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ABSTRACT

Characterisation of fractured rocks and evaluation of fracture connectivity are essential for the study of subsurface flow
and transport in fractured rock aquifers. In this study, we use a new method to present fracture networks and analyse the
connectivity of the fractures, based on the technique of randomly-generated realisations. The application of the method
aims to provide more detailed insights into the flow path and dynamics for sustainable utilisation of groundwater in the
Table Mountain Group (TMG) aquifers, South Africa. Focusing on a representative wellfield in the TMG, the interpretation
and integration of fracture data derived from field measurements, existing geological maps and remotely-sensed

imagery, and observed responses of hydraulic tests, led to the development of a conceptual model for fracture network
characterisation, which forms the basis of fracture connectivity analysis. The result shows that the a dominant number of
the interconnected fractures are in the form of separated fracture clusters (networks) which is considered to be a common
connectivity pattern in the TMG rocks and alike. The result also suggests that the connectivity pattern is collectively
dependent on such factors as orientation, length, and density of fractures and implies that in a study domain only a small

part of the fractures are responsible for flow circulation.
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INTRODUCTION

Understanding, describing, and quantifying groundwater flow
and chemical transport in fractured rocks require effective
approaches to characterising fracture media. The term fracture
is used to refer to joints and faults, as well as varied discontinu-
ities over different scales and lithologies due to crustal tectonic
driving forces (Pollard and Aydin, 1988). Fractures may act as
conduits or barriers to groundwater flow, depending on their
geometric and physical properties; of these, the connectivity
of fractures is a critical factor controlling subsurface flow and
transport (Margolin et al., 1998).

Fracture connectivity is a measure of the interconnection
of fractures and fracture networks. It controls the magnitude
and distribution of hydraulic conductivity in the network and
also in the larger fractured aquifer system. According to the
National Research Council (1996, p. 395), ‘Although the term
connectivity has no generally accepted definition, it is nor-
mally used to describe the subjective appearance of a fracture
network. Highly connected networks are more permeable.
Chiles and De Marsily (1993) point out that fluid flow through
fractures requires connectivity; “...if the fractures are not con-
nected or form small clusters, no flow is possible, whereas if
the fractures are highly connected, the system behaves like a
continuous medium’.

Over the past decade, many efforts have contributed to the
investigation of fracture connectivity, with data derived from
field tests, such as cross-hole hydraulic and tracer tests (Illman
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and Tartakovsky, 2005; Shapiro et al., 2007; National Research
Council, 1996), borehole radar (Serzu et al., 2004) and seismic
(Ellefsen et al., 2002) investigations. These in-situ techniques
and associated interpretation models effectively provide insight
into the relatively conductive zones, but are insufficient to
depict the connectivity of fractures since more detailed inves-
tigation into the fracture network is often required for a given
problem. The development of the discrete fracture network
(DFN) model (Cacas et al., 1990) has led to high-resolution
analysis and visualisation of fractured media to predict flow
and transport properties. Such studies of fracture networks
commonly require gathering data on fracture length, orienta-
tion, aperture, density, and connectivity, for developing sta-
tistical or determinative DEN models. However, because the
connectivity of fractures, which plays a key role in the determi-
nation of groundwater flow path, is in any case not measurable
in the field, this generally needs to be analysed with the aid of
generated fractured networks. The study of fracture connectiv-
ity through randomly-generated fracture realities is largely
based on the statistical features of fracture elements, such as
orientation, length, density, etc. (Bradbury and Muldoon, 1994;
Mo et al., 1998; Min et al., 2004).

