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Abstract

Mudstone is not generally considered as an aquifer. However, many people in sub-
Saharan Africa have to rely on meagre water resources within mudstones for their only
water-supply. This thesis provides the first rigorous study of the factors controlling
groundwater resources in mudstone environments and the methods required for finding
and developing groundwater. The research was undertaken in the Cretaceous
mudstones of southeastern Nigeria. The area was investigated using geophysical
techniques, exploratory drilling, mineralogical analysis, test pumping and
hydrochemical sampling.

The investigations demonstrate that sufficient groundwater for village water
supplies can exist within the top 50 m of mudstones. The occurrence of groundwater is
controlled by two factors:

1. Low-grade metamorphism. Mudstone that is unaltered (early diagenetic zone)
comprises mainly smectite clay and groundwater is rare. Mudstone in the late
diagenetic zone comprises mixed illite/smectite clay and groundwater is found in
widely spaced fracture zones. Mudstone that has been further altered and
approaches the anchizone comprises mainly illite, fractures are widespread and
groundwater ubiquitous.

2. The presence of other lithologies. Dolerite intrusions within smectite rich
mudstone are fractured and contain groundwater. Thin limestone and sandstone
layers can also enhance permeability.

The study demonstrates a relation between ground conductivity and the degree of
metamorphism of the mudstone, despite the presence of a thick tropical soil. The
relation is primarily controlled by the amount of smectite within the clay. In addition,
field data and novel computer modelling has demonstrated that fault zones within
consolidated mudstones produce characteristic electromagnetic anomalies.

A new simple, effective pumping test, the “bailer test”, was developed during
the research to give an indication of borehole success. The test can be completed in
under an hour and requires little specialised equipment or analysis.

In summary, sufficient groundwater for rural water supply can be found in

mudstone environments with the careful application of unsophisticated technology.
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Chapter 1

Groundwater in mudstones: a source of water?

1.1 Introduction and objectives

Mudstone environments have largely been overlooked as a source of sustainable
groundwater supplies, seemingly with good reason. On hydrogeology maps, they are
defined as non-aquifers (Struckmier & Margarat 1995); the hydrogeological community
generally accepts that they do not form good aquifers and have little potential for
groundwater. Hydrogeological studies of mudstone environments have focused on the
disposal of hazardous waste rather than the potential for groundwater supplies. However,
many of the world’s poorest and most vulnerable people live in areas underlain by these
rocks. Often such people have few viable alternative sources of water, so have to rely on
the meagre groundwater resources available. There is a pressing need, therefore, for
hydrogeologists to examine what groundwater resources are present in mudstone
environments and to determine the best methods for finding and exploiting them.

For the purpose of this thesis, mudstone environments are defined as areas that are
underlain primarily (but not exclusively) by argillaceous rocks. In many of these
environments, fine- to medium-grained sandstones and limestones are also present. These
rocks are not excluded from the analysis, rather the whole environment is considered,

whatever non-argillaceous rocks may be there. In fact, as will become apparent, the
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presence and frequency of other lithologies within mudstone environments often have a
significant effect on the occurrence of groundwater in an area.

This thesis considers mudstone environments, not as receptacles for waste, but as
a source of sustainable water supplies for rural communities. The primary goal of this
research is to answer the question, “Can groundwater within mudstone environments be
exploited for rural water supply?” The geographical focus of the research is sub-Saharan
Africa (SSA), where rural communities have to rely on whatever water resources are
available to them within walking distance of their village. The benchmark for success
used in the thesis is sufficient groundwater resources and aquifer properties to sustain the
yield of a handpump for about 250 people. Success translates to a yield of 6.25 m’.d”,
this is justified and defined in more detail in Chapter 7.

The primary goal can be divided into the following objectives:

1. To examine the controlling factors on groundwater occurrence within
mudstone environments.

2. To develop appropriate methods for finding groundwater.

3. To develop a simple effective method for testing boreholes in low
permeability aquifers.

4. To address the project management implications of developing
groundwater in mudstone environments for community water supply
projects in the developing world.

The Oju and Obi local government areas in the Benue Trough of eastern Nigeria was
chosen for the research. This area is underlain by Cretaceous mudstones and the
population of 300 000 suffer a severe water shortage during the five-month long dry
season. There are three different mudstone groups within Oju and Obi, ranging from soft
mudstones to older harder mudstones. Therefore the area is an excellent location for
analysing groundwater occurrence in different mudstone environments. Oju and Obi is a
rural locality with open countryside, allowing easy access for scientific equipment.

Table 1.1 shows the various elements of research that were undertaken to meet the
above objectives. Some of the activities relate to more than one objective. The thesis is
not an exhaustive study of mudstone environments, rather it provides a basis and model

for further research into these complex and important hydrogeological environments.
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Table 1.1 The project activities and how they relate to the research objectives.

objectives

1. Where
groundwater occurs X

2. Methods for
finding groundwater X

3. Methods for
testing boreholes X

4. Implications for
project management

The research formed part of a Department for International Development (DFID)

funded water supply and sanitation project for Oju and Obi local Governments, Nigeria

(Project Number CNTR 960023A). A project team was responsible for examining the

hydrogeology of the area. Therefore, other scientists were involved in collecting and

analysing some of the data used in the thesis. Those involved in the project are listed

below.

Project Manager:
Hydrogeologist:
Drillers:

Field technicians;

Laboratory analysis:

Supervisors:

Jeff Davies, British Geological Survey

Alan MacDonald, British Geological Survey

Peter Rastell and Peter Ball

Bitrus Goyol WaterAid, Vincent Edu, Oju local government
Janice Trafford, British Geological Survey

Simon Kemp, British Geological Survey

Graham Lott, British Geological Survey

John Bloomfield, British Geological Survey

Eugene O’Connor, British Geological Survey

John Barker; William Burgess and Jane Dottridge UCL.

