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ABSTRACT

Application of Fluid Electrical Conductivity Logging for Fractured Rock Aquifer
Characterisation at the University of the Western Cape’s Franschhoek and
Rawsonville Research Sites.

Candice Lasher
MSc Thesis
Department of Earth Sciences
University of the Western Cape, South Africa

Keywords: Aquifer protection and management, borehole logging, fractures,
groundwater flow, hydraulic properties, transmissivity, transmissive fractures.

Characterisation of fractured rock aquifers is important when dealing with groundwater
protection and management. Fractures are often good conduits for water and
contaminants, leading to high flow velocities and the fast spread of contaminants in
these aquifers. A cost effective methodology is required for the characterisation of the
role of individual fractures contributing to flow to boreholes in fractured rock aquifers.

Literature shows that some of the conventional methods used to characterise hydraulic
properties in fractured rock aquifers are expensive, complicated, time consuming and
are associated with some disadvantages such as over-or under- estimations of flow
rates.
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This thesis evaluates the use of Fluid Electrical Conductivity (FEC) logging in
fractured rock aquifers. This FEC data are compared to various traditional methods
used to determine aquifer hydraulic properties applied at the Franschhoek and
Rawsonville research sites. Both these sites were drilled into the fractured rock Table
Mountain Group (TMG) Aquifer, forming one of the major aquifers in South Africa.

Methods applied in this thesis to characterise the aquifer includes geological mapping,
drilling and geophysics (borehole and surface) to determine significant geological
characteristics and borehole construction. Constant Discharge (CD) tests were used to
determine total borehole yield while Fluid Electric Conductivity (FEC) logging was
used to quantify the contribution of individual fractures with depth. Comparisons of the
scale and dimension of the information obtained from the different methods were
evaluated for their benefit and usefulness.

FEC logging proved to be beneficial as the data obtained is both qualitative and
quantitative. The application of the FEC method in the Table Mountain Group fracture
rock aquifer was tested in relation to more frequently methods such as drilling, surface
and borehole geophysics and CD test. FEC logging proved to be fast, cost effective and
practical in deep boreholes. FEC logging worked well as a supplementary method to
CD tests. These two methods are complimentary to each other and should be used in
combination to gain as much information and knowledge about fractured rock aquifers
as possible.
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CHAPTER 1
GENERAL INTRODUCTION
1.1

INTRODUCTION

South Africa is fast becoming a “water scarce” country where water demand is rapidly
exceeding water supply (Woodford et al., 2006). Around 15% of the total water
consumed in South Africa is obtained from groundwater (Woodford et al., 2006).
According to Woodford et al. (2006) over 70% of the groundwater are from aquifers
formed in fractured rock media. To a greater extent, towns are relying on fractured rock
aquifers such as the Table Mountain Group (TMG) aquifer as a resource for bulk water
supply.

Immediately, two threats become of great concern, i.e. contamination and overabstraction. The risks of both are even greater in fractured rock aquifers due to its
complex nature. Although fractures are often good conduits for water leading to high
yielding boreholes, they also lead to fast spread of contamination. Due to the
heterogeneous and anisotropic nature of the fractured rock aquifers, tracing
groundwater and contamination can become multifaceted as flow rates and directions
are seldom predictable. These complexities may also lead to over-estimation of aquifer
parameters causing over-abstraction. It is therefore imperative that one gain as much
knowledge about the fractured rock aquifer to assist with aquifer protection against
possible contamination or over-abstraction.

Thus, characterisation of fractured rock aquifers is crucial and therefore various
methods are applied by U.S. EPA(1993), Hsieh (2001), Paillet (2001), Lee (2003),
Le Borgne et al. (2007), Butler et al. (2009) and many more to delineate transmissive
zones within these aquifers. Some of the equipment required to conduct these tests are
however not available or financially feasible in developing countries such as South
Africa. Some of these methods also tend to be complex and time consuming.
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Methods which are generally used to characterise hydraulic properties of fracture rock
aquifers are drilling, surface geophysics, borehole geophysics and constant discharge
(CD) tests. Literature by Tsang et al. (1990), Pedler et al. (1990), Doughty and Tsang
(2000) and Kurikami (2008) discusses an alternative method called Fluid Electrical
Conductivity (FEC) logging. In their studies FEC logging showed promise to
characterise physical and hydraulic properties of fractured rock aquifers. FEC logging
was therefore evaluated in this thesis and compared to methods such as drilling, surface
and borehole geophysics as well as CD tests. Results obtained from all methods were
compared and based on these results, the value of FEC logging to characterize fractured
rock aquifers was determined.

1.2

SELECTION OF STUDY AREA

Two sites were selected, both with similar geological and geohydrological
characteristics. Both sites form part of the TMG aquifer and are highly fractured. The
two sites are approximately 30 km apart and are separated by the Wemmershoek
Mountain Ranges. These sites can both be used for surface water/groundwater
interaction studies as a river and/or river tributary runs along it. Both sites are easily
accessible with gravel roads leading to them. Both sites were established by the
University of the Western Cape as training and research sites.

The Berg River research site, hereafter referred to as Berg River Monitoring 1 (BRM1),
is situated close to the BRM1 Berg River feasibility study surface water monitoring
point and a surface water weir. This site was established as part of this thesis. Berg
River dam baseline monitoring, Resource Directed Measures (RDM) and river health
data are available for this site if a more comprehensive study is required at a later stage.
It is also situated upstream of the Berg River dam and is therefore not impacted by any
artificial releases.
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The second site will be used as a comparative site. It is situated near Rawsonville and is
hereafter known as Gevonden. This site was developed in 2005 - 2006 and has one
shallow, and four deep, existing boreholes. A fault and stream, approximately 86 m
away from the borehole network, may act as a boundary. Other fractured rock aquifer
studies have been completed at this site including work by Lin (2007) and Nel (2011).

1.3

AIMS AND OBJECTIVES

The main objective of this study is to investigate the application of Fluid Electrical
Conductivity (FEC) logging for the characterisation of fractured rock aquifers. The
following tasks are set to meet this objective:

Task 1

Review the advantages and limitations of various methods used to
characterise fractured rock aquifers;

Task 2

Apply FEC logging together with methods for which equipment is
available in South Africa to characterise the aquifer;

Task 3

Compare results obtained from FEC logging and other methods as well
as determine scale and dimensions of data;

Task 4

Determine value of FEC logging in the fractured rock aquifer based on
information and results obtained during Task 1-3.
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1.4

APPROACH

This study is made up of three parts, 1) a desktop study, 2) various field work
components and, 3) data analysis and interpretations.

1.4.1 Desktop study
The desktop study includes a review of all the methods which can be used to achieve
the objective set out i.e. to characterise the fractured rock aquifer. Literature was found
in published and unpublished reports as well as journals, both local and international.
Local resources include past PhDs and Water Research Commission reports. Most
international literature comes from the Ground Water Journal and the Journal of
Hydrology. A review of past studies on the TMG fractured rock aquifer as well as other
fractured rock aquifers was also conducted.

1.4.2 Field methods performed during research study
Field methods used to characterise the fractured rock aquifer included geological
mapping, drilling, surface geophysics, borehole geophysics, Constant Discharge (CD)
tests and Fluid Electrical Conductivity (FEC) logging.

Geological mapping provided information about the geology in the area. Surface
geophysics assisted with the identification of geological and structural features that may
influence hydraulic properties of the aquifer. Drilling and borehole geophysics was
used to identify fracture positions and transmissive zones, whilst CD tests were used to
determine hydraulic properties of the fractured rock aquifer. FEC logging was used to
determine feed points, flow direction and flow contributions as well as individual
fracture transmissivities and yields.
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1.4.3 Data interpretation
Results obtained during drilling, surface and borehole geophysics as well as CD tests
were used to characterise the fractured rock aquifer. The information obtained during
these methods was compared to the information obtained during FEC logging. The
applicability of FEC logging was therefore concluded based on the accuracy of data and
additional information obtained which other methods could not provide within the
specific budget and timeframe.

1.5

STUCTURE OF THE THESIS

Chapter 1 forms a general introduction to the study. It also includes background
information of the study, aims and objectives as well as an overview of the
methodology used throughout this study.

Chapter 2 provides a literature review of the relevant and commonly used methods in
fractured rock aquifer characterisation. Reviews of applicable case studies are included.

A detailed description of the site is provided in Chapter 3 which includes location and
extent, climate, regional and local geology and hydrogeology.

Chapter 4 provides a detail description of the methods used during this study to obtain
the objectives set out in Chapter 1. These methods include geological mapping, drilling,
surface geophysics, boreholes geophysics, Constant Discharge tests and FEC logging.

Chapter 5 includes the results obtained from all the methods used at both research sites.
A discussion of the results can also be found in chapter 5, integrating information
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gathered from one method with another. Details, such as the advantages and limitations
associated with these, methods are also discussed.

Chapter 6 is a conclusion of my findings which indicate whether FEC logging is an
applicable method to characterise fractured rock aquifers along with recommendations
for future studies.
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CHAPTER 2
2 LITERATURE REVIEW
2.1

THE ROLE OF FRACTURES IN FRACTURED ROCK
AQUIFERS

Groundwater flow in secondary aquifers generally occurs in void spaces known as
fractures rather than in the impervious matrix surrounding them (West and
Odling, 2007). Some of these fractures act as conduits, transporting significant
quantities of groundwater and/or contaminants through the aquifer (Cook, 2003).
However, not all fractures act as conduits as some may be completely impervious to
flow (Shapiro, 2002). Often, flow in fractured rock aquifers occur in a few major
pathways rather than all. These major pathways generally control the hydrogeological
response of the aquifer (Le Borgne et al., 2007).

Fractures also vary in length ranging from meters to kilometres (Shapiro, 2002) causing
groundwater flow pathways to be local and/or regional, respectively. Furthermore, the
physical and hydraulic properties of fractures vary spatially (Cook, 2003) causing
groundwater or contaminant flow to occur in different directions and at different rates
making it complex to trace.

2.2

INFORMATION REQUIRED WHEN CHARACTERISING A
FRACTURED ROCK AQUIFER

It is crucial to characterise the physical and hydraulic properties of fractures in order to
manage and/or protect the aquifer against over-abstraction and contamination.
Predicting the behaviour of fractures would be fundamental. It is therefore important to
know where the major water bearing fractures are situated (Sharma and Baranwal,
2005), which direction the groundwater flows or which preferential flow paths it takes,
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the ability of the fractures to transmit fluid (transmissivity) and what the sustainable
yield of the fractured rock aquifer is.

As hydraulic conductivity of secondary aquifers is controlled mainly by the fractures it
is also important to quantify fracture contributions to flow. Delineating these
transmissive zones is therefore highly significant as it provides information such as
density and/or spacing of transmissive fractures. Understanding the density or spacing
of transmissive fracture will assist when choosing the correct model for the analysis of
pumping test data (Van Tonder et al., 2002).

2.3

METHODS

TO

DELINEATE

FRACTURES

AND

TRANSMISSIVE ZONES
Methods such as geological mapping, drilling, surface geophysics, borehole geophysics
(Keys, 1990; U.S. EPA, 1993; Lee, 2003; Stumm and Chu, 2010), packer tests (Hsieh ,
2001), borehole flow meters (Wilson et al., 2001) and constant discharge tests (Van
Tonder et al., 2002) are all used to determine hydraulic properties in heterogeneous
aquifers.

Borehole geophysics, packer tests and borehole flow meters delineate transmissive
zones intersecting the borehole. Packer tests and borehole flow meters are proven to be
very time consuming and expensive (Doughty et al., 2008). In deeper boreholes the
latter methods require additional instruments and resources which are rarely available.
However an alternative method known as Fluid Electrical Conductivity (FEC) logging
has proven to be cost effective and quick and in recent studies has been used to obtain
the same kind of information as the packer tests and borehole flow meters (Doughty
and Tsang, 2000; Cook, 2003; Kurikami, 2008).
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The determination of fractured rock aquifer properties is difficult with seemingly no
agreement on a preferred methodology to characterise it. It is therefore necessary to
determine a standard method/s that can be used in the fractured rock aquifers. Paillet
(2001) and Cook (2003) use a number of methods and integrate results to successfully
characterize the fractured rock aquifer. As a result, different methods were considered
and investigated to determine which of them are suitable for fractured rock
characterisation. These methods are discussed below.

2.3.1 Geological mapping and cross-sections
Geology maps form the basis of every geohydrological study. These maps provide
information pertaining to surface geology and give an indication of the subsurface.
They also indicate positions of major fault zones, folding and dip and strike, and can be
used to indicate the extent or boundary of the aquifer being researched, thereby
providing information on a regional scale. Information from these geology maps can
be reflected on cross-sections.

These cross sections provide a two-dimensional slice of the Earth’s subsurface and
facilitate understanding of the geological conditions that occur in specific areas of the
geology map. Creating and evaluating cross-sections is very important for
understanding the geohydrological characteristics of the area. These maps and
geological cross sections should convey the basic information and should be used as a
reference point. U.S. EPA (1993), states that it is of utmost importance to understand
the geology before conducting further investigations such as drilling.
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2.3.2 Drilling
During the drilling procedure rock chips are examined to confirm or evaluate the
geological composition of the subsurface. From these drill chips, logs of the subsurface
are produced. According to U.S. EPA (1993) these drill logs are used to confirm
information obtained during geophysical logs or vice versa.

Drilling also provides physical descriptions and access to the deeper fractures and
geological structures (Cohen et al., 1996) which contribute to the conceptual
understanding of the research site. Drilling also provides information such as water
strikes and gives an estimate of the amount of water available in the aquifer (Cohen et
al., 1996). These water strikes can be interpreted as dominant transmissive features.