In terms of the application of fracture data to the predic-
tive estimation of hydrogeological properties, the development
of predictive models has apparently been left behind by the
development of analytical methods for fracture connectivity.
When the statistical data for natural fractures are incorporated
with other parameters such as aperture and roughness, the
hydraulic properties of fracture networks can then be estimated
(Mourzenko et al., 1999; Dreuzy et al., 2000; Park et al., 2002;
Lin and Xu, 2006). However, most such applications for the
determination of hydraulic properties assume that the study
system is a well-connected fracture network. Percolation theory
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is often used to define the connectivity of a fracture network.
The method of random fracture realisation applied to quanti-
tatively determine the percolation threshold also assumes that
at least one cluster of fractures is well connected, so as to allow
flow to move from one side to the other (Berkowitz, 2002).
Moreover, the determination of percolation threshold uniquely
requires information on fracture number or density, which
suggests that at times thousands of fractures might be involved
in a flow system. In-situ borehole tests (Karasaki et al., 2000;
Halihan et al., 2005) have shown that fractures developed in a
rock mass are not always fully connected.

The objective of this paper is to develop an investigative
approach aimed at the generation of random realisations and
analysis of fracture connectivity based on the characteristics
of the fracture network observed at a wellfield scale. As fault-
bounded aquifers are currently the most common targets for
water supply purposes in the Table Mountain Group (TMG)
area, a representative site was selected around the Boschkloof
wellfield (Fig.1a), where 5 boreholes, with depths ranging
from 174-348 m, were drilled in 1998 for water supply to the
Citrusdal Municipality, Western Cape, South Africa. In gen-
eral, many efforts have been made in the past to investigate the
characteristics of the TMG fractures that have a strong influ-
ence on aquifer properties (Woodford and Chevallier, 2002;
Hartnady and Hay, 2002a). However, the study of fracture
network characteristics that are especially related to ground-
water flow path and dynamics at a wellfield scale is still limited.
Therefore, characterisation of the TMG fractures at such a scale
was done using remote-sensing interpretation, field identifica-
tion of fracture networks, and analysis of observed drawdown
during pumping tests, with the ultimate aim of developing
a conceptual model that integrates all of the available data
and information. If successfully applied, it is hoped that the
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Figure 1
Location of Boschkloof wellfield at the western
branch of the TMG. a) Geological setting of the
study area; b) lineaments at the nearby TMG
outcrop, captured from ETM+ imagery

model can help to generate a better understanding of the TMG
fractured rock aquifers, and can be applied to similar aquifer
systems and in turn be refined by further quantification of
aquifer properties.

Site geology and groundwater observation

It was the success of the Boschkloof wellfield that triggered a
call for a full study of the TMG groundwater occurrences.
The wellfield, with an elevation of about 250 m, is located

at the mouth of the deep, river-cut Boschkloof valley, some

5 km northeast of Citrusdal (Fig. 1a). The relief across the
Boschkloof catchment shows altitudinal differences greater
than 1 600 m. There are 5 boreholes located in the vicinity of
a N-W trending fault that has been identified as a flow barrier
extending for kilometres (Fig. 2), while similar settings are
found for many other fault-bounded TMG aquifers (Maclear,
2001; Newton et al., 2006). The N-E trending fault evident in
Fig. 2 is actually a lineament feature with unknown properties
(Hartnady and Hay, 2002b). These boreholes penetrated the
Peninsula formation of the TMG, which consists of a sequence
of highly fractured quartzitic sandstones deposited in a
marine environment, with a thickness ranging from 1 500 to
2 000 m (Rust, 1973; De Beer, 2002). Thin section studies have
shown that, in the pure quartzitic sandstones from unfolded
beds of the TMG, inter-granular pore spaces are completely
filled by secondary quartz overgrowths, making these host
rocks nearly impermeable (Hélbich and Cornell, 1983; De
Beer, 2002). It is only where they are fractured by folding,
and/or faulting, that the rocks develop a secondary porosity
and become fractured aquifer media; this suggests that both
groundwater flow and storage are dominated by various-scale
fractures in the TMG.
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In previous studies (Rosewarne, 2002; Kotze, 2002), char-
acterisation of the TMG fractured aquifers and associated
groundwater flow was largely based on a perspective of large-
scale stratigraphy and geological structure, incorporated with
the interpretation of hydraulic tests and other field observations
such as water strikes during drillings. This was the case for
the Boschkloof wellfield. During borehole drilling, the blow
yield of the boreholes was reported to be tremendously high, as
compared with other wellfields developed in the TMG, espe-
cially in Boreholes BK1 and BK4, theyield values of which were
estimated at 95 €/s and 120 ¢/s, respectively. Characterisation of
the site and interpretation of hydraulic testing was reported by
Hartnady and Hay (2002b). The focus of this study is to concep-
tualise the fracture network based on the previously-reported
data described above and newly acquired information.