The contribution of the various project staff to the different activities of the investigation

(as outlined in Table 1.1) are given below.
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. Drill 50 boreholes. Drilling was undertaken by Peter Ball and Peter Rastell. All
borehole sites were located by Alan MacDonald. Drilling was supervised by Jeff
Davies for 80% of the sites, and by Alan MacDonald for 20%.

Test geophysical methods. Alan MacDonald undertook 95% of all geophysical
surveys (EM34, magnetometer and resistivity) with assistance from Bitrus Goyol and
Vincent Edu. All geophysical data were interpreted by Alan MacDonald.

. Analyse Core and Chip samples. Jeff Davies logged 65% of core and chip samples;
Alan MacDonald logged 35%.

Undertake pumping tests in exploratory boreholes. Alan MacDonald carried out 90%
of pumping tests, with some assistance from Vincent Edu; Jeff Davies carried out
10% of pumping tests. All analysis was undertaken by Alan MacDonald.
Comprehensive chemical survey. Alan MacDonald took 85% of the chemistry
samples; Jeff Davies 15%. Laboratory analysis was undertaken by Janice Trafford.
All interpretation by Alan MacDonald.

. Laboratory analysis of clay mineralogy. Samples chosen for analysis by Alan
MacDonald; all analysis by Simon Kemp. Interpretation by Alan MacDonald.
Construction of Base Map using GIS. Satellite interpretation by Eugene O’Connor
and Jeff Davies. Construction of GIS, data manipulation and map production by Alan
MacDonald.

. Modelling of pumping test analysis. All modelling undertaken by Alan MacDonald
using models written by John Barker.

. Modelling of geophysical data. All modelling carried out by Alan MacDonald using
EMIGMA code written by Petros Eikon, Canada.

10. Discussions with WaterAid and communities. Discussions carried out in a series of

workshops and community meetings by Alan MacDonald.

1.2 Distribution of mudstones in sub-Saharan Africa

Stratigraphic and geochemical data both indicate that fine-grained sediments, such as clay

and silt, are the world’s commonest sediment type comprising more than 65% of the

sediment pile (Aplin et al. 1999). Clays and silts are deposited in a variety of

environments, ranging from deltas and shallow seas to deep marine. Deposition can be

complex and is influenced by rising and falling sea levels as wells as the presence and

nature of terrigenous material (Reading 1996). The nature of the depositional
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environment usually means that sedimentary rocks occur in large basins. Examples of
large sedimentary basins in sub-Saharan Africa include the Karro sediments of southern
Africa, the Somali basin of East Africa, the Benue Trough and Voltaian Basin of West
Africa (Selley 1997).

Figure 1.1 shows a simplified hydrogeological map of sub-Saharan Africa. This
map was constructed on ArcView® using a variety of data sources (Foster 1984; Guiraud
1988; UNTCD 1988; UNTCD 1989; USGS 1997). Crystalline basement rocks form the
largest hydrogeological province occupying 40% of the 23.6 million square kilometres of
SSA; but consolidated sedimentary rocks occupy 32% (Figure 1.2). Considering that
more than 65% of all sediments are fine-grained (see above) then about 21% of the land
area of SSA may be underlain by mudstone environments.

The relative importance of each hydrogeological province is best indicated by the
rural population living on each one. Rural communities are most dependent on local
resources for water supply, since transportation is prohibitively expensive and difficult to
manage. Using data from the World Bank (2000) and ESRI (1996) an approximation can
be made of the rural population living on each rock type (Figure 1.2). Assuming that
65% of the sedimentary rocks are mudstone, up to 70 million people in rural SSA may

live directly on mudstones.

1.3 A brief history of neglect

The limited groundwater research budgets available for developing countries have been
targeted to understanding aquifers with greater groundwater potential, such as
unconsolidated sedimentary aquifers (UNSAs) or those that are widespread, such as the
crystalline basement. = Research into the crystalline basement has been particularly
successful. The occurrence of groundwater is now well understood and guidelines have
been produced to help develop the resource (Wright & Burgess 1992). UNSAs often
contain significant groundwater resources so have been extensively studied both in
developed and developing countries as water sources for towns and cities (Herbert &
Adams 1997). Figure 1.3 shows the number of research papers published on the
hydrogeology of different rock types in Africa between 1700 and 1999. Although in
excess of 200 published papers' which refer to the hydrogeology of crystalline basement

! Bibliographic analysis using Georef® from 1700 to 1999, Keywords (hydrogeology OR groundwater) AND (Africa) AND ([aquifer
type])
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Groundwater in mudstones: a source of water?

studied in detail. With sufficient research, simple guidelines (such as those developed for
the crystalline basement areas — see Chapter 3) may be developed. Therefore, it is
apparent that to realise the social science agenda of locally managed and operated sources
of water, the hydrogeology of complex environments, such as mudstones, has to be
studied in detail.

Health statistics for Nigeria show that the highest incidences of guinea worm are
in areas underlain by mudstones (National Planning Commission (Nigeria) and UNICEF
1998). The reasons for such a trend are complex, but are probably due to limited access
to clean water supplies and the characteristic hydrology of these areas. Incidences of
other water borne diseases may also be higher in mudstone areas.

Lack of reliable good quality water supplies is one of the prime reasons for
poverty in rural Africa (DFID 2001). Therefore with the current poverty focus of aid
(DFID 2000) water supply in areas underlain by mudstones becomes a high priority. It is
essential that the hydrogeology of these environments is thoroughly examined before
money is wasted drilling dry boreholes or constructing dry wells and prematurely raising
the expectations of local communities. Only with this knowledge can simple and

effective community-based water-supply projects be developed.

