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Life generally depends on water and especially on the availability of freshwater (or
non-saline water), to which access has been and continues to be problematic.
Industrial developments and new technologies have contributed to upscale the
access of water resources, mainly those stored deeper in the subsurface, through
the development of exploration techniques, new drilling equipment and fluid
conductor appliances (pipes and accessories). These developments in access to
groundwater, coupled with the advantages related to groundwater quality (potential
natural protection from pollution) increase the interest in groundwater as a water
resource. Nowadays, groundwater constitutes an important source of water for vital
human needs: drinking, stock-farming, irrigation of plants, ecological requirements
and industrial purposes, in many places around the world, mainly in the arid and
semi-arid environments. Morris et al. (2003) describe groundwater as the largest

source of freshwater on the African continent.

This increasing need for groundwater and the development of industries (mines and
others), mainly the oil and hydrocarbon industries, has created various other
challenges related to the sustainable management of groundwater resources that
does not cause long-term deterioration of the overall resource in terms of quality
and quantity. For example, the quality of surface water and groundwater has
generally declined in recent decades due principally to growth in agricultural and
industrial activities (UN, 2006). In South Africa, water resources (fresh water) are
already being stressed and the country is becoming a water-scarce country. Alcamo
et al. (2003a, based on Water-Gap) state that the water stress indicators
(withdrawal to availability ratio) for most of South Africa range between 0.4 and 0.8
(indicating high stress). This situation is also due to the effects of climate change
and climate variability (drought, floods) associated with global warming. This
presents a challenge to all water resource managers to ensure that the basic water
needs of all South Africans are met. ‘Until recently, groundwater in South Africa has
been managed as a separate entity to surface water. Additionally, the status of
groundwater as private has led to unsustainable management and subsequent

resource degradation, necessitating a new approach’ (Wright and Xu, 2000).
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The first step for developing politics, strategies, and techniques for the optimum
exploitation of groundwater resources is a conceptual understanding of the
behaviour of groundwater within different geological environments. A good
estimation of aquifer parameters (characterisation) is the basis of managing
groundwater resources and understanding groundwater flow and transport
processes. In fractured aquifers, fractures constitute conduits through which
groundwater flows preferentially, and thus control the main flow of groundwater.
More than 90 % of the aquifer systems in South Africa consist of fractured rock,
formed of either hard rock or porous media (Karoo aquifers, Table Mountain

sandstone aquifers and the dolomitic aquifer systems) (Weaver et al., 1999).

Characterisation of such fractured-rock aquifers in principle requires information on
the nature of both the fractures and the rock matrix, although in practice most
hydrogeological studies are often reduced to a characterisation of the bulk flow
(formation and fracture), as is the case in the Main Karoo aquifer. This is due to the
nature (primarily exploration) and the budget (limited) of such studies. Such
simplified studies of bulk flow are efficient for general water supply purposes where
the position of the fracture (in a borehole) is needed for reasons of sustainability,
but become limited for more managerial uses, prediction (modelling) and for mass

transport studies like the cases of the LNAPL and DNAPL studies for example.

‘The complexity and the physical structure of fracture characterisation were shown
to have a significant effect on modelling results, to the extent that the fracture zone
should be characterised fully before simulation models are used for DNAPL
simulations’ (Dennis et al., 2010). The importance of knowing the character of
fractures’ is gaining more interest in South Africa. Among others, Akoachere and
van Tonder (2009) of the Institute for Groundwater Studies, (University of the Free
State) have focused on the issue of fracture characterisation and have developed
two methods to determine inclined and horizontal fracture apertures in fractured-

rock aquifers.
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1.1 Aim and objectives

The present dissertation aims to study fracture characterisation in the Karoo aquifer
system. Based on previous reports and publications, an overview of fractures in the
studied aquifer and a critical review of existing characterisation methods will be
done with a special focus on common methods used for Karoo aquifers. A promising
method of fracture characterisation, namely, Fluid Electrical Conductivity (FEC)
logging, developed by Tsang et al. (1990, 2002, 2005), and the FEC-based dilution
test, an emergent method in South Africa (Lasher et al., 2009; Mohr Samuel and
van Biljon, 2009) will receive special attention. The FEC-based dilution technique
will be performed on two different experimental sites of the University of the Free
State.