Although drilling gives a good indication of the geology it can also be misleading as
rock chips from a specific depth can be blown to the surface while the drill is actually at
another depth. Brittle or soft rocks may also disintegrate during drilling, causing the
drill chips to be incomplete. Drilling may also be the cause of some local fracturing or
clogging, depending on the formation characteristics, leading to misinterpretation of
data obtained.

2.3.3 Surface geophysics
The electrical resistivity of geological materials mainly depends on variations in water
content and dissolved ions in the groundwater (U.S. Army Corps, 1995). Resistivity
investigations are therefore used to identify zones with different electrical properties. It
is important to note that resistivity is the inverse of conductivity or specific
conductance. Variations in resistivity within the rock will therefore reflect variations in
physical properties. The resistivity measured is an apparent resistivity determined by
soil, rock and pore fluid.
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Surface geophysics is commonly used to determine sub-surface geological structures,
aquifer properties and contamination plumes (U.S. EPA, 1993), as well as buried
underground tanks, pipes and landfill boundaries (U.S. Army Corps, 1995). Haeni et al.
(2001) uses surface geophysics to characterize the bulk anisotropy of the site and to
delineate anomalies caused by variation in the physical properties of the formation. For
example, it can identify closely grouped fractures or delineate one large fracture.
Haeni et al. (2001) uses surfaces geophysics for borehole siting and for the
development of a conceptual model of groundwater flow in the fractured rock aquifer.
Surface geophysics can provide information on both a regional and site specific scale.

When using surface electrical resistivity the electrodes must be in direct contact with
the surface. In some terrains like very dry sand or solid rock environments, the
application of the method becomes difficult. Field teams performing the surveys often
have one or two tricks up their sleeves to overcome some of these problems.

2.3.4 Borehole geophysics and caliper logging.
Keys (1990) used borehole geophysics to obtain an understanding of the physical
properties of the rock matrix, the groundwater, and the borehole construction.
Information such as the lithology, thickness, continuity of aquifers and confining beds;
permeability, porosity, bulk density, resistivity, moisture content, and specific yield of
aquifers and confining beds; as well as the source, movement, and chemical and
physical characteristics of groundwater, are all interpreted from the geophysical logs
(Keys, 1990).

Geophysical logging provides certain kinds of information which drill logs cannot, and
in some cases has the ability to record data beyond the disturbed area (Keys, 1990)
usually caused during drilling. However, one cannot evaluate these logs without the
basic local geology.
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Schlumberger (1974), Keys (1990), U.S. EPA (1993) and U.S. Army Corps (1995) list
a number of geophysical logging methods that can be used during groundwater
investigation. Studies conducted by Cook (2003), Johnson et al. (2005), and Stumm and
Chu (2010) use these methods to characterize the hydraulic and physical properties of
the aquifer. These studies indicate that not only one logging tool can be used to
characterise the aquifer. The logs should be used conjunctively for interpretation (U.S.
EPA, 1993). A few of these geophysical methods, selected to use during this study, are
discussed below.

a) Caliper logs
Caliper logs provide information such as changes in borehole diameter which can be
used to determine breakouts along the borehole wall caused by drilling technique and
lithology (Keys, 1990). These breakouts are generally interpreted as fractures. Caliper
logs also provide information about the borehole construction. For example, Keys
(1990) indicates that if the drill bit size changed this will be evident in the logs.

According to Keys (1990) there are a number of different caliper tools, some of them
having more than one arm. Keys (1990) however, indicates that the one-arm caliper has
an advantage over the three-arm caliper as it follows the high side of a deviated hole,
whereas with the three arm caliper the weight of the tool forces one arm to close and
this closes the other two arms.

Using the caliper in the same borehole for an additional log will not provide the same
information as the first log as the probe may rotate causing the arm to move along a
different path (Keys, 1990).
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b) Self Potential (SP)
According to Keys (1990) and the U.S. Army Corps (1995) self potential is a function
of the chemical activities of the groundwater in the borehole and formation, the
temperature, and the type and quantity of clay present. Keys (1990) also indicate that
the main sources of SP in a borehole are electrochemical, electrokinetic, or streaming
potential and redox effect. Streaming potential is produced by moving water in the
borehole (Keys, 1990). This is observed as anomalies on the smooth SP curve.
Deflection from the normal SP curve is observed when there is a change in salinity
within the borehole.

According to Keys (1990) and U.S. Army Corps (1995) the main limitation of self
potential logs in groundwater studies is the considerable range of salinity differences
between borehole fluid and formation fluid in freshwater environments.

c) Natural Gamma logs
The natural gamma probe measures the total gamma radiation detected in the formation
that is within a selected energy range (Keys, 1990). It is said that the volume of
material investigated is related to the energy of the radiation measured, the density of
the material through which that radiation must pass, and the design of the probe
(Keys, 1990).

The radioactivity of various rock types generally differs as shale tends to be more
radioactive than sandstone, and sandstone more radioactive than limestone (Keys,
1990). Keys (1990) also indicate that quartz sandstones usually are less radioactive than
sandstones containing other minerals, and granitic basement rocks are likely to be more
radioactive than any of the other rocks. Logs do not have a unique response, e.g. high
gamma radiation from shale is indistinguishable from that produced by granite (U.S.
Army Corps, 1995)
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Using this method in environments such as dense rock, steel casing, and cement will
decrease the radiation that reaches the detector, particularly from a greater distance
from the borehole (Keys, 1990), causing incorrect data interpretations.

d) Gamma gamma (density) logs
The name Gamma gamma log is very commonly interchanged with density log. These
logs are records of the radiation received at a detector from a gamma source in a probe
after it is scattered in the borehole and formation (Keys, 1990). Gamma gamma logs are
used to differentiate between lithologic units, determine well construction, bulk density,
porosity, and moisture content (Keys, 1990; U.S. Army Corps, 1995; U.S. EPA, 1993).
According to Keys (1990) gamma gamma logs gives information about bulk density
with high density inducing higher counts while higher porosity results in lower counts.
Gamma gamma logs are affected by borehole diameter changes, the casing, cement and
gravel packs (Keys, 1990).

e) Neutron-Neutron log
Keys (1990) indicates that there are two different types of neutron logging techniques:
(a) a probe with large source and long spacing which is used to measure saturated
porosity and (b) a probe with small source and short spacing which is used for moisture
content in the unsaturated zone. These neutron probes contain a source of neutrons, and
detectors provide a record of the neutron interactions that occur in the vicinity of the
borehole (Keys, 1990). Keys (1990) indicated that most of these neutron interactions
are related to the quantity of hydrogen present in the groundwater environments and is
largely a function of the water content of the rocks penetrated by the borehole.
According to Keys (1990) neutron probes are used to indicate the porosity differences
in the adjacent formation as well as moisture content. Keys (1990) also indicated that
neutron logs have also been used to determine lithological thickness and stratigraphic
correlations.
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2.3.5 Constant Discharge (CD) tests
Hydraulic tests have been used for many years to determine hydraulic and physical
properties to achieve a conceptual understanding of the aquifer. CD tests provide
substantial information which is fundamental during parameter and sustainable yield
estimations (Van Tonder et al., 2002).

Different models can be used to interpret the data obtained during CD tests. Each of
these models is based on a number of assumptions. According to Kruseman and de
Ridder (1994) the following assumptions are valid for Cooper Jacob and Theis.

•

The aquifer is confined;

•

The aquifer has a seemingly infinite areal extent;

•

The aquifer is homogeneous, isotropic, and of uniform thickness over the area;

•

Prior to pumping, the piezometric surface is horizontal (or nearly so) over the
area;

•

The aquifer is pumped at a constant discharge rate;

•

The well penetrates the entire thickness of the aquifer and thus receives water
by horizontal flow.

The application of CD tests becomes complex due to the heterogeneous nature of
fractured aquifers (Hsieh, 2001). Theis and Cooper Jacob methods can both be used to
estimate parameters in fractured rock aquifers if the aquifer “acts” homogeneous and
isotropic. This could be a valid assumption for highly fractured aquifers at late time
where the cone of depression approaches that of a primary aquifer (Van Tonder et al.,
2002).
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Van Tonder et al. (2002) and Samani et al. (2003) also uses derivative plots of CD tests
to identify characteristic flow regimes like radial flow conditions and inner boundaries
(wellbore storage, well inefficiencies), outer boundaries (inflow, no-flow), including
dewatering of fractures. According to Samani et al. (2003), time derivative of
drawdown with respect to the natural logarithm of time has been shown to improve the
diagnostic and quantitative analysis of CD tests.

Cohen et al (1996) suggests that CD tests should not be conducted on their own and
that other hydrological tests should also be used for characterisation of fractured
formations. Cook (2003) also states that single-well pumping tests give an estimate of
the average aquifer hydraulic conductivity in the vicinity of the borehole, but do not
provide any information on its spatial variability.

2.3.6 Fluid Electrical Conductivity logging
Fluid Electrical Conductivity (FEC) logging was used by Tsang et al. (1990); Pedler
et al. (1990); Doughty and Tsang (2000), (2002) and (2004); Doughty et al. (2008); and
Kurikami (2008) in fractured rock aquifers. These studies used FEC logging to
determine fracture positions, transmissive zones, flow direction and fracture
contributions.

The

early development

and

applications of

FEC

logging

was done

by

Tsang et al. (1990). Tsang et al. (1990) highlights the importance of knowing which of
the fractures that intersect the boreholes are transmissive and the importance of
knowing

the

hydraulic

properties

of

these

fractures

or

fractured

zones.

Tsang et al. (1990) investigates other methods generally used to characterise fracture
hydraulic properties as done in this study. A comparison between these conventional
methods and FEC logging was completed and it was found that transmissivity values
between these methods were “remarkable”, although Tsang et al. (1990) found FEC
logging to be more cost effective.
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A numerical model called BORE (Tsang et al., 1990) was used to estimate hydraulic
properties of inflow feed points such as flow direction, yield and transmissivity. In
recent years the numerical model used has been modified and is now known as BOREII
(Doughty and Tsang, 2000), it accommodates inflow and outflow feed points. Doughty
and Tsang (2002) found FEC logging to be quick, easy, inexpensive and above all,
informative.

In 2002 and 2004 Doughty and Tsang assists with the identification of feed point
signatures (Figure 2.1).

Figure 2.1:

FEC signatures that can be expected during FEC logging (C = concentration and
x = vertical measurement) (Doughty and Tsang, 2002 and 2004).
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Doughty and Tsang (2004) also show the different peaks during variation in pumping
rates. These are illustrated below in Figure 2.2.

Figure 2.2:

FEC signatures during various pumping rates (Doughty and Tsang, 2002 and
2004).

Doughty and Tsang (2004) indicate that individual transmissivity zones can be
estimated when doing FFEC logging at different discharge rates. The fractures with the
greatest transmissivity show the greatest change in yield when the discharge rate is
modified (Doughty and Tsang, 2004).

Once inflow feed points are located in BORE II and a yield is assigned as well as a
transmissivity value of the aquifer is available, Equation 2.1 can then be used to
estimate fracture transmissivity values by using Q2 − Q1 = ∆Q , where Q is the
discharge rate at which the borehole is pumped, q 2 − q1 = ∆q , the individual fracture
yield (q) analyses obtained from BORE II and Ttot = ∑ Ti , where Ttot is derived from
CD pumping test analysis.
Ti
∆q
= i
Ttot ∆Q
Equation 2.1:

Used to calculate individual fracture Transmissivity.
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CHAPTER 3
3 DESCRIPTION OF STUDY AREAS
3.1

GEOGRAPHICAL LOCATION

Two research sites are situated near the towns of Franschhoek and Rawsonville which
are in the Western Cape. These research sites are separated by the Wemmershoek
mountain range and are approximately 30 km apart.

3.1.1 Geographical setting of BRM1 (Franschhoek)
BRM1 is situated in quaternary catchment G10A and forms part of the Berg River
Catchment Management Area. Geographically, the area lays approximately S33.95733o
and E19.07264o (WGS84). The research site is approximately 7 km southwest of the
town of Franschhoek.

This research site occupies a NW-SE trending valley with the Franschhoek Mountains
on the southeast and the Groot Drakenstein Mountains on the southwest. On site the
mountain peaks range from 600–700 m. Further south the Franschhoek Mountains
reach heights of approximately 1300 m and further southwest the Groot Drakenstein
Mountains reach 1500 m.

The Berg River Dam is approximately 3 km north (down gradient) of the study area.
Figure 3.1 is a topographical map of the study area relative to the town of Franschhoek.
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Figure 3.1:

Geographic location of BRM1 showing town of Franschhoek, Berg River and
mountain ranges.

3.1.2 Geographical settings of Gevonden (Rawsonville)
The second research site is situated on a farm called Gevonden and is located
approximately 6 km west of the town Rawsonville. Gevonden is situated in quaternary
catchment H10J and forms part of the Breede River Catchment Management Area.

Geographically, the area lies approximately S33.718188o and E19.245913o (WGS84) in
the Tygerskloof. The N1 highway is situated along the northern side of the site and the
famous Goudini Spa on the east. The farm is bounded by the Du Toit’s Mountains
which range from 280 m at the base i.e. where the research site is situated, and 1900 m
at the peaks further south. Figure 3.2 is a topocadastral map of the study area relative to
the town of Rawsonville.
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Figure 3.2:

Geographic location of Gevonden showing nearest town, river and mountain
ranges.

3.2

REGIONAL CLIMATE

Both research sites experience a Mediterranean climate with warm, dry summers and
cold, wet winters. The rainy seasons generally occur between April and October. The
mean annual precipitation for the Franschhoek area is 1580 mm/a (WR2005).
Rawsonville has a mean annual precipitation of 1595 mm/a (WR2005).