1.5 Guide to the thesis

Chapter 2 describes the current literature pertaining to the hydrogeology of mudstones
and also discusses similarities with research into crystalline basement in SSA. The study
area and research methods are described in Chapter 3, and a summary of the field data
collected given in Chapter 4. In Chapter 5, the data are analysed and interpreted to put
forward a model of groundwater occurrence in mudstones. In Chapter 6 a new field
method for assessing the success of boreholes in low yielding environments is
demonstrated. Geophysical methods for locating targets for groundwater in mudstones are
discussed in Chapter 7, particular attention is given to the links between groundwater,
clay mineralogy and electrical conductivity. Chapter 8 discusses how groundwater
occurrence in mudstones impact on the design and management of rural water supply
projects in the developing world. Comprehensive technical data are provided in a set of
BGS Technical Reports. These are appended in the form of a CD-ROM. Appendix 1

gives a brief summary of these reports.
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Chapter 2

A review of relevant literature

This chapter introduces relevant aspects of mudstones and discusses how
these rocks can be altered by weathering processes that occur in tropical
and subtropical environments. The results of permeability studies of clays
and mudstones for the purposes of waste disposal are then reviewed.
Synergies are then drawn with research into the hydrogeology of
crystalline basement aquifers in sub-Saharan Africa. Like mudstones,
basement aquifers had been thought poor aquifers; however, after much
research it was shown that usable groundwater was widespread in
basement environments. The Chapter is concluded with a discussion of

the experience of other water supply projects in mudstone areas.

2.1 Introduction to clay minerals
2.1.1 Definitions

The unique characteristics of clays have a distinct bearing on the hydrogeology of
mudstone environments. To appreciate the hydrogeology an understanding of clay
sedimentology is required. Detailed discussions of clay minerals are given in Velde (1992)
and Chamley (1989); a brief introduction based on these detailed texts is given here.
Historically, clays were defined as rocks consisting of grains with diameter less than

2 um. However, clays are now more precisely defined as rocks with a sheet-like structure
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A review of relevant literature

There are two main ways that tetrahedral and octahedral sheets join to make a layer:
(1) a 1:1 layer comprises a tetrahedral sheet and octahedral sheet; (2) a 2:1 layer comprises
an octahedral sheet sandwiched between two tetrahedral sheets; one tetrahedral sheet is
reversed so that apical oxygen atoms on both sheets point towards the centre and can be
shared.

The space between two layers is known as an interlayer. If a layer is
electrostatically neutral then there are no ions within the interlayer. However, many clay
minerals have negatively charged layers that are neutralised by various interlayer material,
such as K*, Na*, Mg”*, Ca®", hydrated cations, or hydroxide octahedral groups. Hydroxide
interlayer groups can join to give an additional octahedral sheet giving a 2:1:1 assemblage.

A structure unit comprises a layer and an interlayer. Depending on the type of
layer and also the interlayer constituents this can vary in thickness from 7 to 18 A (Chamley
1989). Clay particles are formed by the piling up of many structure units; particles are
rarely more than a few micrometers in diameter, hence the convenient historical definition of
the clay fraction as the rock fraction less than 2 um in diameter. However, this fraction can
contain constituents other than clay minerals, such as aluminium and iron oxide, carbonate,
phosphate and organic matter.

Water adsorbs to the surface of clay particles and clay layers. Cations on the layer
surfaces can also be hydrated, which pushes the layers apart making them swell (Madsen &
Muller-Vonmoos 1989). 2:1 clays, such as smectite can swell to twice their volume when
hydrated; 1:1 clays (e.g. kaolinite) rarely swell. In 2:1 clays, the pressures involved in
swelling can be large (100 N.mm™) and have important engineering implications. Clays can
also swell as a result of osmotic swelling: concentrations of cations within interlayers are
high and where water is available it seeks to equilibrate the concentrations outside and inside
and pushes the layers apart.

Cation exchange capacity (CEC) is a measure of two of the fundamental properties
of clays: surface area and the charge on the surface area. CEC is reported as milliequivalents
per 100 gms dry clay. Cation exchange capacity is generally measured as the number of
cations on the clay surface after it is washed free of exchange salt solutions. Electrical
charge is carried along the surface of clays by these cations; therefore the CEC is a good
indication of the electrical conductivity of clays. This is particularly important when using
geophysical methods in mudstone environments and shall be discussed in more detail in

Chapter 7.
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Clay mineral groups are distinguished by their structural arrangement (e.g. 2:1, 1:1
etc.) and the elements found in the polyhedral layers. These chemical substitutions tend to
modify the dimensions of the clay mineral structure and consequently its behaviour. By
classifying clays in terms of layer type and charge, eight groups of minerals are identified
(Chamley 1989). However, the mineral groups kaolinite, smectite, illite, chlorite and
palygorskite-sepiolite account for most of the clays that exist in nature. Table 2.1 describes

the main characteristics of these clays.

Table 2.1 Description of the most common clay groups. For a fuller description of all
clay groups see Chamley (1989) or Velde (1992). CEC from Keller &
Frischknecht (1966) and van Olphen & Fripiat (1979).

Group layer type CEC* (meq Properties
100g”)

kaolinite 11 3-15 Mainly forms in surface environments as a result of
weathering. Generally chemically pure.

Smectite 2:1 80-150 Swelling clays. Can easily exchange hydrated cations in
the interlayer position. Mainly forms in surface
environments as a result of weathering.

lllite 21 10-40 Name given by geologists to all micaceous minerals
present in the clay size fraction of the rock. Often forms
from very low grade metamorphism of smectite.

