
related either to the infiltration of evaporated surface
waters or the leaching of previously evaporated salts,
are dominant for the lower lying, lower rainfall areas.
The driving forces for the above-mentioned process are
the periodic recharge events, coupled with a high-
evaporation to low-rainfall ratio.

The significant contribution attributed to the dissolution
and leaching of evaporative salts to the salinity (i.e. EC)
of the groundwater masks the effects of other processes,
such as the carbonate and silicate weathering processes,
the effects of cation exchange and oxidation-reduction
reactions. The dissolution and leaching of evaporative
salts may also reduce the weathering capacity of the
water (i.e. groundwater) with regard to other mineral
phases, such as carbonates and silicates, due to the
common ion effect.
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Vertical variations in the chemical composition of
groundwater are evident through comparisons of
perennial natural springs of both relatively fresh and
highly mineralized waters. The depth of circulation of
the highly mineralized springs seems to be limited due
to the average surface temperatures of these waters.
The distinctive characteristics of the spring systems
seem to be residence time that influences the water-
rock interaction reactions and thus result in varying
groundwater chemistry. The highly mineralized springs
may represent intermediate to ‘regional’ groundwater
flow systems.

The pro