METHOD OF FRACTURE DATA COLLECTION AND
ANALYSIS

Ideally, fracture data should be gathered on fracture elements,
i.e. length, orientation, aperture, and density, for developing

a statistical model. Distribution patterns of such elements are
very useful for the study of fractured rock aquifers (Kulatilake
and Panda, 2000). In the case where measurement of fracture
lengths and orientations on the surface is unable to yield suf-
ficient data, remote-sensing techniques are sometimes useful,
especially for fracture length. A quantitative analysis was car-
ried out to determine the distribution of lineament orientations
and lengths in the vicinity of the Boschkloof wellfield (Fig. 1b).
In the TMG areas, most of the fracture element data can be
adequately collected at road cuts, quarries, and bare-rock out-
crops, with the exception of fracture length which is sometimes
difficult to accurately trace, as in many cases the fractures are
partly buried by soils and vegetation. In order to have a suf-
ficient number of representative measurement samples, the size
of measurement sites is often required to be more than 60 m in
either length or width, at good sandstone outcrops. In the case
of insufficient samples, the statistical pattern of fracture ele-
ments can be determined with the supplemental data captured
from satellite imagery.

Application of remotely-sensed data

As groundwater is not readily perceptible from remote-sensing
data, surface indicators have to be used to infer the subsur-
face condition, which determine groundwater occurrence.
Lineaments captured from imagery often provide a crucial
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Figure 2
Map showing the
position of boreholes in
Boschkloof wellfield. Field
measurement of fractures
was taken at the Peninsula
sandstone exposure
between Boreholes BK1 and
BK3 (from Van Tonder, pers.
comm.; also see Hartnady
and Hay, 2002b). Note that
the N-E striking fault is a
lineament feature.

clue on the interpretation and analysis of fractured rocks and
associated groundwater flow regimes. The main assumption
that underlies all lineament analyses is that the linear features,
when properly identified, represent the surface manifestations
of the transmissive fracture framework of low-permeability
rocks (O’Leary et al., 1976; Waters et al., 1990; Degnan et al.,
2002). Lineaments are usually characterised by azimuth and
length distributions, length density (total length of lineaments
per unit area), frequency (total number of lineaments per unit
area), and intersection point density (total number of lineament
intersection points per unit area). Preparation of a lineament
map is hence important for groundwater studies in fractured
rocks, especially when the lineament map is incorporated into
other pertinent maps via GIS integration.