Palygorskite- 2:1 20-60 Often called fibrous clays, since they consist of well-

sepiolite defined elongated fibres or ribbons. All form in surface
environments from weathering. Commonly used as an
industrial absorbent.

chlorite 2:1:1 10-40 Chlorites in sedimentary rocks form by diagenesis; low
temperature chlorites can form in soils.

* Common field values are given which are generally higher than theoretical calculations or controlled
measurements of pure clays because of the presence of interlayers.

2.1.3 Clay formation

Clay minerals are generally produced by the weathering of silicate minerals at the earth’s
surface. The chemical conditions and large amount of water present at the rock-atmosphere
interface can lead to the incongruent dissolution of silicates that forms clays. These clays are
generally eventually eroded and because of their small grain size often transported long
distances by rivers and sea.

Sedimentation of clay material takes place in various environments such as lakes,

deltas, continental shelves and the deep ocean. The chemical equilibrium achieved during
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the weathering process is altered in the initial stages of sediment burial, precipitating
changes in clay mineralogy. Commonly, clay minerals react with the ambient solution.
Various elements within the clays can be recycled depending on the presence of organic
matter and the action of living organisms. However, surface diagenesis rarely produces
significant quantities of new clay minerals.

When the clays are buried, the ratio of water to rock changes. Under these
conditions, there are gradual changes in clay mineralogy dependent on both the temperature
and the time. Metamorphism of the clay minerals can occur depending on temperature and
time (pressure plays little part in the reactions). The clay minerals will recrystallise giving
larger clay minerals and new silicates. At low temperatures, clays generally keep their
phyllosilicate structure even if their grain size exceeds that of the clay fraction (Frey &
Robinson 1999).

2.2  Permeability of mudstones
2.2.1 Introduction

Historically, much less effort has been spent understanding groundwater flow in

mudstones than in more permeable rocks. The reasons are obvious: permeable rocks are

important for groundwater development and the recovery of hydrocarbons. However,
interest has recently arisen in low permeability rocks for a variety of reasons.

1. Aquifer response in large sedimentary basins is largely affected by the presence and
nature of low permeability horizons (Neuman & Witherspoon 1972; Rushton &
Thangarajan 1989; Remenda 2001).

2. Low permeability sediments may be the optimum environment for storing hazardous
wastes (Lomenick & Kasprowicz, 1990).

3. Low permeability sediments have an important role in the evolution of groundwater
flow systems over geologic time, thus affecting the migration of hydrocarbons and
accumulatton of ore bodies (Garven & Freeze 1984; Neuzil 1986).

4. Low permeability cover, such as glacial till has an important effect on limiting
recharge to and contamination of major aquifers (Fredericia 1990; Klinck et al. 1996;

Desbarats 2001).
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Results from studies of low permeability sedimentary rocks are incorporated below in

an assessment of permeability of clay and mudstone environments.

2.2.2 Laboratory samples

It is difficult to make accurate laboratory measurements of the hydraulic conductivity of
low permeability materials. Any small leakage from laboratory apparatus can lead to the
hydraulic conductivity being over-estimated. Because of the low permeability, the time
taken to complete tests may be inconveniently long; it is also difficult to accurately
generate and measure the very low rates of flow required to measure permeability (Neuzil
1986). There are also the problems of finding a representative sample to test. Laboratory
samples cannot account for inhomogeneities and fractures at different scales to the sample
volume.

Neuzil (1994) reviewed published intrinsic permeability measurements in an
attempt to identify systematic variations. He only took studies that met his stringent
criteria - laboratories which used natural media in an undisturbed state, where appropriate
techniques were carefully applied, and where porosity was also monitored. Four of the
datasets he used were from bottom muds, five were from consolidated mudstone, and one
each from recent marine and lacustrine clay, glacial till and unconsolidated sediment.
From these studies, K (hydraulic conductivity) varied from 10" to 10® m.s” and ¢
(porosity) from 0 to 0.8. Neuzil (1994) found K to be broadly related to ¢ at the
laboratory scale (Figure 2.2). Microstructural differences were also important and could
account for changes of up to 3 orders of magnitude at the same porosity; e.g. clays with
elongate and fibrous minerals tend to have higher permeability than those that are more

platy (Gilliot 1987).

2.2.3 Field scale

If the only groundwater flow within mudstone environments was intergranular flow
within clays then they could be considered as having no potential for groundwater
development. However, the presence of fractures and also coarser grained units, such as
thin siltstone, sandstone and limestone layers, can significantly enhance the hydraulic

conductivity at the field and regional scale.
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A review of relevant literature

However, mudstones are not always fractured in the field. From a review of a
limited set of published data, Neuzil (1994) related laboratory measurements with
regional values estimated from inverse analysis of various flow regimes. Using data from
seven regional studies, he concluded that permeability scale dependence is not common in
argillaceous material. This may be attributed self-healing of clay fractures which limits
secondary permeability.

It is difficult to reconcile Neuzil's (1994) assertion with the many other studies
which show significant differences between laboratory and field measurements. The
implication that the extensive research indicating the importance of fractures has been
undertaken improperly is unlikely. A possible explanation is that the research has
actually been looking at three rather than two different scales: laboratory, field and
regional. In a study of the Permo-Triassic sandstone aquifer in England and Wales, Allen
et al. (1997) found that hydraulic conductivity measurements derived from regional
models were similar to those gained from core analysis. However, pumping tests gave
considerably higher estimates of hydraulic conductivity. They suggest that fractures that
provide the flow to boreholes and wells are not significant for regional flow. Bredehoeft
et al. (1983) also found a difference between regional permeability (implied from flow
modelling), localised permeability from borehole tests, and intrinsic permeability from
lab tests. Another possible explanation for the difference between Neuzil’s (1994) review
and other work is the depth at which they are considered. Much of Neuzil’s work
concerns deep flow within basins, while many of the other studies are of shallow
weathered sequences. Higher field values of hydraulic conductivity in the weathered
zone decreasing to laboratory levels below 10 — 30 m have been reported by Gautschi
(2001) and van der Kamp (2001).