3.3

SURFACE WATER DRAINAGE

The Berg River is a perennial river which drains the BRM1 research site and is situated
approximately 70 m away from the borehole network. Its main water source originates
from the Groot Drakenstein and Franschhoek Mountains located in the Hottentots
Holland Provincial Nature Reserve. The Berg River is approximately 294 km long with
a catchment area of 7.715 km2. This river flows northwards past Paarl, Wellington,
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Hermon and Gouda, where it is joined by the Klein Berg and Vier-en-Twintig Rivers.
The Berg River flows into the Atlantic Ocean.

The Gevonden research site is drained by a perennial stream which is situated
approximately 86 m away. The stream water is sourced from a catchment of about
80 km2 (Lin, 2007). This stream feeds into the Molenaars River, roughly 800 m north
of the study area. The Molenaars River then converges with the Bree River
approximately 1 km downstream and flows southeast towards the Indian Ocean.

3.4

GEOLOGY

Both research sites are situated in the Table Mountain Group (TMG) and
predominantly consist of quartzitic sandstones, siltstones, and shale’s. Table 3.1
illustrates the stratigraphical succession of the TMG found at the research sites, as well
as the overlying and underlying groups.
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Table 3.1:

Stratigraphical succession of the TMG at both research sites including
surrounding areas.

Formation

Thickness
(m)

Lithology

Goudini

400

Arenite,
minor
siltstone and shale

Cederberg

50~150

Silty shales and
shaly siltstone

Pakhuis

100~150

Tillite, diamictite,
quartz arenites

Table Mountain

Nardouw

Group Subgroup

Peninsula

Graafwater

1500~2000 Quartzitic arenites

65~150
(only 5m thick
at BRM1)

Basement

Position of site in
stratigraphical
succession
BRM1
Gevonden

Sandstone,
siltstone,
shale
and mudstone

UNCONFORMITY
The aforementioned formations are underlain
by the Malmesbury shale and the intruded Cape
Granite Suite.

Both sites primarily consist of quartzitic sandstones representative of the Peninsula
Formation of the TMG. Figure 3.3 is a geology map indicating positions of both
research sites in relation to surface geology (Worcester 3319C, 1:125 000 geology
map).
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Figure 3.3:

Map showing geology and structural features surrounding BRM1 and Gevonden
research sites.
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3.4.1 Cape Granite Suite
The Cape Granite Suite consists of coarse grained, blueish grey granites, and has mafic
mineral content of 10 to 12 percent. The granites consist mainly of feldspar,
plagioclase, quartz and biotite (Theron et al., 1992). Theron et al. (1992) further states
that the granites may appear to be homogeneous. Granite outcrops are only found in the
Franschhoek research site and not the Rawsonville site. The granite outcrops are
however found 6 km upstream near the trout farm.

3.4.2 Graafwater Formation
The Graafwater Formation consists of purple to reddish brown, thin bedded, ripplemarked sandstone, siltstone, and shale. According to Theron et al. (1992), the
Graafwater Formation rests with a distinct unconformity on the Cape Granite and preCape rocks. The Graafwater Formation outcrops in the Franschhoek area are fairly thin
layers, generally around 5 m. No outcrops of the Graafwater Formation are seen in
Rawsonville.

3.4.3 Peninsula Formation
The Peninsula Formation consists of light grey, medium to coarse grained, well bedded
quartzitic sandstones (Theron et al., 1992). According to Theron et al. (1992), the rock
consists primarily of quartz grains, minor feldspar, occasional chert grains, and sericite
and clay minerals as matrix. The upper parts of the Peninsula Formation underwent
extensive intraformational folding, related to glacial episodes represented by the
overlying Pakhuis Formation (Theron et al., 1992). The exact thickness is difficult to
estimate due to the folding and thrusting. The Peninsula Formation is found in both
research sites.
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3.4.4 Pakhuis Formation
The Pakhuis Formation is glacial deposits which consist of tillite, diamictite, and quartz
arenites. Generally, its thickness varies from 100 – 150 m thick. The Pakhuis Formation
also acts as a confining layer to the Peninsula Formation. This formation is only visible
in the Rawsonville area and not in Franschhoek.

3.4.5 Cederberg Formation
The Cederberg Formation consists of either siltstones or thin bedded fine grained, dark
grey silty sandstones (Theron et al., 1992). The average thickness of this formation
varies between 45 – 60 m. The Cederberg Formation forms a hydraulic boundary. The
Cederberg Formation is to be expected in the Rawsonville area and not at the
Franschhoek research site. It can however be seen towards the Wemmershoek
Mountain Range.

3.4.6 Goudini Formation
The Goudini Formation consists of reddish weathering, micaceous siltstone beds
interbedded throughout. It displays thinner bedding and finer grain size. Thicknesses
vary from 115 m to less (Gresse and Theron, 1992). This formation can be found in the
Rawsonville area and not in Franschhoek.

3.4.7 Fractures and Faults
Many geological features and structures were formed by severe north-south orientated
compressive stresses during the Cape Orogeny. Due to the brittle nature of the
quartzitic sandstone formations and the immense amount of stress exerted upon it, the
TMG tends to be highly fractured and faulted (Rosewarne, 2002). These fractures are
potential conduits for flow. The faults can either be geohydrological boundaries or
structural boundaries.
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Both research sites are situated in the southern domain of the syntaxis, consisting of
east and northeast trending folds. According to de Beer (2002), the syntaxis is the most
fractured part of the Cape Fold Belt as faulting from the southern and western branch
are both present.

The Gevonden research site has the Waterkloof fault cutting through the well field in a
northeast direction and extends approximately 15 km. The fault is approximately 80 m
wide (Lin, 2007).

3.4.8 Alluvium/Cenozoic
The gravelly alluvium and sandy alluvium usually consist of a mixture of sand, silt and
gravel. It is made up of quartzose sand in the TMG sandstone terranes (Gresse and
Theron, 1992). The alluvium was transported from the surrounding mountains by
tributaries. Its thickness varies from 20-40 m. Gresse and Theron (1992) mentions that
the total thickness of both the alluvium and boulder deposits are the thickest west and
southeast of Rawsonville in the Molenaars river.

3.5

REGIONAL GEOHYDROLOGY

The TMG aquifer is a regional aquifer (Issar, 1995; Weaver et al., 2002), and is
dominated by fractured media which extends northwest of the Western Cape and
northeast of Eastern Cape (Lin, 2007). This aquifer is a secondary aquifer and
groundwater flow is primarily controlled by fractures.

The aquifer consists of highly fractured arenaceous media which is for the most part,
anisotropic. In most cases the matrix blocks are regarded impervious to flow with
groundwater movement governed by fractures which act as transmissive conduits
(Le Borgne et al., 2007). According to Lin (2007) transmissivity values of the TMG
range from tens to hundreds m2/day and may vary from site to site.
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Due to the highly fractured and faulted nature of the sandstones, in the higher rainfall
regions, groundwater recharge is said to be highly favourable with an infiltration rate of
up to 15% (Meyer, 2001). However, studies done by Wu (2005) in the Kammanasie
region indicate recharge values are generally lower than 5%. These values are highly
variable depending on the surface soil cover and preferential pathways.

The shaly formations usually form confining layers and play an important
geohydrological role (de Beer, 2002). This is seen at the Gevonden research site where
the Pakhuis and Cederberg Formation act as confining layers causing artesian flow in
one of the existing boreholes.

Groundwater quality in the TMG aquifer is generally excellent, with low Electrical
Conductivities (EC), therefore making it suitable for groundwater utilisation
(Meyer, 2001). Groundwater near the Franschhoek and Rawsonville research sites are
generally used for irrigation and domestic purposes. A number of farms in the
Franschhoek area also use groundwater for bottling purposes.
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CHAPTER 4
4 APPLICATION OF METHODS USED TO
CHARACTERISE HYDRAULIC PROPERTIES
The literature review in Chapter 2 suggests that a combination of methods might be
required to characterise fractured rock aquifers. Geological maps and cross-sections,
drilling, surface and borehole geophysics as well as constant discharge (CD) tests
complimented with FEC logging was used in this study to provide information such as
geological structures and formations as well as delineate transmissive zones and
quantify flow.

This chapter therefore discusses the methods applied in this research study to
characterise the hydraulic and physical properties of the fractured TMG aquifer at the
two research sites.

4.1

GEOLOGICAL MAPPING AND CROSS-SECTIONS

The 1:50 000 geological maps of the Cape Town (3317) and Worcester (3319) were
used to identify geological structures and different geological formations that could be
expected. These maps were used to generate cross-sections of the proposed research
sites. The geology map provided the surface information and the borehole logs
(Section 4.2) provided information concerning the underlying geology.

A profile line was selected across the area of interest. This profile line intersects various
formations cutting across the study area. The geological information such as formations
and structural features (folds and faults) on the map was transferred onto the crosssection.
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4.2

DRILLING AND EXISTING BOREHOLE INFRUSTRUCTURE

4.2.1 BRM1 – Franschhoek (New site)
RPM-drilling was appointed to drill three boreholes at BRM1. The boreholes were
drilled in June 2008. A combination of standard down-the-hole hammer direct
circulation and odex air percussion drilling was used.

Direct circulation air percussion drilling uses a hammer which is driven by compressed
air giving short rapid blows to the rock while rotating. Drill chips are forced to the
surface by compressed air. The drill chips were collected every meter and were used to
identify geological changes in the subsurface.

Odex air percussion generally uses the same drilling method with a special hammer
which allows the casing to be installed simultaneously during drilling. The latter is used
in areas where boulders and cobbles are present to prevent rocks from falling back into
the hole when the drill stems are removed. Due to the presence of boulders in the river
valley, odex drilling was required to drill through the top 10 to 15 m.

Three 165 mm diameter, vertical boreholes were drilled at BRM1. The boreholes have
been drilled to various depths: one to a depth of 20 m for surface water/groundwater
interactions, a second to a depth of 60 m depth and the third to a depth of 162 m (drilled
to basement). These determined the spatial variations of the aquifer’s piezometric
heads. Due to limited access for the drill rig, the sites selected form a shallow triangle
to assist with groundwater flow directions. Levelling of the boreholes was completed
with a theodolite to obtain an accurate elevation to enable the comparison of site water
elevations (mamsl). Results were used to identify groundwater flow directions.
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4.2.2 Gevonden – Rawsonville (Existing site)
Five existing boreholes form a network for the fractured rock research site where many
other research experiments have taken place to understand the complexities associated
with fractured rock aquifers. These boreholes were drilled as part of the PhD research
by Lin (2007). Core drilling was used for RAW_BH1 (270 m at a 600 angle) and
RAW_BH2 (200 m, vertical) in November 2005 and percussion drilling for RAW_BH3
(200 m, vertical) and RAW_BH4 in September 2006. RAW_BH5 (190 m, vertical),
which is situated on the neighbouring property, was also drilled using the percussion
method; this borehole was an existing borehole.

4.3

SURFACE GEOPHYSICS

The electrical resistivity of geological materials mainly depends on rock composition,
variations in water content and dissolved ions in the groundwater. Resistivity
investigations are therefore used to identify zones with different electrical properties. It
is important to note that resistivity is the inverse of conductivity or specific
conductance. Variations in resistivity within the rock will therefore reflect variations in
geo-electrical properties.

Two Electrical Resistivity profile lines were conducted at BRM1. The profile lines run
perpendicular to each other with one of the lines running parallel to the Berg River and
the other intersecting the flood plain and the research site. Profile-1 is 144 m and runs
southeast–northwest while Profile-2 is 500 m long and runs northeast–southwest
(Table 4.1). These lines cross each other to obtain a three dimensional perspective of
the underlying medium.
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Table 4.1:

Start and end co-ordinates (WGS-84) of the geophysical profile lines at BRM1.

Profile

Start

End

Length (m)

Profile-1

33.95750 S

33.95670 S

144

19.07370 E

19.07270 E

33.95540 S

33.95870 S

19.07470 E

19.07110 E

Profile-2

500

A GPS was used to obtain the relative elevations and coordinates for the topographical
corrections on the geophysics inversions.

Different measuring protocols were used for the different profile lines. The Wennerlong measuring protocol with an electrode separation of 10 m was used for Profile-1
along the river, which allowed a maximum investigation depth of approximately 60 m.
The 10 m spacing causes the top 5 m of the profile to be invisible. The investigation
depth is therefore deep and ideal to identify geological structures intersecting the river
valley.

The Schlumberger-long measuring protocol with an electrode separation of 4 m was
used for Profile-2 perpendicular to the river and allowed a maximum investigation
depth of approximately 30 m. The 4 m spacing causes the top 2 m to be invisible. This
is ideal to investigate weathered zones and alluvium thickness as well as connections
between boreholes and the river.
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An Abem SAS 1000 terrameter and ES 10-64 switching unit were used for the field
survey. Four multi-core cables and stainless steel pegs were used with the “roll-along”
surveying method. Measurements of the resistivity of the ground were carried out by
transmitting a controlled current (I) between two electrodes inserted into the ground
while measuring the potential (V) between two other electrodes. Cape Geophysics was
contracted to do Electrical Resistivity Imaging as well as inverse modelling at BRM1
(see Appendix A for data inversion process). No surface geophysics was conducted at
Gevonden.

4.4

BOREHOLE GEOPHYSICS AND CAMERA LOGGING

Borehole geophysics and camera logging were completed at both BRM1 and
Gevonden. The logging was done using the Department of Water Affair’s (DWA)
down-the-hole geophysical logging unit.

The upward logging method was used for all probes except for camera logging. The
upward logging method allows control of the speed and position/depth of the probe
while pulled by the winch at a constant speed. Downward logging creates uncertainty
due to the possibility that the probe could get stuck while the winch moves downward
causing a mismatch between the depth and the probe readings.
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Figure 4.1:

Example of a geophysical probe used at both research sites to characterise
fractured rock properties.