As lineament analysis requires the location and distri-
bution of lineaments that represent the fracture-correlated
features, the study area chosen needs to have very good rock
exposures on images. The area selected for this study, with
an area of 225 km?, is situated in the northeastern section of
the wellfield, comprising a series of folds and faults extending
NW-SE, NE-SW and approximately W-E. Meaningful inter-
pretation of lineaments that are associated with the structural
framework is largely dependent on the quality of imagery,
acquaintance with the area’s background, and the approach to
acquiring lineament data. In this study, lineament mapping
was done using Landsat ETM* imagery (UTM zones: S-34-30)
that covers the western half of the TMG area. The existing
lithostratigraphic, geomorphologic, and structural geology
information were also used for reference during mapping.
The imagery comprises 7 multi-spectral bands and 1 pan-
chromatic band. It had already been linearly enhanced and
projected before being uploaded to the GIS software. In com-
parison with conventional aerial photography (1/50,000), the
imagery has better spatial resolution, suitable to trace linea-
ments with 65-m minimum length (approximately twice the
spatial resolution). To enhance the confidence of lineament
interpretation, multiple interpreters were employed for the
lineament tracing process. The data from various interpret-
ers were carefully compared and then combined to one shape
file. In the meantime, each of the lineaments was identified, in
order to avoid capturing the non-fracture-correlated linea-
ments as much as possible. The major problem encountered
during lineament tracing using the images was the sun azi-
muth effect (Woodford and Chevallier, 2002), which created
a bias toward north-eastern striking lineaments. After the
mapping was done, each lineament length and orientation was
computed for the distribution analysis.
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Lineaments characterised by azimuth and length were
computed with an exhaustive method using Visual Basic for
Application (VBA) scripts developed in ArcMap. The result of
directional analysis showed that there are 3 principal striking
directions in the area: NW-SE, NE-SW, and approximately E-W
(Fig. 3a). It is well known that fracture length has a significant
impact on the connectivity of a fracture network. Kulatilake
et al. (2003) suggest, based on probability analysis with data
derived from field measurements in gneiss rock masses, that
lognormal, gamma, and exponential distributions are the best
models to characterise semi-trace lengths of fractures. An
exponential distribution of fracture trace-length was applied
by Park et al. (2002) to study hydraulic properties in granite.
On a microscopic scale, the filamentary fracture, with few long
fractures, tends to have a lognormal distribution, based on the
results of X-ray scanning of core samples (Pyrak-Nolte et al.,
1997). In fact, not only the lithologies over which the fractures
develop, but also the methods of fracture scanning and length
computation, have a large influence on the computed length
distribution pattern.

In this study, the length of lineaments was computed using
multiple points along each tracing line, to avoid the inaccuracy
of using the straight-line length determined between only 2
points.. The calculation of lineament length was done using a
VBA script developed in ArcMap. The length of 244 interpreted
lineaments ranged from 367 m to 17 439 m. Figure 3b appears
to have a lognormal distribution, with a mean value of 1 984 m
and standard deviation of 1 944 m. This distribution pattern is
thought to prevail in the TMG sandstone terrain, regardless of
the size of the selected area. Based on the universal similarity of
fracture systems at different scales, this distribution pattern can
probably be applied to the smaller-scale fracture systems, espe-
cially where difficulty is encountered, particularly on weathered
surfaces, in acquiring sufficient trace-length data to represent
the statistical population of fractures.

Fracture field measurement

The fracture measurements carried out on medium to large
scales by means of remote-sensing imagery interpretation and
statistics are intended to draw out the framework of the frac-
ture network for fractures with a length of more than 60 m.

If properly interpreted, fractures with dimensions larger than
site scale (above the cut-off of 60 m) can be represented in a

2D space. This is obviously an effective approach to presenting
the backbone of fracture systems in a specific region where the
rocks are well exposed. However drawbacks inevitably arise due
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Figure 3

a) Rose diagram of
lineament capture from

ETM* image near the
Boschkloof wellfield; b)
histogram of lineament

length shows an
approximately lognormal
distribution

to the varying quality of outcrops and the misinterpretation
of fractures when the lineaments are not actually controlled
by fractures. In this case, the results of imagery interpretation
need to be confirmed by fieldwork. Furthermore, fracture data
from site surveys and field measurements needs to be analysed
statistically to enable the characterisation of the fractured rocks
and subsequently to derive information on hydraulic conduc-
tivity, by properly organising the data measured at a site.

The site selected for the detailed field survey of fractures at
a much smaller scale was located on the Peninsula sandstone
exposure between Borehole BK1 and Borehole BK3 (Fig. 2),
where dip azimuth and dip angle, spacing, and some apertures
were examined and measured. Statistics on fracture geometry
at the site were used to analyse the distribution of these param-
eters and form a solid basis for the study of aquifer properties
associated with fracture networks. It is well established that
fracture length often obeys a lognormal distribution, as shown
by the data captured from satellite imagery, especially when few
long fracture lineaments are involved (Kulatilake et al., 2003).
In the TMG cases, the fracture data measured at selected sites
generally showed that there are 3 to 5 sets of fractures, includ-
ing bedding planes and structural fractures. Figure 4 shows
the statistical variation of the orientation and density of 216
measured fractures at the Boschkloof wellfield. According to
the field measurements, the bedding planes trend to the south-
west, from 230° to 260°, with dipping angles ranging from 20°
to 60°, while 4 sets of structural fractures are identified having
average trends of N30W (30° west of north), S86E, N62E, and
S41W, with average dips of 77°, 79°, 40° and 77°, respectively.
Figure 4 also suggests that the orientation of each set of frac-
tures roughly follows a normal distribution, which is quite
similar to the results from the lineament statistics. Fracture
density, which is dependent on fracture spacing, is assumed to
be uniformly distributed, as only one type of rock material, i.e.,
Peninsula sandstone, is involved in the aquifer system; however,
density could vary between different rock formations.