Several studies of clay environments have highlighted the importance of
interbedded siltstones and limestones. Barker ef al. (1988) in studying a landfill sited on
shale found that an interbedded cherty dolomite provided an important flow path for
contaminants. Capuano & Jan (1996) undertook pumping tests and a tracer injection test
in shallow clay and silty-clay sediments of the fluvial-deltaic Beaumont Formation from
the U.S. Gulf Coast. Horizontal hydraulic conductivity determined from these test was
approximately 10° m.s™ (1 m.d™"). This value is one to three orders of magnitude larger
than that of typical silts and clays, and two to four orders of magnitude larger than the

vertical hydraulic conductivity measured in laboratory permeameter experiments. No

34



A review of relevant literature

water entered the boreholes until they encountered a silty-clay layer. The more permeable
horizons had 17-58% fine sand within clay and silt. Furthermore, in a recent study of the
effect of compaction on the London Clay, Dewhurst et al. (1998) found that the presence
of slightly coarser material within the mudstone could increase the permeability of the
resulting compacted mudstone by two orders of magnitude. Gerber et al. (2001) in
studying a fractured till aquitard note the importance of sand and gravel lenses in
increasing the hydraulic conductivity.

Few of the above studies relate the measured hydraulic conductivity to the clay
mineralogy. Generally the rocks are described only as “clay” or “fractured clay”. Since
different clay minerals have different properties, relating clay mineralogy to fractures and
hydraulic conductivity may offer further insight into the permeability of mudstone

environments.

2.2.4 Fracturing within mudstone environments

The origin of fractures within mudstone environments has been subject to many studies,
mostly in the context of hazardous waste disposal or hydrocarbon migration.
Hydrofracturing can produce microfractures within mudstones, while larger fractures are
the result of tectonic activity.

Hydrofracturing occurs when low permeability sediments are subject to burial.
The increase of fluid pressure within the low permeability sediments and the very low
permeability eventually leads to hydrofracturing and the release of pore fluids. These
fractures tend to have closely matched walls with occasional precipitation of secondary
minerals (Capuano 1993). Unlike tectonic fractures, they do not exhibit any preferred
orientation (e.g. Cartwright 1994). A numerical study of compaction induced
hydrofracturing showed that hydrofracturing can occur at shallow depths 400 — 1000 m
and tends to be episodic (Wang & Xie 1998). Evidence for shallow hydrofracturing has
also been gained from the southern North Sea (Henriet ef al. 1991). The frequency of the
hydrofracturing episodes depends on the sediment permeability and rate of deposition
(Wang & Xie 1998).

The enhanced permeability of hydrofractured shales may be short lived — maybe
even as short as 100 years (Roberts & Nunn 1995). Fractures can be healed by physical
diffusion, or sealed by mineral precipitation (Fisher & Byme 1990; Lomenick &

Kasprowicz 1990; Hickman & Evans 1995). However, fractures can retain their
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enhanced permeability even after fractures have been “closed” — probably as a result of
slight roughness on the fracture surfaces. Horath (1989) showed that hydraulic
conductivity in siltstones with closed hydrofractures was 2-3 orders of magnitude greater
than in intact siltstones for a dataset from Oregon. When erosion brings low permeability
sediments back to the ground surface, the unloading may cause hydrofractures to be
reactivated and dilate.

Tectonic fracturing is common in subsiding basins. Faults can both act as barriers
and conduits for fluid flow. Sheared clay has lower porosity than its consolidated
counterpart, therefore the permeability across fault zones can be severely reduced (Arch
& Maltman 1990). However, as discussed above, there is much field evidence to suggest
that fluid flow is enhanced along fault zones as a result of dilation and fracturing.
(Dewhurst et al. 1999). As diagenetic processes and compaction progress, mudstones
become more brittle and lithified, allowing fractures to remain open. Permeability can be
anisotropic with little flow across fault zones, but enhanced permeability along the line of

the fault (Arch & Maltman 1990).

2.3 Tropical weathering

Rock weathering has an important effect on the hydrogeology of tropical areas. The
alterations can be so intense that the soil is very different from the parent material. Where
rocks are soft, the intense weathering obscures most rock exposures making it difficult to
identify the rock type and thus the groundwater potential. Tropical weathering occurs
mainly by hydrolysis under neutral conditions, below the zone of acidic organic matter
(Fookes 1997). Iron and hydrated oxides tend to remain in-situ forming characteristic red
soils often referred to as “laterite” or tropical red soils. Silica can be lost by dissolution,
or altered to form 1:1 clay minerals (usually kaolinite) and less often 2:1 clay minerals
such as smectite. The lower soil horizons are clay enriched while the upper horizons are
depleted in clay minerals and enriched in iron. Occasionally the iron rich zones can
become hardened to form an indurated crust, known as ferricrete. (For an excellent
review of tropical soil formation see Fookes 1997).

Three phases of tropical weathering have been identified: fersiallitic, ferruginous
and ferallitic (Duchaufour 1982). Table 2.2 shows the conditions under which these soils

develop.
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Table 2.2 Climatic factors leading to the development of various tropical soil phases
Soil type Annual Temperature (°C) Annual Rainfall (mm) Dry Season
Fersiallitic 13-20 500 - 1000 Yes
Ferruginous 20-25 1000 - 1500 Sometimes
Ferrallitic >25 > 1500 No

Fersiallitic soils. During the wet season the upper soil horizons undergo
weathering; however the elements released by these process are generally retained in the
profile. Smectite is the main clay produced by this process, especially where drainage is
impeded. Where the parent material is clay rich (e.g. mudstone), the composition of the
soil clays generally reflects the mineralogy of the parent rock.