Various types of geophysical methods exist (as discussed previously in Section 2.3.4)
and are used for different types of rock and water characteristics. Some of the
geophysical methods were combined on one probe to reduce the time taken to log a
borehole. In this regard three geophysical probes and the borehole camera were selected
based on their suitability to characterise and delineate fractures.
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4.4.1 Borehole Camera Logging
The borehole camera was slowly lowered down the borehole with a winch. Camera
logging was done at both research sites. The borehole camera could not be used in the
boreholes with very complex construction due to large breakouts along the borehole
wall. The camera logging was used to visually confirm fracture positions or geological
changes identified during drilling at BRM1 and to identify fractures at Gevonden where
no drill logs are available.

The Department of Water Affairs provided text files with depth against probe readings.
This data was inserted into Microsoft Excel and graphed.

4.5

CONSTANT DISCHARGE (CD) TEST

The Constant Discharge method was used to characterise hydraulic properties of the
aquifer and fractures.

First a submersible pump was installed into the borehole at approximately 50 meters
below collar (mbc). The pump was connected to a generator which supplied power in
the field. A Varispeed was connected to the system to control the AC oscillating
frequency of the pump. This frequency control determines the rate at which the pump
turns therefore controlling the discharge rate. A frequency verses discharge curve was
established to allow accurate initial pumping rates. This was done a few days before the
main test commenced.

As water levels dropped a change in discharge rate was observed. This is due to
submersible pump characteristics where the head increase it decreases the efficiency of
the pump. The discharge rate was re-adjusted using the Varispeed to keep the rate
constant.
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A lie flat irrigation pipe was used as the discharge outlet and was placed down gradient
of the research sites into the river. A bucket and a stop watch were used to determine
the discharge rate during pumping tests. A flow meter was also fitted to the pump
system and volumes were recorded in cubic meters (m3) passing through the pipe and
thereafter converted to a pumping rate in litres per second (l/s).

Once everything was set up the pump was switched on and the Varispeed was adjusted
to a specific frequency (hertz) which corresponded to the planed discharge rates. Water
level measurements were taken at different intervals, increasing as the test proceeded.
Recovery water level was also recorded after the pump was turned off.

4.5.1 Constant Discharge Test at BRM1 (Franschhoek)
CD tests were conducted at 2 l/s and 4 l/s for 72 and 14 hours respectively in
BRM1_BH1. The discharge outlet was place into the river approximately 70 m away
from the boreholes. The river flows into the Berg River Dam. Data loggers were used in
each borehole and static water levels were manually recorded to correct data logger
measurements. The hand measurements along with the data logger measurements were
combined and continuous drawdown and recovery data was calculated.

4.5.2 Constant Discharge Test at Gevonden (Rawsonville)
A CD test was conducted at 1.66 l/s for 37 hours. The discharge outlet was placed into
the stream approximately 86 m away from the boreholes. No data loggers were
available at the time and only manual hand readings were taken to determine the
drawdown responses during pumping as well as water levels during recovery.
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4.5.3 Data Interpretation method of Constant Discharge Tests
Interpretations of CD tests at the BRM1 and Gevonden research sites were done using
the excel based spreadsheet called the Flow Characteristic (FC) method (Van Tonder et
al., 2002) which was developed by the Institute for Groundwater Studies (IGS),
University of Orange Free State, Bloemfontein. The FC method together with the
Cooper Jacob and Theis methods were used to estimate aquifer hydraulic properties,
which include transmissivity, flow characteristics and boundary conditions.

4.6

FLUID ELECTRICAL CONDUCTIVITY (FEC) LOGGING

FEC Logging was used to determine transmissive zones within the boreholes,
identifying vertical and horizontal flow as well as quantify flow. This method can either
be applied under ambient pressure/piezometric conditions or artificial pumping
conditions.

4.6.1 Data Collection
Prior to FEC logging a combination of background water quality logs were measured at
both research sites. These logs were used as indicators to identify whether a change in
geology and groundwater flow occurs within the borehole column. These logs include
specific conductance, pH and temperature.

Thereafter Ambient Fluid Electrical Conductivity (AFEC) logging was conducted at
both research sites. At first, injection methods described in Doughty and Tsang (2002)
were attempted. This method is done by first replacing the borehole water with deionized water or water of a constant salinity which is noticeably different from that of
the formation. This water is then passed down a tube to the bottom of the borehole at a
specific rate, while the borehole is simultaneously pumped from the top at the same
rate. This method proved to be unsuccessful due to the naturally low Conductance in
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the TMG groundwater as well as the high ambient/natural flow within the borehole
column. The Conductance of the groundwater in the borehole was therefore slightly
increased by inserting table salt into the borehole column using an injection sock
(Figure 4.2).

Figure 4.2:

Injection method used during FEC logging to increase the specific conductance
of the groundwater in the borehole column.

Fine grained salt was thrown into a thick sock. Coarse grained salt was used first but
was found to dissolve too quickly and therefore did not change the salinity of the
groundwater closer to the bottom of the borehole. The finer grained salt dissolved more
slowly and caused a change in salinity all the way to the bottom of the borehole.
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The sock was slowly lowered down the borehole on a rope so that a significant change
in the salinity of the groundwater throughout the borehole was created.

Immediately after the sock was pulled out the multi-parameter sonde produced by YSI
Incorporated (hereafter referred to as YSI) was used to log the borehole at a fairly
constant rate. A downward logging protocol was used. The probe is designed so that
water flows over the sensor while it is being lowered. The depth and Specific
Conductance sensor can both be found on this probe which eliminates the data
mismatch. This is often the problem associated with geophysical logging. The specific
conductance has already been temperature corrected as the YSI simultaneously
measures temperature. The downward logging was repeated several times at known
time intervals. The YSI depth data was corrected to depth below casing by adding the
static water level to depth. Once the test was completed the borehole was pumped clean
to remove salt from the aquifer.

Flowing Fluid Electrical Conductivity logging (FFEC) was then performed. FFEC
logging at two discharge rates were completed to determine individual fracture
transmissivity (Doughty and Tsang, 2004), as well as the relative contributions of
individual fractures. The same salt injection method that was used during AFEC
logging was also used during FFEC logging. However, instead of logging during
ambient hydraulic head conditions the borehole was pumped at low rates, although high
enough to create a change in head which will allow fractures to flow.

The boreholes were pumped at low rates of 0.6 l/s and 1 l/s for BRM1 and 0.3 l/s and
0.5 l/s for Gevonden. The low discharge rates were chosen so that drawdown was not
amplified. The discharge rate was measured at the beginning and end of each FFEC log
using a bucket and stopwatch. The boreholes were continuously logged over time while
pumping to determine the rate of dilution in the borehole column.
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The YSI measures depth below water level. During pumping conditions these water
levels change, thus changing the reference point. Hand water level measurements were
therefore recorded to correct the data by adding a linear approximation of the
drawdown. The start, and end, water levels were used for each FFEC log.

4.6.2 Data Interpretation and analysis
Doughty and Tsang (2004) illustrate certain signature peaks which can be expected
during ambient and flowing FEC logging. These peaks generally indicate approximate
fracture locations which can be interpreted as feed points. These fracture locations are
then used as the initial guesses for the numerical model, BORE II. BORE II is a finite
element model with 0.5 m grid spacing used in all simulations. This grid spacing
proved optimal based on the depth data resolution obtained from the YSI logger.

The initial guesses were selected based on the qualitative results obtained from the
visual inspection of FEC profiles. In the BORE II software feed point characteristics
such as location, flow rate and concentration were adjusted by trial and error until the
simulated and measured data matched. Fracture yields and locations were then obtained
for both the initial discharge rate, and the increased discharge rate. These yields were
used along with the total T-value estimated during CD tests to determine individual
fracture transmissivity.

Equation 2.1 in section 2.3.6 was used to estimate fracture transmissivity. First the
change in discharge was estimated by using Q2 − Q1 = ∆Q , where Q is the discharge
rate at which the borehole is pumped. Then the change in fracture yield was estimated
q 2 − q1 = ∆q , the individual fracture yield (q) analysis was obtained from BORE II. In
order to calculate the individual fracture transmissivity we therefore assume at early
time that Ttot = ∑ Ti , where Ttot is derived from CD pumping test analysis.
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CHAPTER 5
5 RESULTS AND DISCUSSION OF DATA OBTAINED
DURING CHARACTERISATION
5.1

GEOLOGICAL MAPPING AND CROSS-SECTIONS

Geological mapping and cross-sections were used at both research sites to identify
rocks at the surface and sub-surface with distinct physical and geohydrological
properties which may either control or restrain groundwater flow. Properties such as
geological formations and structural features were established. These properties assist
with the characterisation of the fractured rock aquifer.

5.1.1 Mapping and Geological Cross-Section of BRM1
The geology map of the Franschhoek area indicates that the Kliprivier Formation (Kl)
of the Malmesbury Group outcrops along the northwest, northeast and eastern side of
BRM1 as well as the intruded Cape Granite Porphyry (gp). The higher topographical
areas consist predominantly of the Peninsula Formation (C1Q1) with a thin layer of the
Graafwater Formation (C1S1) outcropping northeast of the research site. Far southeast,
outcrops of the Cederberg (C1S2) and Pakhuis Formations (C1G) can be seen. For the
most part, the town of Franschhoek and BRM1 site are largely overlain by quaternary
sands, ending approximately 500 m south of BRM1.

A large fault is observed at the contact of the Cape Granite Porphyry and the Peninsula
Formation approximately 1,5 km southeast of the research site. Two narrow fault zones
in the Cape Granite Porphyry containing thin layers of cataclasite (my) are observed
southeast of the research site. The Peninsula Formation on the western side of the river
at BRM1 dips 5o southeast and on the eastern side dips 10o southeast. The Franschhoek
valley is highly folded, containing several syncline and anticline structures.
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Based on the information obtained from the geology maps such as geological
formations, fault positions, contours and dip and strikes a cross-section was produced.
The cross-section position is indicated by the black profile line marked A - B on the
geology map (Figure 5.1).
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Figure 5.1:

Geology map and cross section of BRM1 showing different geological formation
and structural features.
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The cross-section shows that the Peninsula aquifer does not extend infinitely and has a
non-uniform aquifer thickness. The geology maps and cross-section indicates that the
Peninsula aquifer is not confined by any other formation in the area.

5.1.2 Mapping and Geological Cross-Sections of Gevonden
The geology map of Rawsonville indicates that the basement rock consists of Kliprivier
Formation (Kl) and the intruded Cape Granites (G). The higher topographical area
predominantly consists of Peninsula Formation (C1Q1) with thin outcrops of the
Cederberg (C1S1) and Pakhuis Formation (C1G). The former and latter are overlain by
the Nardouw Formation (C1Q2) at Gevonden. The lower lying valley areas, north of
the research site, is overlain by quaternary sands deposits and boulders.

The Mountains at the research site form part of a synclinal structure. The Peninsula
Formation generally dips 15o to the east with the fault at Gevonden causing a
displacement of roughly 80 m.

The information obtained from the geology map was used to produce a cross-section of
the profile line selected (Figure 5.2).
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Figure 5.2:

Geology map and cross section of Gevonden showing different geological
formation and structural features.
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The cross-section indicates that the Kliprivier Formation and the intruded Cape Granite
Suite plays no role at the Gevonden site. The higher topographical areas predominantly
consist of Peninsula Formation, overlain by Pakhuis, Cederberg and Nardouw
Formation.

The cross-section shows the probable lateral extent of the Peninsula aquifer. The
aquifer is not laterally bounded by any other formations in the area and has a nonuniform thickness. The Peninsula aquifer is locally confined by the Pakhuis, Cederberg
and Nardouw Formations at the Gevonden research site.

5.1.3 Summary of Mapping and Cross-sections
Information obtained from the geology map is based on surface geology. Information
such as dip and strike and geology was combined and a geological cross-section was
produced. This provided a relatively detailed description of what is to be expected
below the surface, keeping in mind that this is not based on evidence, but an educated
assumption. Borehole information obtained during drilling was useful to determine
depth of contacts between formations.

The mapping and cross-section of the Franschhoek (BRM1) and Rawsonville
(Gevonden) research sites provided information regarding aquifer extent and possible
boundaries.

These methods provide information at catchment scale and therefore

cannot provide information regarding location and orientation of individual fractures.
Nor does it provide information pertaining to aquifer hydraulic properties. These
properties are used to characterise and quantify groundwater flow in fractured rock
aquifers.
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5.2

DRILLING AT BRM1

Three vertical boreholes were drilled at BRM1 to determine geological formations and
fracture positions. Each borehole was drilled to a different depth, one shallower than
the other for vertical representation in the aquifer. These three boreholes also form a
shallow triangle for special distribution and enable us to determine the flow direction.

BRM1_BH1 was drilled to a depth of 162 m. The unconsolidated zone between 0 – 7 m
consists of reddish, weathered/transported, gravel and grit material which has been
cased off to a depth of 12 m to prevent collapse of the top zone. Fine-medium grained
quartzitic sandstones of the Peninsula Formation occur between 7 – 144 m, varying
from reddish brown, light brown, dark brown, shades of grey, cream and white. Thin
layers of light grey-green, highly weathered shale were observed between 137 - 145 m.
These weathered shale layers are very brittle and disintegrate when you touch it. Minor
iron staining occurs at 25, 46, 79, 94, 99, 136 and 139 m indicating possible fractures.
Quartz mineral filling was also found at 46, 57, 66 and 69 m. A change in geology was
observed at 145 m consisting of fine grained purplish shale’s representative of the
Graafwater Formation. Lastly between 146 m and 162 m the intrusive Cape Granite
Suite was intersected, consisting of grey, porphyritic granites (Figure 5.3).

Water strikes were observed at: 42, 48 and 123 m with a cumulative air lift yield of
approximately 4 l/s and a static water level of 6.07 mbgl at the end of the drilling. The
yield of the individual water strikes was not measured.