RESULTS

Based on the assumption that groundwater in the TMG sand-
stones is circulated through fracture networks, and in light

of the field evidence, fractures were generated with the data
derived from field measurements and remote sensing. This
realisation is used to present, at a site scale, the geometric
interconnection of fractures with length ranging from meters
to tens of meters, and subsequently to yield a conceptual model
that may be applied to the study of aquifer properties.
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An approach to fracture realisation

Generating fracture realisations is conducted using a random
process, based on the distributions of fracture elements which
can be sampled and summarised from field or site measure-
ment data. Fundamental elements include fracture orienta-
tion (strike, dip azimuth and dip angle), fracture length, and
distance (spacing), for each set of fractures; the number of
fractures measured needs to be large enough to represent the
population of fractures at the measurement site.

As discussed above, fracture orientation follows a normal
distribution. A lognormal distribution is adopted for fracture
length based on the data from remote sensing and considera-
tion of the similarity of fractures at various scales. Since it is
extremely difficult to obtain enough trace-length data from
measurement on the TMG sandstone exposure, the number of
fracture lengths is 62 but not 216 in this study.

Random realisation of fractures is processed on the basis
of statistical data for each fracture set. With respect to the
number of each fracture set, many key studies using the dis-
crete fracture network (DFN) model tend to increase fracture
numbers in the realisation process and meet a critical density
value to obtain a well-connected network for the study of con-
nectivity. However, such a method of fracture generation at a
domain scale amplifies the uncertainty of the statistical results
derived from the samples fractures or interpreted imagery at a
measurement scale. In this study, as an alternative to using an
uncertain number of fractures in each fracture set, the number
of fractures is determined by their spacing in a domain, and the
position of fractures is accordingly assumed to be uniformly
distributed.

Based on statistical features of the fracture data, it is pos-
sible to use the random number generation’ function in Excel
to geometrically generate the fractures on the surface and
across the profile. The fracture data generated in Excel is then
uploaded to ArcGIS where the graphical process is conducted
using a VBA script developed in ArcGIS; geometric connectiv-
ity analysis is also done in ArcGIS automatically.

The realisation of fractures on a 2D plane (on the surface)
only requires the input of stochastically-generated data for frac-
ture strike, length and density (for the number of fracture sets).
In order to avoid the boundary effect, central coordinates (x, y)
should be used to position each fracture during the generating
process (Fig. 5).

It is acknowledged that groundwater flow in the fracture
system is not a 2D problem, but a 3D one, which requires
presenting the fracture media not only on 2D plans but also on
2D profiles. This can be achieved by generating fractures with
data on fracture elements such as length, dip angle and density.
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Figure 4
a) Spatial frequency
distribution of fractures
measured at the Boschkloof
wellfield. Solid circles
represent the pole lines
perpendicular to the fracture
surfaces; b) Frequency
histogram of number of
fractures vs fracture dip
azimuth per 10°interval, n
is the number of fractures
measured.
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Figure 5

Position of fracture central points generated by a uniform process in
the study domain of 300 m x 300 m at the Boschkloof wellfield

However, unlike the realisation of fractures on a 2D plan, the
real dip angle of each fracture needs to be projected on the
profiles with different strikes (direction) before it is generated.
Figure 6 illustrates the projection from a real dip angle () to an
apparent one («), which can be performed using the following
relationship:

tan

where:

a= sin¢-tanf

¢ (9 = 0°~90°) is the included angle of profile strike and
fracture strike.