Ferruginous soils. These soils are more strongly weathered than fersiallitic soils,
although quartz orthoclase and muscovite remain largely unaltered. Kaolinite clay is
predominant with subordinate smectite. Clay rich rocks will weather to kaolinite.

Ferrallitic soils. These soils are highly weathered and the final phase of
development of thick soils in hot, humid climates. All primary minerals except quartz
have been weathered and much of the bases have been removed — iron and aluminium
remain within the profile. The iron forms nodules and pisoliths which sometimes can be
indurated to form ferricrete. Below the iron-enriched layer is kaolinite, which is often
mottled due to segregation of iron. Ferrallitic soils normally take about 10 000 years to
develop (Fookes 1997). Ferrallitic soils can be present in areas that are currently sub-
tropical or arid, where the conditions are not suitable for their development. This is
probably the result of climatic shifts during Quaternary time.

There have been two documented studies made of the permeability of laterite and
their effect on the groundwater resources of an area. Langsholt (1992) studied the effect
of laterite on groundwater resources in southwest India. The study site was underlain by
a well-developed 10-m thick lateritic profile overlying coarse-grained igneous bedrock.
Rainfall was 2000-4000 mm.a™ distributed over 125 days. He found that groundwater
levels responded rapidly to rainfall (within 10 hours) by several metres. The recharge
mechanism suggested by this study was of rapid flow through preferred pathways. A

similar study was carried out in Western Australia (Sharma et al. 1987a; Sharma et al.
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1987b). They found that the rate of infiltration in lateritic soils was high, but was affected

by land use changes.

2.4 Lessons from research into the crystalline basement

There are similarities between research into the hydrogeology of crystalline basement
rocks and mudstones. Both are low permeability rocks which in the past have not been
considered as significant sources of groundwater in the developed countries. They are
both considered as having potential for storing nuclear waste. However, significant
research into crystalline basement rocks in sub-Saharan Africa and India have shown that
they can support village community water supplies. Crystalline basement rocks are now
considered a highly significant strategic groundwater resource (Wright 1992). A
summary of the hydrogeology of the crystalline basement is given here to help inform our
study of mudstones.

Crystalline basement rocks are widely distributed throughout the world. They are
highly important sources of groundwater in Africa, Asia, and South America. Like
mudstones and clays, unweathered crystalline rock has very low permeability. Significant
aquifers, however, develop within the weathered overburden and fractured bedrock
(Wright 1992). The majority of rural water supply projects carried out in Africa are
located on weathered crystalline basement aquifers. Consequently, much work has been
undertaken to try to understand these aquifer systems.

Four factors contribute to the weathering of basement rocks (Jones 1985; Acworth,
1987):

e presence and stress components of fractures;

e geomorphology of the terrain;

e temperature and occurrence of groundwater;

e mineral content of the basement rock.

The resulting weathered zone (or regolith) can vary in thickness from just a few metres to
over 90 m.

The permeability and porosity in the regolith is thought not to be constant but to
vary throughout the profile (Figure 2.3). Porosity generally decreases with depth —
permeability however, has a more complicated relationship, depending on the extent of

fracturing and the clay content (Chilton & Foster, 1995). In the soil zone (collapse zone)
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groundwater in basement areas (Carter & Alkali 1996). These floodplains may be several
kilometres wide and can contain 10 m of sands and gravels. They rely on annual flooding
for recharge.

There are, therefore, three main targets for groundwater in basement rocks: basal
saprolite; deeper fracture zones; superficial deposits (sands rivers and fadamas). The
groundwater resources within these aquifers depends on how thick they are and the
relative depth of the water table: the deeper the weathering, the more sustainable the
groundwater. Moreover, due to the complex interactions of the various factors affecting
weathering, the different aquifers may not be present at all.

Various techniques have been developed to try to locate groundwater resources
within basement rocks. These include remote sensing (Lillesand & Kiefer, 1994),
geophysical methods (e.g. Beeson & Jones 1988; McNeill 1991; Carruthers & Smith,
1992), and geomorphological studies (Taylor & Howard 2000). Geophysical surveys
using joint resistivity and electromagnetic surveys have been found most useful in siting
wells and boreholes.

Different methods have been used to abstract groundwater from basement aquifers
(Figure 2.4). The most common are boreholes and dug wells. Collector wells have also
been used with much success, although their distribution is at present fairly limited
(Lovell 2000; Ball & Herbert, 1992). Each of these abstraction methods has its own
advantages and limitations. Boreholes are quick to construct, even in hard rocks, using
air rotary drilling, to depths of 100 m. However, since they are narrow they have little
storage capacity and require a pump to abstract water. In addition, dnlling is expensive
and can limit the participation of communities. They are most useful in basement areas
for abstracting water from deep fracture zones.

The main advantage of large-diameter hand-dug wells is that they have a large
storage capacity. Therefore in low permeability aquifers, where the rate of flow from the
aquifer to the well is slow, water can be abstracted from sfored water in the well at a rate
much greater than the permeability of the aquifer would allow. Wells also have a large
internal surface area, which allows a large amount of seepage from the aquifer. Little
specialist equipment is required for their construction (Watt & Wood 1979) and once
completed a pump is not necessary to abstract water. However, it is difficult to construct
hand dug wells in hard rock; also, since they are shallow, they can sometimes dry up,

although this is often due to large demands put on the wells in the dry season, rather than
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A review of relevant literature

The Voltaian Basin in Ghana consists of interbedded siltstones, shales and
sandstones. There have been many problems in this area with rural water supply. Tod
(1981) states that toward the centre of the basin only 13-21% of boreholes drilled have
been successful (yields >20 £.min"). Recently, a drilling programme was undertaken
using aerial photographs to identify fracture zones, followed by geophysics to site the
boreholes. The success rate of this programme was 13% (Iddirisu & Banoeng-Yakubo,
1993). These programmes assumed that fracture zones would be the best targets and were
best exploited through boreholes. Currently boreholes are being sited using Landsat
imagery and geophysics and success is thought to have increased (Teeuw 1995). Another
study in the south of the basin found fracture zones within low permeability sandstones
and conglomerates to be the best sites for boreholes (per Sander et al. 1996). The low
permeability shales and siltstones were avoided. Satellite images and GIS analysis were
used to site boreholes — boreholes had a marginally increased success rate within 300 m
of a marked lineament.