The water in the Peninsula Formation is pure, however very acidic. An average
electrical conductivity of 36 S/cm was measured, increasing tremendously once the
granites were intersected. An average pH of 4 was measured between 42 m (first water
strike) and 145 m thereafter increasing to 10 after intersecting the granitic formation,
which is where the water also became milky in colour.
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Figure 5.3:

Drill log of BRM1_BH1 showing lithology and water strike information
(Unconsol = Unconsolidated material; C1Q1 = Peninsula Formation; C1S1 =
Graafwater Formation and gp = Cape Granite Suite).
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BRM1_BH2 was drilled to a depth of 60 m. The unconsolidated zone occurred between
0 – 7 m and consisted mainly of weathered/transported reddish grit and gravel
materials. The unconsolidated zone was sealed off to a depth of 7 m to prevent collapse
of the top weathered/transported zone. The fine–medium grained, light brown, dark
brown, light green and greyish sandstone layers, as well as light brown to cream
quartzitic layers, all representative of the Peninsula Formation, were observed between
8 – 60 m (Figure 5.4).

Three water strikes were recorded at depths of 38, 49 and 57 m with a cumulative air
lift yield of 2 l/s. The yield of the individual water strikes was not measured. A static
water level of 6.4 mbgl was measured after drilling concluded. An average EC of 33
S/cm was recorded and a pH of 4.
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Figure 5.4:

Drill log of BRM1_BH2 showing lithology and water strike information
(Unconsol = Unconsolidated material; C1Q1 = Peninsula Formation)
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BRM1_BH3 was drilled to a depth of 20 m. The unconsolidated, weathered/transported
material mainly consisting of reddish grit and gravel between 0–8 m depth. A casing of
only 6 m was installed. Cream to light brown, fine grained sandstones with a thin layer
of white quartzites representative of the Peninsula Formation occur between 9 – 20 m.
No water strikes were reported in BRM1_BH3 (Figure 5.5).
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Figure 5.5:

Drill log of BRM1_BH3 showing lithology and water strike information
(Unconsol = Unconsolidated material; C1Q1 = Peninsula Formation)
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The drilling at BRM1 provided site specific information with depth. Information such
as physical rock properties, geological and lithological variation, and possible fracture
positions at water strikes, water quality and cumulative blow yields of water was
provided. An aquifer thickness (Peninsula aquifer) of 138 m on site was concluded and
was based on drill logs obtained during percussion drilling at BRM1_BH1. Drill log
information of all three boreholes indicated that the unconsolidated weathered material
range from 7 - 8 m deep. All three boreholes intersected the Peninsula Formation.

Levelling was completed to determine the relative water levels and local flow
directions. It was observed that the local groundwater flow is in a north easterly
direction, similar to that of the surface water flow

Drilling also provides an opportunity to do aquifer testing and borehole logging to
determine aquifer hydraulic properties.

5.3

SURFACE GEOPHYSICS

Surface electrical resistivity geophysics was conducted at BRM 1. Electrical resistivity
can be interpreted to provide physical characteristics such as: rock type changes,
weathered zones and rock competence. Two geophysical survey lines (Figure 5.6) were
selected; one intersecting the river bed (Profile-1) and the other crossing the borehole
network running parallel to the river (Profile-2).
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Figure 5.6:

Google Earth image of BRM1 with position of Electrical Resistivity profiles lines
and borehole positions.

5.3.1 Profile-1
The resistivity geophysical inversion along Profile-1 indicate zones of purple contours
(high resistivities) at depth and zones of green – red contours (lower resistivities) closer
to the top of the profile (Figure 5.7).

54

Figure 5.7:

Shows geophysical profile crossing the river indicating thickness of weathered
and transported material next to river.

The purple contours on the resistivity image are interpreted as solid sandstone bedrock.
These have resistivity values higher than 3850 ohm.m. The green – red contours are
interpreted as zones of preferential weathering or transported materials. These lower
resistive zones range between 1290 – 3850 ohm.m.

Profile-1 shows possible hydraulic connection between the boreholes and the river. The
hydraulic connection between the river and the shallow aquifer can be seen along the
x - axis at approximately 110 m to a depth of 10 m below the surface.

55

5.3.2 Profile-2
The resistivities along Profile-2 indicate zones of high resistivity (purple contours) at
depth. While zones of lower resistivity (green–red contours) are situated closer to the
surface also between station 240 m and 320 m which extends to the 60 m depth of the
profile, and lastly very low resistivity (blue–cyan contours) between station 0–80 m
along the x-axis (Figure 5.8).

Figure 5.8:

Shows geophysical profile line parallel to the river showing positions of
structures intersecting the river channel.

The high resistive zones (purple contours) are interpreted as solid sandstone bedrock
whereas the lower resistive zones (green–red contours) are interpreted as highly
weathered areas as seen between station 60 – 80 m and 240 – 320 m along the x-axis,
usually interpreted as fault zones The higher resistive sections indicate low porosity
zones of competent rock and therefore less weathered areas. Weathered or transported
zone thickness of 5 - 15 m occur along the length of the river. The highly conductive
zone in the NE indicated by the blue–cyan contours was caused by a pipe line situated
underground, which is filled with different material.
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Surface geophysics at BRM1 shows connectivity of the borehole site and the river, it
also illustrates distinct geological structures such as fault zones. Surface geophysics
indicates potential preferential flow zones within the formation and covers large spatial
areas. Depth of investigation extends about 60 m and therefore deep fractured rock
aquifer characterisation is not an option with this method.

The lowest resistivities (high conductance) obtained in the sandstone imply that the
pore spaces in the rock are saturated with water, whereas the highest values represent
strongly consolidated sedimentary rock or dry rock above the groundwater surface.
Sand, gravel and sedimentary rock may also have very low resistivities, provided that
the pore spaces are saturated with saline water.

Although surface geophysics indicates that the top part of the aquifer is highly
weathered and faulted it does not characterise the individual fracture properties. It does
however show hydraulic connections between groundwater and surface water systems,
the weather/transported material (unconsolidated zone) and densely fractured and
faulted zones.
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5.4

BOREHOLE GEOPHYSICS AND CAMERA LOGGING

Borehole geophysics is a useful method to obtain in-situ geologic information and
fracture characteristics. Borehole geophysics and camera logging were therefore
conducted in three boreholes namely BRM1_BH1, BRM1_BH2 and RAW_BH3 (see
Appendix B for data). The results obtained were used to determine individual fracture
positions and rock properties such as thickness, density and porosity and transmissive
zones.

5.4.1 BRM1_BH1 (Franschhoek)
Borehole geophysics was conducted in BRM1_BH1 (Figure 5.9). Fourteen fractured
zones or individual fractures were identified using both caliper and density logs. It was
also found that certain fractures and flow zones are related to bedding planes.
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Figure 5.9:

Interpretation of borehole geophysics at BRM1_BH1 showing fracture positions, change in geological formations and depositional zones.
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Fractured zones were indicated by caliper logging where break out zones near fractures
result in changes in the borehole diameter. Ten distinct fractures or fractured zones
were observed during caliper logging. The first few meters (10 - 18 m) along the
borehole wall are wider than the rest of the borehole and are shown on the caliper log.

Low density peaks observed during density logging indicate eleven fractures of which
only nine correspond with the one-arm caliper.

Streaming potential is one of the three main natural potentials measured during SP
logging. Streaming potential is caused by the movement of fluid in the formation
containing ions (U.S. EPA, 1993). The SP log shows a general increase in positive
value within the casing. According to the U.S. EPA (1993), this tool should be used in
an uncased borehole. The deflection observed between 10 - 20 m is interpreted as flow
zones in the weathered/transported zone. Deflections are also seen between 44 - 47 m
and 51 - 56 m also interpreted as flow zones. These two flow zones are possible the
major water bearing fractures within the borehole column. Slight deflections observed
at 31, 100, 129 and 139 - 154 m are indicative of possible flow zones. The zone at
100 m corresponds with a bedding-plane contact zone shown on both the natural
gamma and neutron log.

The neutron log indicates zones with high porosity. These layers are compared or
plotted relative to the fracture positions shown by the caliper and density log. The
neutron log also indicated high porosity values along the granite zones. The neutron
probe

does

however

need

to

be

re-calibrated

for

different

rock

types

(Johnson et al., 2005). This was not completed.

Higher natural gamma counts are seen between 137 - 139 m, indicating high shale
content (Chopra et al., 2002). A high natural gamma count was also observed between
145 m and the bottom of the borehole. This is due to the presence of shale from the
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Graafwater Formation and granites from the Cape Granite Suite. This correlates with
drill logs at BRM1_BH1 which indicate weathered shale in the Peninsula Formation,
purple shale in the Graafwater Formation and granites of the Cape Granite Suite
between 137 – 160 m. Different depositional zones were also observed on both natural
gamma and neutron logs. Certain fractures originate at the contacts between these
depositional zones and can be seen when correlating density, caliper, neutron and
gamma logs.

Borehole camera logging was used to visually inspect the casing, borehole wall,
position of fractures and geology. The borehole camera indicates that the approximate
depth of the casing is 10 m and is consistent with the geophysical logs and the drillers
report. The plates below are snapshots of the camera logs completed in BRM1_BH1.
Observations top to bottom correspond with geophysics logs.

Plate 1: Casing depth at 10 m, consistent with
caliper and density logs.

Plate 2: Vertical fracture at a depth of 22 m;
observed on density log only.
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Plate 3: Horizontal fracture at 29 m is not
shown on the caliper, density, SP or neutron
log. High shale content is observed at same
depth on natural gamma log. Associated with
possible bedding plane.

Plate 4: Highly fractured zone at 42 m (water
strike). This is visible on the caliper log and
not the density. Correlates with water strike
observed during drilling.

Plate 5: Highly fractured zone at 45 m (water
strike at 48 m). Fractures are shown on
caliper and density logs. Distinct change in SP
log indicating flow zone.

Plate 6: Angular breakout of borehole wall
not shown on caliper log due to limitation of
one arm caliper.

Plate 7: Highly fractured zone at 68 m shown
on density log but not on caliper.

Plate 8: Vertical fracture at 74 m shown on
both caliper and density logs.
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Plate 9: Solid rock at 123 m, same depth where
water strike was reported during drilling.

Plate 10: Highly fractured zone at 125 m.
Anomalies seen on caliper, density and
neutron logs.

Plate 11: “Unfractured” granites between 145
and 162 m.

Plate 12: Water becomes milky at 154 m,
camera logging is terminated.

Based on the camera logging, not all fractures correlate to the caliper and density logs.
Water strikes recorded during drilling are not consistent with breakouts zones observed
on camera logs however the water strike at 42 m correlates well with the fracture
positions observed during camera logging. Geophysical logs such as density also shows
much more fracture positions than the caliper. This is possibly due to the limitation of
the one-arm caliper.

The horizontal fracture at 29 m (Plate 3) is not visible on the caliper, density or neutron
log (Figure 5.9). A deflection is observed on the SP log at this depth which is
interpreted as a flow zone. Various zones are also observed during camera logging
where vertical fractures have been intersected (Plate 2 and Plate 8). These vertical
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fractures are not shown by the geophysical data. These vertical fractures are important
as they can be significant preferential pathways for groundwater flow and possible
contaminant transport.

At 34 – 35 m a change in rock colour was observed during camera logging. When
comparing the drill logs a dark grey shale layer was found at 34 m. Zones on the SP log
between 44 - 47 m corresponds to similar fracture zones indicated on the caliper and
density logs as well as the high porosity value on the neutron log. Water strikes
recorded during drilling are situated at 42 and 48 m and are relatively close to these
transmissive zones. The transmissive zone on the SP log between 51-56 m does not
however correspond with any of the other geophysical logs.

Camera logging indicated that the granitic formation begins at 146 m. However, during
drilling purple shale representative of the Graafwater Formation were found. The latter
indicates that there is at least a 1 m offset of data during drilling at BRM1_BH1. Plate
11

indicates that the granitic formation observed between 146 and 162 m appear to be

unfractured which is consistent with the geophysical logs.

5.4.2 BRM1_BH2 (Franschhoek)
Borehole geophysics was conducted in BRM1_BH2. Seven fractured zones were
identified using both caliper and density logs. The SP log shows possible flow zones,
while the natural gamma log indicates depositional zones and associated thicknesses
and change in lithology (Figure 5.10). Based on the caliper log an estimated casing
depth of approximately 7 m is observed.
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Figure 5.10: Interpretation of borehole geophysics at BRM1_BH2 indicating fractured, depositional and flow zones.
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The caliper log in BRM1_BH2 shows large breakouts along the borehole wall between
8 – 18 m, 20, 21 – 23 m, 27 - 32 m, 33 – 35 m, 38 - 42 m and 52 – 54 m. These
breakout zones are interpreted as large fractured zones.

Anomalies in density logs correspond with fractured zones shown on the caliper logs.
Three of the very small breakout zones indicated by the caliper log at: 20, 23 and 40 m
do not show on the density log.

The SP log shows a deflection long the borehole between 9 and 13 m. This is
interpreted as possible flow zones. The latter corresponds with the large breakout zone
shown on the caliper log. A slight SP deflection indicating a flow zone is observed
between 27 – 32 m. This zone corresponds with the fractured zones indicated by both
the caliper and density log. An even smaller deflection is also observed between 47 - 55
m. This zone does not correspond with any other geophysical logs.

The high natural gamma counts between 7 – 10 m, 18 - 22 m and 45 – 52 m is possibly
caused by thin weathered shale layers. Slight anomalies are also observed at 15 m,
26 m, 29 m, and 35 m. Shale layers were not found during drilling in BRM1_BH2 but
were found in BRM1_BH1. These shale layers are highly weathered and disintegrate
when touched. It is therefore possible that the shale may have disintegrated during
drilling and therefore not visible in the drill logs. The gamma log can also be
interpreted to show different depositional zones.