M)

In the meantime, fracture length is modified as well, by assum-

ing the

fracture takes a rectangular shape with an aspect

(length/width) ratio of 1.5:1, while rotation of the profile does
not have a major impact on the change in fracture length on the

profile.

Application to the field

Table 1

, Fig. 3, and Fig. 4 collectively show the basic frac-

ture data results from field measurement on the Peninsula
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Figure 6
Relationship between fracture orientation and profile direction; ¢ is the
included angle of fracture strike and profile direction, 3 the fracture dip
angle, and a the apparent dip angle of fracture projected on the profile.

sandstone exposures between Boreholes BK1 and BK3, where
a total number of 216 fractures, about 5.2% of the fractures to
be generated (Table 1), were examined. Five sets of fractures
were identified and parts of their length measured. In Table 1,
Set 1, representing bedding fractures, and Set 4, representing
the structural fractures, have relatively gentle dip angles and
lower density compared with the other three sets. Steeply dip-
ping fractures of Sets 2, 3 and 5 appear to predominate in the
sandstone because of their relatively low spacing distance and
thus high density distribution. It should be pointed out that the
fracture trace-length collected at the site ranges from 1.9 m to
35 m and consequently this study can be defined as a site-scale
study.

Fracture realisation is based on the statistical and param-
eter distribution of each fracture element as previously dis-
cussed. Fractures are generated in a study domain of 300 x 300
m?, on both 2D plan and 2D profiles with various profile direc-
tions. It is expected to present the fracture networks on this site
scale because both the borehole depths are less than 350 m and
the lower limit of the main water strike is at the depth of 294 m
in Borehole BK4.

The geometric nature of the fractures may be different at
depth, as discussed by Shapiro et al. (2007), due to the differ-
ence in lithology and stress state of fractures. For the realisation

Figure7
Fractures generated on 2D plan with the data derived from field
measurement at Boschkloof wellfield with 5 boreholes. The study domain
area is 300 m x 300 m; dashed lines are profile lines for profile fracture
realisation, labelled A to D.

of fractures on 2D profiles, based on the core sample study at
the adjacent Rietfontein site (Lin et al., 2007), it is necessary
to propose the assumption that fracture orientation and den-
sity do not change much at depth in the locally homogeneous
Peninsula sandstone.

Fracture connectivity pattern

Similarly to many other stochastic studies, the generation of
fractures on both the 2D plan and profiles aims to represent
the assemblage of fractures in a statistical way, which does
not reflect the actual position of the natural fractures because
of the use of random coordinates. Therefore, each generated
domain reflects the mode of fracture occurrence and the con-
nectivity pattern that is embedded in the features of natural
fractures.

The result of model application with data derived from field
measurement at the Boschkloof site is shown in Fig. 7, which
is a plan view of these fractures where 4 profiles with strikes
ranging from NE40° to NE80° are positioned for the fracture

TABLE 1
Statistics for 216 fractures measured at the Boschkloof wellfield
Set Sample Dip angle/dip direction (°) Length (m) Spacing (m) Number
number Mean Standard Mean Standard Number generated
deviation deviation measured

1 57 40/244 10.28/40.09 16.31 1.66 16 0.41 730

2 50 77/330 10.44/17.48 7.29 1.40 22 0.27 1110

3 55 79/94 4.53/5.77 5.06 1.49 19 0.34 860

4 27 40/62 8.68/12.63 13.94 1.31 8 0.68 440

5 27 63/211 11.87/8.52 4.50 1.61 20 0.30 1000
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realisation on 2D profiles. The
intention of fracture realisation on
multiple profiles is to comparatively
analyse the connectivity pattern,
which may help to explain some
unique flow phenomena of the frac-
tured rock aquifer. This will enable
the establishment of a site-scale
conceptual model for the studies

of aquifer properties and borehole
hydrogeological conditions in a sta-
tistical way, for example, determin-
ing the aquifer hydraulic properties
which can be applied to groundwa-
ter modelling, or effectively using a
contour map of borehole water levels
to present the groundwater flow
direction at a local or even regional
scale.