A World Bank/UNDP project was undertaken in the Cretaceous sediments of the
Benue trough in Nigeria. In fact, this project was undertaken in Oju and Obi — the same
location as the study area used for this thesis. That project met with many difficulties
trying to develop groundwater resources and eventually came to a pejorative end in 1993.
The World Bank/UNDP conclusion from the area was to dismiss the mudstone as a
source of water and focus on reticulating water into the area (Habila & Daagu 1992). One
of the main problems they faced was interpreting geophysics in such a complex area; in
particular the non-uniqueness of electromagnetic techniques meant that they could not
distinguish the conductivity of groundwater from clay.

A review of the hydrogeology of British mudstones was carried out by Tellam &
Lloyd (1981). They synthesised unpublished data from the British Geological Survey
archives and reports from the mining, soil mechanic and agricultural industries. Much of
the information came from domestic wells that supplied individual farmhouses. They
classified British mudstones into two main classes: pre-Mesozoic and post-Palaeozoic. In
the older mudstones successful wells were found where the lithified mudstones had been
fractured. Highest flow rates were found in the near surface weathered zone. In the
younger mudstones, permeability was mostly controlled by the presence of coarser

material.
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2.6 Summary and implications for present study

Research into the permeability of mudstones has shown permeability to be broadly related
to porosity at a laboratory scale. Laboratory tests indicate hydraulic conductivity from
10" to 10® m.s"'. The majority of field studies of mudstone permeability indicate an
increase in hydraulic conductivity of 2-3 orders of magnitude at shallow depths. Shallow
fractures and interbedded siltstones, sandstone and limestones can all increase field
permeability.  Fracturing in mudstone environments can occur as a result of
hydrofracturing due to burial and tectonic activity.

From the literature it is clear that studies of mudstone permeability have focused
on its ability to store hazardous waste or inhibit recharge. Therefore the low permeability
scenarios have been given much of the attention, such as deep, homogenous mudstones.
Higher permeability zones are only mentioned in passing, with the bulk of the work
concentrating on low permeability areas. More importantly, there has been negligible
published research of the importance of clay mineralogy to mudstone permeability. Most
studies record only engineering factors, such as the percentage of clay. This current
investigation examines the high permeability areas of mudstone and will use clay
mineralogy to determine variations.

Research into the hydrogeology of crystalline basements demonstrated that
highest permeabilities were obtained at the base of the regolith, where open fractures were
more prevalent. Research indicated that weathering was key to the groundwater potential
of basement areas. Geophysical methods are used widely to site wells and boreholes.

Geophysical methods are rarely used in mudstone environments. The few
groundwater studies in mudstone areas have failed to find any successful ways of
mterpreting geophysical data. This stems from the non-uniqueness of geophysical
methods — both clay and water have high conductivities. However, inappropriate
methods of analysis are commonly applied. The success of geophysical methods in
crystalline basement has led people to transfer exactly the same techniques and analysis
guidelines to other lithologies without reviewing their appropriateness. Therefore there is
a need to start from first principles and examine the validity of geophysical methods in

mudstone environments.
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Chapter 3

The Oju/Obi study area and methods of research

This chapter gives the background to the Oju/Obi area. The climate,
hydrology and regional geology are described, along with other relevant
information. The water supply problems of the area are also presented.
The research methods used to investigate the groundwater potential in Oju

and Obi are summarised in the second half of the chapter.

3.1 Introduction

An area in southeastern Nigeria was chosen as a study area to investigate the groundwater
potential of mudstone environments (Figure 3.1). The area covers two local government
areas, Oju and Obi, which lie within Benue State. The U.K. Department for International
Development (DFID) had highlighted this area as a priority for Aid, and in particular for
improved water supply and sanitation. The British Geological Survey was commissioned
to develop and undertake a programme of research into the groundwater potential of the
area. The knowledge and tools developed during this investigation were to be
incorporated by WaterAid into a community water supply project for the area
(MacDonald & Davies 2000). As discussed in Chapter 1, the study was undertaken by a
team from BGS. The contributions of others to the research presented here is detailed in

Chapter 1.
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The Oju/Obi study area and methods of research

Table 3.1 Average monthly estimates of various meteorological parameters from the
nearest index stations to Oju/Obi.

Meteorological J F M A M J J A S o N D Annual
parameter

Rainfall' (mm) 13 20 53 119 226 282 191 254 292 292 62 13 1817*
Wet days’ 1 1 4 8 11 13 1 13 15 15 3 1 96*

Mean daily relatve 53 50 60 70 75 8 8 8 8 77 67 65 70"
humidity? (%)

Mean daily 259 283 30.2 30 277 266 259 261 262 266 26.3 249 27"
temperature? (°C)

Evaporation® (mm) 197 214 278 249 221 188 164 182 158 176 191 189 2407

'Data from Ogoja [6°39’ N, 8° 42’ E], 1931-1960

’Data from Makurdi [7° 45’ N, 8° 32’ E], 1952-1973

®Data from Lokoja and Enugu using a class A pan, 1961-1974
*annual total

**annual mean

most rain-gauge sites. Since only one year’s data is available, it is unwise to draw any
definitive conclusions about climate from these data.