Camera logging is once again used to visually inspect the casing, borehole wall,
position of fractures and geology. Again, not all camera log fractures correspond on the
caliper and density logs. The borehole camera indicates that the approximate depth of
casing is 9.3 m. This does not compare well with the caliper and geophysical logs. The
plates are snapshots of the camera logs completed in BRM1_BH2. Observations top to
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bottom correspond with geophysics logs where geophysical logs show changes or
deflections.

Plate 13: Casing depth at 9.3 m inconsistent
with caliper log.

Plate 14: Angular breakout or fracture at
10 m. Shown on caliper at start of large
breakout zone. SP log indicating a flow zone
at this point.

Plate 15: Lots of weathered/transported
material at 10.5 m with large cavities in the
wall.

Plate 16: Horizontal fractured zone at 15.2
m. Shown on caliper at start of large
breakout zone. SP log indicating a flow zone
at this point.
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Plate 17: Colour change indicating possible
change in lithology. Anomaly shown on
natural gamma log therefore interpreted as
shale.

Plate 18: Highly fractured zone at 29.8 m.
Fractured zone shown on both caliper and
density log. Slight SP deflection at 27-32 m
interpreted as a flow zone.

Plate 19: Fractured zone at 39.6 m, only
shown on caliper log (Water strike at 38 m
from drill log)

Plate 20: Fractured zone at 49.5 m. Only
shown by change in gamma where a slight
change in formation composition is
observed. Correlates with water strike
obtained during drilling.

The camera logging also shows that not all fractures are observed during caliper and
density logging. Fractured zone observed during camera logging correlates with water
strikes recorded during drilling (Plate 19). SP log does not however indicate this zone
to be a flow zone.
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5.4.3 RAW_BH3 (Gevonden)
Geophysics and camera logging was carried out at Gevonden in only one borehole
(Raw_BH3). No drill logs are available for this borehole and therefore we will rely on
geophysical data to indicate fracture/ breakout zones and geology (Figure 5.11).
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Figure 5.11: Borehole geophysics showing correlations between different logs at Gevonden Site (RAW_BH3).
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The caliper log indicates a large breakout zone shown between 16 – 31 m. This is
interpreted as a highly fractured zone. The caliper also shows a change in borehole
diameter at 169 m extending all the way to the bottom of the borehole.

The density log also indicates 15 fractured zones or individual fracture positions. These
zones are indicated by low density peaks. Majority of these peaks correlates well with
the caliper log.

The SP log shows a deflection between 33 - 39 m which is interpreted as a flow zone
(U.S. EPA, 1993). This flow zones correlates with a fracture observed on the caliper log
at 37 m. A slight SP deflection is seen at 53 m, which is seen on the caliper, density and
neutron log as well. An even greater deflection is observed between 127 - 159 m,
interpreted as a very prominent flow zones. These flow zones correlate with fracture
positions on both the caliper and density log. The SP log indicates that few of these
fractures have flowing water.

The neutron logs show high porosity values associated with fracture positions. These
fracture positions correlate to positions shown on either caliper or density logs, although
most times it is seen on both logs. The neutron log does however show fewer fracture
positions compared to the caliper and density logs. The neutron log also indicates zones
or layers with similar porosity values.

An increase in natural gamma is seen around 35 m. No drill log is available for this
borehole to confirm whether the increase is caused by shale or clay. A drill log is
however available for RAW_BH2 (approximately 68 m away) in the study completed
by Lin (2007). This log shows layers of shaly siltstone at certain depths. As both these
boreholes are situated in the Peninsula Formation and are fairly close, it is possible that
these shaly layers may have caused the high natural gamma readings. Different
depositional zones are interpreted from the natural gamma log and are indicated by the
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red dashed line. An overall increase in natural gamma in RAW_BH3 is also observed
from 151 - 200 m. The log for RAW_BH2 by Lin (2007) indicates that a layer between
138 - 165 m of medium bedded shaly siltstone is found and may be the cause of this
increase.

Borehole camera logging was once again used to visually inspect the casing, borehole
wall, position of fractures and geology. The borehole camera confirms that the casing is
approximately 16.9 m deep. Camera logging in RAW_BH3 at Gevonden was however
problematic in some areas as the groundwater seemed somewhat milky, making it
difficult to see the borehole wall. A sudden change in water colour was noted around
48 m where the water became clear. This may be due to a fracture causing fresh water
to enter the borehole and displace or dilute the milky water. The camera logging was
terminated at a depth of 63 m due to loose rocks in a fracture endangering the large
diameter borehole camera. The plates are snapshots of the camera logs completed in
RAW_BH3. Observations top to bottom correspond with geophysics logs.

Plate 21: Casing depth at 16.9 m

Plate 22: Fracture zone shown as part of
large breakout zone on caliper log.
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Plate 23: Fracture zone at 26 m. Part of
large breakout zone one caliper. Also shown
on density log as fracture positions.

Plate 24: End of large breakout zone shown
on caliper. Nothing shown on other logs.

Plate 25: Fracture zone at 48 m, only shown
by caliper log. Water becomes clearer.

Plate 26: Fracture zone at 53.2 m indicated
by caliper and density logs. SP log shows a
deflection to the negative value indicating a
flow zone.

Plate 27: Fracture zone at 54.3 m only shown
on density log.

Plate 28: Highly fracture zone at 63.6 m
shown on density log only.
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Based on the camera logging it is once again clear that not all fractures are shown
during caliper and density logging. Geophysical logs such as density also shows much
more fracture positions than the caliper. This is due to the limitation of the one-arm
caliper only measuring in one direction. Depositional zones were identified. These
depositional zones correspond to fractured zones observed during caliper and density
logging.

5.4.4 Summary of Geophysical and Camera Logging
Geophysical logs played a significant role during fractured rock aquifer characterisation
as it identified fracture positions, zones of groundwater flow, geology, thicknesses of
depositional zones, and density and porosity of the formation. These geophysical tools
assisted with deep fractured rock aquifer characterisation whereas surface resistivity
profiling only concentrated on the shallower aquifer. Camera logging was used to
visually inspect fracture depths and to confirm observations made during caliper and
density logging. These methods were successfully applied to qualitatively and
quantitatively characterise the fractured rock aquifers at the research sites.

The results obtained during logging illustrate that not all probes show zones associated
with potential fracture positions at the same depth. The SP logging data also identified
zones of one or more transmissive fractures, but was not able to determine how many
individual fractures contributed to flow in the borehole. These transmissive zones did
not always correspond to water strikes recorded during drilling. It was also observed
that certain fractures are associated with depositional planes.

Understanding the geology and the surrounding environment prior to geophysical
logging is beneficial as it, in most cases, confirms borehole geological/lithological logs.
For example, drill samples at BRM1_BH1 provide evidence that very brittle shale
layers exist. These shale layers disintegrate when touched and were not always visible
during drilling due to its brittle nature. As a result, the high gamma counts observed
during gamma logging provide evidence of the shale layers.
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An essential observation made during geophysical and camera logging is that not all
fractures are shown on the geophysical logs. This is due to the fact that each of these
geophysical methods used measures different properties. It is therefore proposed that
results from these methods should be combined to characterise the fractured rock
aquifer. Table 5.1 is an assessment of the value of each method for fractured rock
aquifer characterisation.

Table 5.1:

Advantages and disadvantages of borehole logging methods to characterise
fractured rock aquifers as used in BRM1 and Gevonden boreholes.

METHOD

ADVANTAGE

DISADVANTAGES

One-arm caliper

Determine change in BH
diameter, breakouts
associated with fracture
positions.

One arm logging one side
of BH wall.

Gamma Gamma or density

Measure density of
formation, low density
interpreted as fracture
positions. Works in an
uncased or cased.

Not quantitative.
Sometimes shows more or
less fractures than other
geophysical methods.

Self Potential

Determines groundwater
flow zones.

Dependant on the ions in
solution. Cannot work in
cased BH.

Neutron

Determine porosity of
formation. Indicates high
porosity/fracture position
and depositional zones.

High porosity values don’t
always correlate with
fracture positions shown on
other logs.

Natural gamma

Indicates change in
geology, depositional
zones, possible
groundwater flow on
formation contact zones.

High gamma radiation
from shale is
indistinguishable from that
produced by granite.

Camera

Visual observations of
casing depth, fracture
positions and orientation,
change in geology and
other structural features.

Colour of the water may
obscure optical view.
Loose rocks are a problem
for large probes.
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5.5

CONSTANT DISCHARGE (CD) TEST

Constant Discharge (CD) tests were conducted in BRM1_BH1 and RAW_BH3 to
determine the borehole properties such as Transmissivity, Storativity, flow regimes and
boundary conditions. CD tests in BRM1_BH1 were conducted at different discharge
rates to determine whether aquifer properties vary. The results obtained proved to be
beneficial for characterisation of boreholes/local aquifer properties. The data are
provided in Appendix C.

5.5.1 Constant Discharge (CD) test at BRM1 (Franschhoek)
A 72 hr CD test at 2 l/s was conducted in BRM1_BH1. The static water level was
6.925 mbgl. At the end of the test a total drawdown of 6.35 m (13.56 mbgl) was
observed (Figure 5.12).

Figure 5.12:

Drawdown behaviour during 72 hr CD Test in BRM1_BH1 showing wellbore
storage and fracture contribution to flow.
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Water levels drawdown relatively fast in the beginning of the test which is caused by
wellbore storage as a slope of approximately 1 on the log-log plot is observed. Water
levels stabilized at 11.96 m after 140 min (16 800 l). Water levels remain relatively
stable with a slight increase in drawdown to 12.075 m after 540 min (64 800 l). After
1200 min (144 000 l) a sudden increase in drawdown is observed, water levels drop to
12.29 m. The graph then flattens out at 2400 min (288 000 l) at a depth of 13.56 m
until the test was terminated.

The first derivative plot indicates several sinuous wave forms (Figure 5.13). These
waves indicate a change in pressure which is caused by fracture contribution to flow.

Figure 5.13:

First Derivative of 72 hr CD test showing gradient and time of change in
drawdown trend.
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The overall trend of the first derivative during early time (8 - 140 min) after wellbore
storage is generally a horizontal straight line indicating radial flow. Thereafter fractures
begin to contribute. Fractures tend to act confined due to the impervious matrix block
above and below them. Once the fractures contribute to the borehole, the response is
similar to that of a confined aquifer. The pressure in the fracture is released, causing a
change in rate of water level, shown by a drop in the derivative. The fracture
contribution then reaches equilibrium with the surrounding matrix, behaving
unconfined causing the derivative to increase again.

A drastic drop in the first derivative is observed at 1686 min (202 320 l). The
derivative drops from 7.93 - 0.22. This is usually interpreted as a recharge boundary or
a leaking aquifer where the matrix leaks to the aquifer.

Based on the geophysical and camera logging we know that there are at least two
massive fractures that contribute to flow. These fractures can be significant in extent
and may be linked to other fractures. Due to the extent of these fractures it may seem as
though a recharge boundary is reached.

A transmissivity of 31.67 m2/d was estimated using the Cooper Jacob method during
early times where fracture contributions are more prominent, and a storativity value of
3.28 x 10-3 was estimated.

A second CD test at 4 l/s was conducted. The static water level was 6.87 mbgl. The
duration of the test was 17 hrs (1020 min) and total drawdown of 12.98 m (19.85 mbgl)
was observed. During the first five minutes of the test the discharge rate was adjusted to
the proposed yield and therefore drawdown was slightly slow. Once the rate was set to
4 l/s an instant decrease in drawdown was observed (Figure 5.14).
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Figure 5.14:

Drawdown behaviour during 17 hr CD Test in BRM1_BH1showing wellbore
storage and fracture contribution to flow.

The log-log plot indicates a slope of 1 indicative of well-bore storage during early time.
A slight change in gradient is observed at 210 min (50 400 l) thereafter drawdown
remains constant and can be interpreted as pseudo-steady state conditions.
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Figure 5.15:

First Derivative of 17 hr CD test showing gradient and time of change in
drawdown trend.

The derivative plot shows a relatively horizontal straight line interpreted as infinite
radial flow. No boundary conditions were observed. Minor fracture contributions do
occur but do not dominate flow contributions at this rate and duration.

A transmissivity of 23.8 m2/d was estimated using the Cooper Jacob method during
early times where fracture contributions are more prominent, and a storativity value of
1.12 x 10-3 was estimated.
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5.5.2 Constant Discharge (CD) test at Gevonden (Rawsonville)
The test was conducted at a constant rate of 1.67 l/s. A static water level of 3.34 m was
measured. The borehole was pumped for 37 hrs. A total drawdown of 8.24 m
(11.66 mbgl) was observed at the end of the test (Figure 5.16).

Figure 5.16:

Drawdown behaviour during 37 hr CD Test in RAW_BH3 showing fracture
contribution to flow.

Water levels drawdown steadily during pumping. Drawdown data observed indicate
slight fracture contributions as stabilization of water levels occurs at 230 min (23 046 l)
and 960 min (96 192 l). As the test proceeded drawdown decreased and the graph
slowly stabilized indicating that possible pseudo-steady state have been attained.
During the last three hours of the test water levels remained stable.
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Figure 5.17:

First Derivative of 37 hr CD test showing gradient and time of change in
drawdown trend.

During pumping the derivative increases at the beginningg of the test indicating that the
top primary aquifer may be leaking. After 60 min (6012 l) the derivative starts to
decrease as fractures start to dominate flow. Small sinuous waves observed and are
interpreted as contributing fractures which act confined in the beginning and over time
becomes unconfined. After 660 min (66 132 l) the derivative drops dramatically,
indicating possible recharge boundary conditions; however after 1080 min (108 216 l)
the derivative starts to increase. This drastic drop in derivative may have been caused
by a large contributing fracture. Although the drawdown plot indicated possible
pseudo-steady state conditions the derivative plot shows that the drawdown only
flattens due to dominant contributing fracture.