Figure 8 shows that the realisa-
tion results include both the entire
fractures (Fig. 8A1~DI) and the
relatively large clusters with inter-
connected fractures (Fig. 8B2-D2),
together with 3 boreholes projected
on 4 neighbouring profiles with the
strike azimuth intervals of 10° to
20°. In this figure, Profiles A, B, and
C are close to Boreholes BK1 BH4
and BK3, while Profile D is rela-
tively distant from the groundwater
boreholes (Fig. 7). It is clear that the
interconnected fractures on each
profile collectively show a mode of
separated fracture clusters which
commonly reveal an anisotropic
feature of the fracture networks. It
also suggests that the profile direc-
tion has an impact on the connec-
tivity pattern in terms of the size
and plunge of the fracture clusters.
Furthermore, the generated frac-
tures in Fig. 8 commonly show that
the largest cluster with intercon-
nected fractures on each domain
does not break through the bound-
ary of the domains either from
the bottom to the top or from the
left to the right (Fig. 8 A2, B2, and
C2). This suggests that the fracture
connectivity is mainly dependent
on the factors such as orientation,
length, and density of fractures,
which implies that only a portion
of the fractures may be involved in

Figure 8 (right)

Fractures generated on 4 comparable
profiles based on the data derived
from surface measurements (Table 1)
over an area of 300 m x 300 m. Left:
the generated fractures on Profile A to
D. Right: relatively large clusters with
interconnected fractures on each profile.
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a flow system. For example, on Profile B the number of inter-
connected fractures from Cluster 1 to Cluster 5 is 954, 127, 224,
99, and 167, respectively, accounting for 23%, 3.1%, 5.4%, 2.4%,
and 4.1% of the 4 140 fractures in total.

The connectivity pattern does help to explain the existence
of multiple water strikes or multiple conductive zones in a bore-
hole, as groundwater might originate from different fracture
systems (clusters) without hydraulic connection. However, the
validity of the connectivity pattern needs to be confirmed with
the results from field observation. From borehole observations,
the phenomena of multiple water strikes or several conductive
intervals in a borehole, or no hydraulic communication taking
place between the holes in a wellfield, are common in the TMG
sandstone aquifers. In the Boschkloof wellfield, for instance,
at least two conductive intervals were identified in Borehole
BK3 and Borehole BK4 (but only one in Borehole BK1), while
Borehole BK2 appeared to be isolated from the other three.
Moreover, it was observed that the groundwater in BK1, with
the major water strike at 98.7 m amsl, and in BK4, with the
major strike at 30.3 m amsl, was connected (Hartnady and
Hay, 2002b). The distance between BK1 and BK4 is 127.4m,
from which it is likely that the north-easterly plunge of the
conductive zone is 28°. This value falls within the set of frac-
tures (Set 4) with dip angles ranging from 20° to 52°, and the
length of the fractures within this set is less than that of the
bedding fractures (Table 1). Field observation (Hartnady and
Hay, 2002b) also showed that groundwater in Borehole BK3 is
not necessarily connected to that in the other two boreholes,
even though they were sited along the fault line (Fig. 2).
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Figure 9
Drawdowns
observed
during the 72-h
pumping tests
at Borehole BK1
and Borehole
BK4

Figure 10
Fracture
generated
based on the
data derived
from surface
measurements
at the Rawson-
ville site over an
area of 200 mx
200 mx 200 m.

In respect of the observations of drawdown against time
during the constant discharge (CD) pumping tests conducted
at Borehole BK1 and Borehole BK4, the discharge rate matched
the observed magnitude of blow yields from the boreholes dur-
ing percussion drilling, it was found that the drawdown curves
for the two boreholes are of different types (Fig. 9). Drawdown
observed in BK1 during the CD test is very close to that of Theis
flow, whereas drawdown in BK4 shows a stepwise mode. Based
on the drawdown curves it appears that the groundwater origi-
nates from two aquifer systems with different characteristics;
however, there is hydraulic connection between the boreholes
as mentioned above.