The locations of the raingauges and rainfall measurements for 1997-1998 are
shown in Figure 3.4. This short dataset illustrates that rainfall changes markedly across
Oju and Obi. Highest annual rainfall was recorded at the stations closest to the Wokum
Hills. A break in the wet season, locally known as the “August break” was observed at
most raingauge sites. Since only one year’s data are available, definitive conclusions
about climate cannot be drawn.

Rainfall events can be intense. Daily records from some of the project rainfall
stations show rainfall of between 50-100 mm in a 24 hour period. Often rainfall occurs in
3-4 hour downpours. Similar daily rainfall figures (maximum of 152 mm per day) have
been recorded at Lokoja meteorological station (Hayward & Oguntoyinbo 1987). Swami
(1970) estimated that 50-60% of Nigerian rainfall comes in rainfall events with intensity
greater than 25 mm hr' — a rate that can readily cause soil erosion (Hayward &

Oguntoyinbo 1987).
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The Oju/Obi study area and methods of research

The combination of climate, soil and geology produce distinctive hydrology in
Ojw/Obi. During the wet season, storm rainfall causes short-term flash floods — the result
of rapid surface water run-off. Most of the rivers and streams are ephemeral, drying up
soon after the rains stop. There are no river gauging stations within, or close to Oju/Obi,
therefore all discussion of the river system is based on visual observations made from
1996 - 1999.

Oju/Obi lies within the northern part of the Cross River Basin, which drains south
to the Gulf of Guinea. The two largest rivers are the Obi, to the west and the Konshisha
to the east. These rivers tend to be entrenched with limited river gravel deposits. Aerial
photographs show different drainage patterns across Oju and Obi (MacDonald & Davies
(1998) shows an interpretation of aerial photographs for the Oju/Obi area). In areas
underlain by the low permeability mudstones, the drainage density is high and dendritic.
On sandstone outcrops, the drainage density is lower.

Seasonal variations in river flow are illustrated using a series of photographs of
the Obi River taken at different times of the year (Figure 3.5). During the wet season,
flow in the Obi River is substantial. Following intense rainfall, the level of the Obi River
rises rapidly to cause widespread flooding. River flow significantly reduces at the end of
the rainy season, and by February only isolated ponds are left in the upper reaches of the
main river. The lower reaches of the Obi River are perennial and supply a piped water
scheme to Oju town when it is functional. All other rivers in the area are ephemeral.
Most of the tributary streams dry up completely as the dry season progresses,
occasionally leaving small ponds.

Throughout the area - but more commonly on the Makurdi Sandstone - river
headwaters tend to form large shallow depressions. These features generally lack
woodland, and are marshy during the wet season but dry during the dry season; these are
similar to features observed in Central Africa, known as dambos (Adams et al. 1996).
They are often used for dry season water supply. Their precise role within the
hydrological system is unclear. Some authors suggest that they store only direct rainfall,
others that they gain water from the surrounding interfluves. There is also doubt as to
whether they contribute significantly to dry season stream flows. In Oju/Obi some of the

dambos contain shallow water towards the end of the dry season.

50



>

B*C
SkF7

(*

%



The Oju/Obi study area and methods of research

3.2.3 Regional geology

Oju/Obi is situated in the lower section of the Benue Trough. The Benue Trough is a
major elongated geological rift structure infilled with Cretaceous age fine-grained, low
permeability sediments deposited within a series of basins (Figure 3.6). These were
deposited in deep- to shallow-marine and deltaic to fluviatile environments — often during
periods of active tectonism. (Kogbe et al. 1978; Ofoegbu 1985) Many of the sediments
have undergone low-grade metamorphism, and have been folding and faulting to varying
degrees. Igneous rocks (mainly dolerite) have been intruded into the sediments. The
environment of deposition and also the subsequent history of the rocks have a significant
bearing on the water bearing capacities of these low permeability rocks.

Geological exploration of the Benue Trough was stimulated by the search for
petroleum in the sedimentary rocks northeast of the Niger Delta. The results of
exploratory work undertaken by the Shell/BP Oil Company and others provided the basis
of the only published geological maps of the region, produced in 1957 (Geological
Survey of Nigeria 1957a ,b).

In Pre-Cretaceous times, Nigeria consisted of an uplifted continental land-mass
made up of Pre-Cambrian basement rocks which were then unconformably overlain by
Lower Cretaceous Continental sediments (Kogbe 1989). The earliest dated marine
transgression occurred during Albian times with the opening of the Gulf of Guinea under
the Niger Delta along lines of weakness at edges of the West African and Congo cratons
(Nwachukwu 1972, Petters 1978). Sinking along this linear depression (which became the
Benue Trough) began by mid-Albian time and continued until late Senonian, interrupted
by uplift and folding during late Albian time (Agumanu & Enu 1990).

Currently, the Benue Trough is bound by crystalline basement rocks: the Jos
Plateau granites to the north and the Cameroon Basement Massif to the south (Figure
3.6). Cretaceous sediments and igneous rocks, ranging in age from Aptian to Campano-
Maastrichtian, infill the trough to a depth of 3 — 6 km (Cratchley & Jones 1965; Benkhelil
1989). The distribution of these rocks within the lower and middle Benue Trough is
shown on a geological map (Figure 3.6). Lower Cretaceous sediments are presumed to
overlie unconformably Precambrian basement rocks along the Benue Valley (Reyment
1964). Ammonite faunas are used to subdivide the stratigraphy of these Cretaceous rocks

(Reyment 1956).
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