A transmissivity of 10.7 m2/d and a Storativity of 1.68 x 10-2 were estimated using the
Cooper Jacob method.
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5.5.3 Summary of Constant Discharge Tests
Constant Discharge (CD) tests at both research sites were used to gain an understanding
of the borehole properties and the aquifer characteristics feeding the borehole. The
latter was done by using derivative plots to identify boundary conditions and flow
regimes. CD tests were also used to determine hydraulic properties of the aquifer such
as Transmissivity and Storativity.

In BRM1_BH1, pumping at low rates (2 l/s) and/or longer durations show boundary
conditions after 1686 min (202 320 l) causing a drastic drop in transmissivity to 0.7
m2/d which is related to the significant increase in drawdown. However, pumping at
higher rates (4 l/s) and/or for shorter durations, no boundary conditions were observed
after removing the same volume as the first test (202 320 l or 843 min). At lower
discharge rate drawdown is less and fewer fractures contribute. A larger area for
contribution is affected at late times. Based on the results obtained in this study, best
practice would be to pump the borehole at higher yields and shorter durations to ensure
sustainable and efficient use.

CD tests do not provide properties fracture position/depth, individual fracture
transmissivity and flow directions, which are essential components when characterising
fractured rock aquifers. It is believed that the flattening of the drawdown curve usually
indicates dewatering of fracture positions. However, when fractures contribute to the
borehole, the response is similar to that of a confined aquifer. When the pressure in the
fracture is released, it cause a change in rate of water level, shown by a drop in the
derivative. The fracture contribution then reaches equilibrium with the surrounding
matrix, behaving unconfined causing the derivative to increase again. Based on the
pumping test results it is evident that fractures strongly influence the movement of fluid
through the formation and therefore using the basic equation developed for
homogenous aquifers will not sufficiently describe the flow in this aquifer. The
pumping test results also provided hydraulic results for the borehole. Pumping test does
not delineate individual fracture properties.
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5.6

FLUID ELECTRICAL CONDUCTIVITY (FEC) LOGGING

5.6.1 Natural Water Quality Logging In BRM1_BH1 (Franschhoek)
Natural water quality logs (Figure 5.18) were used to identify values, trends or rate of
change which can be interpreted to provide information such as change in geology and
zones of groundwater flow. See Appendix D for data.

Figure 5.18:

Natural water quality logs of BRM1_BH1 showing possible groundwater flow
zones and change in geology.

Specific Conductance shows distinct changes at roughly: 49, 71, 125, 133 and 143 m.
These values correspond with deflections observed on the temperature logs. Only two
deflections on the pH log correlates with the specific conductance and temperature logs
at 133 m and 143 m.

The distinct change in gradient observed at: 49, 71, 125, 133 and 143 m may be
interpreted as isolated fractures which contributed to flow under ambient conditions.
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Geophysical and camera logging indicated that there are several fractures along the
borehole wall. Logging of natural water quality indicated that not all fractures flow
under ambient conditions, and therefore proved to be unsuccessful for identification of
fracture positions. The temperature does however indicate that there is a downward
movement of water within the borehole column.

5.6.2 Ambient Fluid Electrical Conductivity (AFEC) logging in
BRM1_BH1 (Franschhoek)
FEC logging in BRM1_BH1 was used to identify transmissive zones within the
borehole. FEC logging was first conducted under ambient conditions (Figure 5.19) for
369 minutes.

Figure 5.19:

Ambient FEC (AFEC) and caliper logs of BRM1_BH1 showing inflow,
outflow and zero flow zones as well as flow direction.
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Results obtained indicated that possible inflow zones are situated closer to the top of
the borehole between the casing and 17 m, with a downward movement towards several
outflow zones at: 56, 68, 125, 135 and 144 m (Appendix E). These zones were
identified when using the early time signature peaks (“initial salt” log).

The average background specific conductance of the borehole in the quartzitic
sandstones is 0.043 mS/cm and 1.3 mS/cm for the granites. Once salts were added the
specific conductance was increased to roughly 2 mS/cm between 38 - 99 m. Dilution of
salts took place at the end of the casing, indicating that it is in contact with the
weathered zone identified during surface geophysics. A high flow zone was observed
between the casing and 17 m during visual inspection of the FEC log and based on the
signature peaks are interpreted as inflow zones. These inflow zones feed water into the
borehole and move downward to fractures at 125, 135 m and further to 144 m.

The signature observed during ambient fluid electrical conductivity (AFEC) logging is
indicative of both inflow and outflow feed points (Figure 5.20). Outflow zones
therefore also exist along the borehole wall possibly at 56, 68 and 125 m and further
down closer to the bottom of the borehole at 135 m.

Figure 5.20:

A – inflow and outflow signature (Doughty and Tsang, 2000); B – flow
signature during AFEC logging in BRM1_BH1.
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No dilution or peaks were observed between 144 - 160 m and is interpreted as a zero
flow zone. This zero flow zone correlates with observations made during drilling,
geophysics and camera logging. The zero flow zone is found in the “unfractured”
granite formation.

The data obtained after the initial log was inserted into the input folder used by
BOREII. Initial guesses of fracture locations, flow rates and flow directions were made
based on visual inspections. These guesses are also inserted into the input file which
will be used in the model. Calibration of the data is then done by trial and error
adjusting fracture locations and yields until the measured data matched the simulated
data. Figure 5.21 indicates the best fitted data.
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Figure 5.21:

Calibration graph for AFEC logging at BRM1_BH1 obtained during
simulation of fracture location and yields.

Results obtained during BORE II simulations indicate fracture positions, flow direction
and estimated yields (Table 5.2).
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Table 5.2:

Fracture yields and flow direction obtained during BORE II calibration of
individual fractures identified during qualitative interpretations of AFEC
logging.

Fracture depth
(m)

Yield (ll/s)

Inflow

10
10
16
16
56
68
125
135
144

3
0.5
0.5
2
0.5
0.1
2.9
0.8
0.3



Outflow










AFEC logging assisted with flow under ambient hydraulic head conditions such as
inflow and outflow, flow direction and flow contributions within the borehole. The
BORE II simulation indicate that the total flow under ambient conditions equal zero.
AFEC logging in BRM1_BH1 does not show as many fracture positions as geophysical
and camera logging and may be due to the fact that there is no head difference between
the borehole and fracture , hence zero flow occurs under ambient conditions.

5.6.3 Flowing Fluid Electrical Conductivity (FFEC) logging in
BRM1_BH1 (Franschhoek)
FFEC logging was conducted at two pumping rates in BRM1_BH1 to determine
fracture contributions and to understand how fracture flow rates vary with different
pumping rates. FFEC logging is generally conducted in the same manner as AFEC
logging. FFEC logging however requires low pumping rates of the borehole which
causes a slight lowering in water levels in the borehole creating a hydraulic gradient,
towards the borehole allowing fractures to contribute.
FFEC logging at 0.6 l/s lasted 355 minutes while FFEC logging at 1 l/s lasted 380 min.
Fracture positions obtained during both tests are compared to fracture positions
identified during caliper logging in Figure 5.22. Results obtained from these
comparative datasets proved to be beneficial for fractured rock characterisation as it
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provides information such as fracture location and flow rates which are essential
parameters for aquifer protection.

Figure 5.22:

Flowing FEC (FFEC) at 0.6 and 1 l/s of BRM1_BH1 showing feed points
correlating to caliper log.

The natural specific conductance measured before inserting salt was approximately
0.034 mS/cm in the quartzitic sandstones and 1.3 mS/cm in the granites. After salt sock
injection specific conductance increased to an average 0.8 mS/cm and 3.2 mS/cm,
respectively. Once pumping conditions were induced, fractures start to contribute due
to the change in head, causing fresh water to enter the borehole and ultimately causing
dilution of salts at the inflow points.
The specific conductance measured before inserting salt for the 0.6 l/s FFEC was
approximately 0.033 mS/cm in the quartzitic sandstones and 4.4 mS/cm in the granites.
After salt sock injection the specific conductance was increased to an average
0.7 mS/cm. The salts in the granites remain the same and are even higher than the
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background conditions in the first FFEC logging test. The borehole was pumped at 1 l/s
to increase the flow relative to the previous FFEC at 0.6 l/s. As increased pumping
rates were induced, fracture start to contribute and signature peaks are formed where
fresh water replaces/ dilutes salty water.

Based on the signature peaks observed during visual inspections, inflow feed points
were located at depths 26, 41, 47, 54, 56, 111, 120, 125, and 135 m. Additional
fractures relative to those indicated by AFEC logging were contributing to the borehole
under pumping conditions.

The inflow feed points observed during visual inspections were inserted as initial
guesses in the numerical model. Fracture depths, yields and concentrations were
adjusted by trial and error until the simulated data matched the measured data.
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Figure 5.23:

Calibration graph for FFEC logging (0.6 l/s) at BRM1_BH1 obtained during
simulation of fracture location and yields.
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Figure 5.24:

Calibration graph for FFEC logging (1 l/s) at BRM1_BH1 obtained during
simulation of fracture location and yields.

The sum of all fracture yields were based on the discharge rate of the pump. The results
obtained from the BORE II calibrated data indicate that all fractures were inflows under
pumping conditions (Table 5.3).
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Table 5.3:

BORE II simulations of fracture yields of BRM1_BH1 obtained during FFEC
logging at 0.6 l/s.

Fracture
depth (m)
26
41
47
54
56
111
120
125
135

Yield
(0.6 l/s)
0.133
0.083
0.150
0.067
0.100
0.002
0.002
0.067
0.010

Yield
(1 l/s)
0.217
0.117
0.383
0.067
0.275
0.010
0.010
0.117
0.023

In flow











The increased pumping rate was used to determine the relative increase of individual
fracture yields which were used to calculate individual fracture transmissivity. The
individual fracture yields were obtained during BORE II calibration and were used
along with the early T-value estimated during the CD tests to calculate individual
fracture transmissivity (Table 5.4).

Table 5.4:

The difference between individual fracture yields estimated during BOREII
simulations and individual fracture transmissivity values of BRM1_BH1

Fracture depth
(m)
26
41
47
54
56
111
120
126
135

∆q

(ll/s)
0.0870
0.0370
0.2300
0.0030
0.1800
0.0980
0.0980
0.0530
0.0100

T-values
(m2/d)
3.46
1.47
9.15
0.12
7.16
3.90
3.90
2.11
0.40

The fractures with the greatest transmissivity show the greatest change in yield when
the discharge rate is modified. The fractures with the greatest change are situated at 47
and 56 m. These highly transmissive zones correlate with zones observed during SP
logging in section 5.4.1. The same fractures that responded in the first FFEC test
responded in the second. The fracture yield at 54 m remains constant and no change is
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observed when the pumping rate is doubled. This fracture is the least transmissive of
them all.

In comparison to the caliper log profile fewer fractures contribute water to the borehole
than identified from breakout zones, indicating that not all breakout zones along the
borehole wall are transmissive fractures. Outflow zones do not show strong signatures
that make them clearly identifiable. BORE II modelling provided more precise fracture
positions and flow rates.

Zero flow was observed during both AFEC and FFEC logging between 144-160 m.
This zone is formed in the granitic formation. Very little water is exchanged between
the borehole and the matrix.
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5.6.4 Natural water quality logging in RAW_BH3 (Rawsonville)
Natural water quality logs (Figure 5.25) were once again used to identify values, trends
or rate of change which can be interpreted to provide information such as change in
geology and zones of groundwater flow. See Appendix D for data.

Figure 5.25:

Natural water quality logs of RAW_BH3 showing possible fracture positions
and change in geology.

The distinct change in gradient observed at: 33, 50, 76 and 146 m is interpreted as
isolated fractures which contributed to flow under ambient conditions. Geophysical and
camera logging indicated that there are several fractures along the borehole wall.
Logging of natural water quality indicated that not all fractures flow under ambient
conditions, and therefore proved to be unsuccessful for identification of fracture
positions.
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5.6.5 Ambient Fluid Electrical Conductivity (AFEC) Logging in
RAW_BH3 (Rawsonville)
FEC logging in RAW_BH3 was used to identify transmissive zones within the
borehole. FEC logging was first conducted under ambient conditions (Figure 5.26) for
85 minutes.

Figure 5.26:

Ambient FEC and caliper profiles of RAW_BH3 showing main contributing
fracture depths and flow directions.

Results obtained indicated that inter borehole flow occur under ambient conditions in
all directions due to variation in fracture hydraulic head at different depths. The initial
guesses observed during visual inspections are that inflows are seen at: 74, 95 and
110 m while out flows are seen at: 49, 130 and 140 m. These guesses correspond well
with caliper data. See Appendix E for data.
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The natural specific conductance of the water in the borehole before salt sock injection
was about 0.04 mS/cm between 16 - 144 m, thereafter increasing to about 0.2 mS/cm
between 144 - 194 m. Once the salt was added the specific conductance increased to
roughly 0.2 mS/cm between the 16 - 144 m and 0.3 mS/cm between 144 - 194 m.
During the initial log dilution of salts already occur around 74 m where specific
conductance is roughly 0.08 mS/cm. Some interfering peaks were seen at 63 and 69 m
interpreted as minor inflow points.

The initial guesses observed during visual inspections for inflow and outflow feed
points are at: 49, 63, 69, 74, 95, 110, 130 and 140 m. Based on the signature peaks
observed it is assumed that fresh water enters the borehole at 74 m and moves upward
towards an outflow around 49 m (Figure 5.27).

Figure 5.27:

AFEC logging in RAW_BH3 showing inflow at 74 m with upward flow
towards an outflow at 49 m.

Fresh water also enters the borehole at 95 and 110 m and moves up and down the
borehole respectively. The zone between 94 and 109 m is a low flow zone (Figure
5.28).
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Figure 5.28:

AFEC logging in RAW_BH3 showing inflows at 95 m and 110 m moving up
and down the borehole respectively.