The stepwise mode of drawdown is common in the TMG
sandstones and many other fractured rock aquifers in South
Africa (Van Tonder et al., 2001), and is often explained as being
set off by multiple boundary effects. This is true if only one flow
system is intercepted by a borehole. When a borehole like BK4
intercepts at least two fracture conductive zones, the question
arises as to whether the stepwise drawdown is attributed to
simultaneously dynamic response of these two flow systems to
the external pumping stress. On one profile, it is noted that the
multiple fracture realisations using the same statistical data do
not change the mode of clusters with interconnected fractures,
which suggests that the stability of the clusters is extremely
high. On a single site, the connectivity patterns vary in dif-
ferent directions, as has been discussed above, which shows
the potential of preferential flow paths in the study domain
and implies the necessity of studying groundwater problems
in three dimensions. From site to site, the pattern of fracture
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connectivity varies, particularly the size of clusters with inter-
connected fractures, which is additionally shown by the results
derived from the Rietfontein (Lin et al., 2007) and Rawsonville
sites (Fig. 10).

DISCUSSION AND CONCLUSION

The significance of fractures in controlling groundwater flow in
hard rock has long been discussed. Most of the current methods
used for quantifying groundwater flow in fractured rock aquifers
are based on the assumption that groundwater flows through
a geological continuum (Wang et al., 2002). These methods are
generally applicable to porous media, but have limited applica-
bility when groundwater circulates through highly anisotropic
fractures or fracture networks. Field observations show that
there is seldom a uniform groundwater level from site to site. In
this case, the borehole water levels and the interpolated con-
tour map cannot be used to characterise a meso- to large-scale
groundwater flow system. Even at a single wellfield with a scale
of 100 m, groundwater in one borehole could have no hydrau-
lic relationship with another. For example, at the Boschkloof
site in this study, the Malkoppan site at Lambert’s bay and the
Gevonden site at Rawsonville, some of the nearby monitoring
boreholes do not respond to the water level drop at the pump-
ing holes. Groundwater occurring in fractured rocks, such as
the TMG sandstones, mainly flows via the connected fracture
networks; flow is controlled by the fracture geometry and associ-
ated hydraulic properties. In the absence of fracture information,
especially connectivity, it is extremely difficult to investigate the
aquifer responses to hydraulic stresses and further to perform an
analysis on the aquifer properties.

Based on previous studies, the characterisation of the TMG
fracture media at a wellfield scale was done in this research
by interpreting the existing geological data and remote sens-
ing imagery, identifying fracture networks in the field, and
analysing pumping test data. A conceptual model for fracture
network characterisation was developed on the basis of random
generation of fracture realities by summarising the statistical
distribution of fracture data derived from field measurement and
imagery analysis, from which the fracture connectivity pat-
tern can be studied with groundwater observations. This model
intends to provide a general approach to study the fractured
rock media in terms of groundwater occurrence. The application
of this model in the TMG aquifers helps to enhance the under-
standing of the TMG fractured rock media and to provide more
detailed insight into the potential flow path of the groundwater.

In the present study, graphical presentation and connec-
tivity analysis on the fractures shows that a dominant number
of the interconnected fractures are in the form of separated
fracture clusters (networks). Very few of the connected net-
works eventually break through a study domain as postulated
in many other FND models. Such connectivity pattern does
help to explain the occurrence of multiple water strikes or
conductive zones where groundwater is coming from different
fracture systems probably without natural hydraulic connec-
tion other than the intercepting borehole. This leads to the
conclusion that merely a small portion of fractures at a well-
field scale are probably involved in a flow system. This con-
clusion, drawn from the analytical models, has been verified
by many other field observations in the TMG aquifers. The
abovementioned connectivity pattern of fracture networks
is hence considered to be common in the TMG sandstones,
especially where the hard rocks are exposed and not confined
by overlaying geological formations.
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