The water that enters the borehole at 110 m moves downward out flows out at between
130 and / or 140 m. Thereafter, no distinct peaks are seen and it is assumed that very
little or zero flow occurs between 141 and 200 m.

Figure 5.29:

AFEC logging in RAW_BH3 showing inflows at 110 m moving down the
borehole towards outflow.

99

To confirm whether or not up flow of groundwater occurs between 74 and 49 m in
RAW_BH3 a multi-parameter probe was inserted at a fixed position in the borehole at
56 m to measure the specific conductance before, during and after tracer injection.

A sock filled with salt i.e. the tracer, was lowered down the borehole to approximately
70 -75 m. The sock was left between 70 – 75 m for a few minutes to increase the salt
concentration, then removed. The fixed point multi-parameter probe was left in the
borehole for roughly 3 hours and 50 min. Live data was monitored at the surface to
determine when to stop the test.

Simultaneously, a second multi-parameter probe was used to log the borehole at
different time intervals to obtain an Ambient FEC log.

The fixed depth multi-parameter probe indicated that the start of the salt plume, which
was inserted at 70 - 75 m, reaches the multi-parameter probe approximately 31 minutes
later (Figure 5.30) and the peak of this plume reaches the probe roughly 54 minutes
later. After 2 hours and 13 minutes the specific conductance of the groundwater is very
close to natural conditions indicating that the plume has moved past this zone (56m).

Figure 5.30: Tracer test indicating the time it takes for a salt plume to move from ~70 m to
56 m.
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The AFEC profile indicates that water enters the borehole at approximately 74 m and
moves upwards (Figure 5.31). Groundwater then flows out of the borehole at 49 m
causing salt to be removed with the water.

Figure 5.31: AFEC logging in RAW_BH3 indicating an inflow at 74 m with upward flow
towards and outflow at 49 m.

The up flow of the water between the two identified fractures is confirmed. Both the
fixed point and moving specific conductance data supports the movement of salt up the
borehole column. It is therefore concluded that the interpretation of the Ambient FEC
data is correct.
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The BORE II software was then used to simulate fracture positions and flow rates by
trial and error based on the initial guesses.

Figure 5.32: Calibration graph for AFEC logging at RAW_BH3 obtained during simulation
of fracture location and yields.

The results obtained indicate that the initial guesses which include both fracture
positions and flow directions are correct. The BORE II simulations also show that a few
minor fractures also contribute to flow (Table 5.5).
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Table 5.5:

Fracture yields of RAW_BH3 obtained during BORE II simulations under
ambient conditions.

Fracture
depth (m)
36
44
49
70
74
90
95
110
121
139
142
144
165
177

Yield (ll/s)

In flow

0.0008
0.0033
0.1500
0.0333
0.0750
0.0167
0.0250
0.0167
0.0050
0.0000
0.0250
0.0017
0.0117
0.0050




Out
flow














The ambient total inflow into the borehole based on the BORE II simulations are
0.1775 l/s and the total outflows are 0.1917l/s. AFEC logging therefore indicated that
water flowing out of the borehole under ambient conditions is greater than water
flowing into the borehole.

AFEC logging assisted with flow under ambient hydraulic head conditions such as flow
direction and flow contributions within the borehole. Fractures identified during AFEC
logging in RAW_BH3 correlate with five major fracture positions observed during
caliper logging. Geophysical and camera logging do however show more fractures than
those identified during AFEC logging; this may be due to the fact that these fractures
have equal head, therefore no flow occurs.
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5.6.6 Flowing Fluid Electrical Conductivity (FFEC) logging in
RAW_BH3 (Rawsonville)
FFEC logging was conducted at two pumping rates in RAW_BH3 to determine fracture
contributions and to understand how fracture flow rates vary with different pumping
rates. As pumping conditions were induced, drawdown was observed and hence a
change in hydraulic gradient. The latter conditions allow fractures to contribute to flow.

FFEC logging at 0.3 l/s lasted 96 minutes while FFEC logging at 0.5 l/s lasted
209 min. Fracture positions obtained during both tests are compared to fracture
positions identified during caliper logging in Figure 5.33. Results obtained from these
comparative datasets proved to be beneficial for fractured rock characterisation as it
identified transmissive fractures, flow directions and quantifies flow rates.

Figure 5.33:

Flowing FEC (FFEC) logging at 0.3 and 0.5 l/s of RAW_BH3 showing feed
points correlating to caliper log.
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The natural specific conductance of the water in the borehole was approximately 0.1
mS/cm, decreasing to 0.05 mS/cm between 0 - 35 m, 0.04 mS/cm between 36 - 140 m,
thereafter increasing to 0.2 mS/cm between 141-194 m. The pump was placed at
approximately 15 m, all data above this point was excluded. After salts were added the
specific conductance increased to a maximum of 0.5 mS/cm between the 16 - 35 m, 0.2
mS/cm and higher between 36 - 140 m and nearly 1 mS/cm between 141 - 194 m. The
specific conductance decreased instantaneously in certain places as fresh water enters
the borehole causing dilutions of salts; these are interpreted as inflow zones.

In certain zones along the borehole the water did not dilute back to its background
conditions. These zones are interpreted as very low flow zones. The low flow zones
between 94 - 109 m correlate with AFEC logging which confirms that no or very little
flow occurs here.

The specific conductance measured before the second FFEC test was approximately
0.3 mS/cm (decreasing with depth) between 0-42 m, 0.04 mS/cm between 42 - 140 m
and nearly 0.4 mS/cm around 140-194 m. After salt sock injection the specific
conductance was increased to 0.4 mS/cm (decreasing with depth) between 0 - 42 m, 0.2
mS/cm at 42 - 140 m and nearly 0.6 mS/cm at 140 - 194 m. Before pumping conditions
were induced (initial log) certain inflow zones were observed as fresh water was seen
displacing or diluting salty water. The borehole was pumped at 0.5 l/s to increase the
flow relative to the previous FFEC at 0.3 l/s. The increased pumping rate was also used
to determine the relative increase of individual fractures which can be used to calculate
individual fracture transmissivity.

During both FFEC logging tests major fractures contribute to flow and are observed at
the same positions identified during AFEC logging. A few additional minor fractures
also contribute to flow. All these fractures add fresh water to the borehole and flows
upward due to pumping conditions. These feed points were observed during early time
data, before interfering signature peaks occur.
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The inflow feed points for both FFEC logging tests were inserted as initial guesses at:
74, 94, 110, 135, 142, 147, 180 and 183 m in the numerical model. Fracture depths,
yields and concentrations were adjusted by trial and error until the simulated data
matched the measured data.
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Figure 5.34:

Calibration graph for FFEC logging (0.3 l/s) at RAW_BH3 obtained during
simulation of fracture location and yields.
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Figure 5.35:

Calibration graph for FFEC logging (0.5 l/s) at RAW_BH3 obtained during
simulation of fracture location and yields.
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The sum of all fracture yields was based on the pumping discharge rates. The results
obtained from the BORE II calibrated data indicate that more fractures, other than the
ones shown during AFEC are transmissive and that under low pumping rates some
remain outflows (Table 5.6).
Table 5.6:

BORE II simulations of fracture yields of RAW_BH3 obtained during FFEC
logging at 0.3 l/s and 0.5 l/s. Numbers in bold indicate additional fractures
caused by change in discharge rate.

Fracture
depth(m)
36
44
49
70
74
90
95

Yield
(0.3l/s)
0.0008
0.0017
0.0500
0.0333
0.1000
0.0167
0.0333

In flow

110
122
133
137
139
142
144
146
151
165
181
181
186
188
194

0.0167
0.0008
0.0033
0.0033
0.0067
0.0133
0.0333
0.0008
0.0008
0.0001
0.0008
0.0033
0.0008
0.0020
0.0020













Out
flow














Fracture
depth (m)
36
44
49
70
74
90
95
107
110
122
133
137
139
142
144
146
150
165
181
181
186

Yield
(0.5l/s)
0.0667
0.0667
0.0333
0.1000
0.1000
0.0167
0.0333
0.0002
0.0100
0.0083
0.0033
0.0133
0.0067
0.0083
0.0250
0.0017
0.0067
0.0012
0.0008
0.0008
0.0018

In flow

194

0.0008



Out
flow























BORE II calibrations indicate a fracture at 181 m when activated becomes an inflow
and outflow under pumping conditions. FFEC logging at different rates activate
different fractures. When the borehole was pumped at 0.3 l/s a fracture at 188 m was
activated. When pumping 0.5 l/s the fracture at 188 m no longer responds, however a
fracture at 107 m does. Modelling the data also shows that some inflow zones are
caused by more than one transmissive fracture.
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Individual fracture transmissivity was not calculated as different fractures correspond at
different rates e.g. 107 m and 188 m. It is therefore strongly advised that FFEC logging
is repeated at a different rate as well as the existing rates for a longer period. However,
it is assumed that fracture 36 and 44 are the most transmissive as it has a greater change
in yield. Modelling of the data also show that an outflow fracture at roughly 120 m
cannot be seen on FEC profiles and longer testing durations might assist with this.

5.6.7 Summary of FEC Logging Results
AFEC and FFEC logging at both research sites successfully met the objectives to
characterize the fractured rock aquifer (AFEC and FFEC data can be found in
Appendix E). The presence of peaks indicate that even under ambient conditions inter
borehole flow still occurs and are caused by different pressure heads at different depths.
Under pumping conditions more fractures contribute to flow indicating that not all
transmissive fractures flow under ambient conditions. When fractures have equal head
no flow will occur.

Modelling the data provided more precise fracture positions and fracture yields. It also
showed that certain transmissive zones contain more than one contributing fracture.
Modelling indicated that FFEC logging in RAW_BH3 was too short and therefore
certain outflow fractures could not be identified during visual inspection of FEC
profiles.

Overall, the FEC logging method identified transmissive zones, flow directions,
quantified fracture contributions and provided the means to estimate individual fracture
transmissivity. FEC logging also shows that different fractures contribute to flow under
different pumping conditions.
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CHAPTER 6
6 CONCLUSIONS AND RECOMMENDATION
6.1 CONCLUSIONS
The primary objective of this study was to investigate the application of Fluid Electrical
Conductivity (FEC) logging for the characterisation of fractured rock aquifers. In order
to achieve these objectives, certain tasks were completed.

Task 1 involved a review of the advantages and limitations of various methods used to
characterise fractured rock aquifers. Literature indicates that methods such as packer
tests and borehole flow meters are commonly used in these types of studies. However,
even though results obtained from these methods are comparable to FEC results, packer
tests and flow meters are often time consuming, expensive and can become impractical
in deep boreholes. Methods typically applied in fractured rock aquifers include:
geological mapping, drilling, surface and borehole geophysics and constant discharge
tests. However, each of these methods characterise different aquifer characterisation
and parameters and is best used in combination.

Task 2 involved the application of FEC logging together with other methods for which
equipment was available in South Africa. Each of the methods identified in Task 1 was
applied at both research sites with the intention to characterise the fractured rock
aquifer characteristics.

This included an understanding of the basic essentials such as: the location of the major
water bearing fractures, the direction in groundwater flows or the preferential flow
paths the groundwater takes, and the ability of the fractures to transmit fluid
(transmissivity).
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Geological mapping provided stratigraphical information such as geology and structural
features while drilling provided water strikes and geology. The drilling provides indepth information and confirms what was seen on the geology maps. The surface
geophysics provided information about the shallow aquifer such as weathered /
transported zones. Borehole geophysics confirmed results obtained during surface
geophysics as the weathered zone shown on the surface geophysics happened to be a
highly fractured zoned observed on geophysical profiles. Borehole geophysics also
shows possible flow zones. FEC logging provided fracture positions, flow zones and
flow directions.

Task 3 of the objectives involved a comparison of the results obtained from FEC
logging and other methods. While alternative methods only characterise one or two
aquifer properties such as fracture depth, change in geology and depositional zones,
FEC logging has the ability to provide all the essential properties identified in the
literature review i.e. knowing where the major water bearing fractures are situated,
which direction the groundwater flows or which preferential flow paths it takes and the
ability of the fractures to transmit fluid (transmissivity). Fracture positions identified
during FEC logging correlates well with those observed during geophysical logging.
Two zones identified during SP logging also correlates with the highest transmissive
zones estimated during FEC logging. FEC results also changes the two dimensional
Constant Discharge test data into three dimensional data.

Results obtained during Task 1, 2 and 3 were used to achieve task 4. Task 4 addresses
the main objective which was to determine value of FEC logging in the fractured rock
aquifer. In spite of the complex nature of the fracture rock media FEC logging was
successful, inexpensive and concise when characterising the fractured rock aquifers.
FEC logging provided more information about the aquifer than any other methods used
in this research. Lots of the fractures identified with FEC correlates with those observed
during geophysical logging. FEC logging has therefore proven to be an applicable
method to characterise fractured rock aquifers.
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6.2 RECOMMENDATIONS
The following recommendations are made based on the results obtained during the
study:
o During FEC logging the borehole must be pumped at a reasonable rate and the
pump must be placed as close to the surface as possible. Place pump in casing,
if possible.
o With regard to the Gevonden, FEC logging must be conducted for longer
durations as well as another rate i.e. 0.7 l/s.
o FEC logging should be used along with isotope analyses to determine or
confirm the exact source of the water. As no literature has been found to date on
this type of study it could be a potential topic for future research.
o FEC logging during different seasons should be undertaken to determine
seasonal variation of flow volumes or flow pathways.

ooooOOOoooo
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APPENDICES
Appendices are included on the CD attached. They are as follows:

•

Appendix A – Surface geophysics report

•

Appendix B – Borehole geophysics data

•

Appendix C – Pumping test data

•

Appendix D – Natural water quality data

•

Appendix E – FEC data
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