From the field results, the benefits and drawbacks of the applied method will be
discussed and recommendations will be provided as to the basis for future research
on the refinement of the application of the method, particularly for use in Karoo

aquifer systems.

1.2 Thesis Structure

The present thesis is divided into eight (08) chapters, including this introduction
(Chapter 1) which provides the aims and the general structure of this study. In
Chapter 2, typical fracturing developed in the geology of Karoo aquifer is reviewed
in terms of their hydrological importance. Chapter 3 presents the most common

fracture parameters required for aquifer characterisation.

Chapter 4 provides a review of the available literature on the existing methods for
fracture characterisation, and serves to outline briefly the fracture characterisation
studies previously conducted on the main Karoo Supergroup Aquifers. Chapter 5
discusses the relation between fractures’ electrical conductivity and hydraulic

conductivity.

In Chapter 6, Fluid Electrical Conductivity and the different ways it can serve for the
deduction of accurate fracture parameterisation is discussed. The Flowing Fluid

Electrical Conductivity (FFEC) method of fracture characterisation (Tsang et al.,
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1990) and its simplification (FEC-based dilution technique using NaCl tracer or
borehole dilution) for fracture characterisation are also presented. Aspects such as
the choice of tracer, the amount of tracer, and typical field methodology are

discussed.

Chapter 7 reports on field work conducted at two sites at Bloemfontein, the Campus
Test Site and the Paradys Proefplaas Farm. The approach and field methodology
developed are presented and the results from analysis and interpretation are
discussed. Chapter 8 gives a summary and conclusion for the study and provides
some recommendations for further work on fracture characterisation of the Karoo.
The references used in the present study are documented after Chapter 9 and

before the different annexures.
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The Karoo aquifer in South Africa is formed in sedimentary rocks (mudstone,

siltstone, shale and sandstone of the Karoo group), which have been fractured,
intruded and metamorphosed to varying degrees and which cover much of the
interior of the country (Figure 2-1). It forms part of the fractured metasedimentary
aquifer type as classified by Colvin et al. (2003). In the present dissertation, the

Karoo dyke and sill aquifer types as classified by Colvin et al. (2003) will be treated
as part of the main Karoo aquifer.

b 26"

Sandstone + subordinate Mudrock/Rhythmite
|| Mudrock/Rhythmite + subordinate Sandstone
| | Mudrock/Rhythmite

Carbonaceous Shale

Diamictite

}-28"

L

Figure 2-1 Schematic areal distribution of lithostratigraphic units in the Main Karoo
Basin (after Johnson et al., 1997)

Several tests and reports (on different earth sciences (geology, geography,
hydrogeology, environment, hydrology, etc.) provide a good description of the
geological and hydrological properties of the Karoo Basin (Botha et al., 1998;
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Woodford and Chevallier, 2001, 2002). Since the main issue in this paper is
fracture characterisation of Karoo aquifers, the aim in this section of the present
dissertation, is an overview of the fracturing associated with the main geological
features in the Karoo basin. An understanding of such natural processes may give a
better view of the different types of fractures that may be encountered in the basin
and so may help to better decide the approach for characterising them. A brief

general description of fractures is given first.

2.1 General description of fractures

Generally, fracture is a term used by scientist to describe all types of
discontinuities. In heterogeneous geological formations, any variation in the
physical and mechanical properties of materials that compose the media, or any
stress heterogeneities over a broad range of scales, leads to the existence of
discontinuities in displacement across surfaces or narrow zones in the subsurface.
Geologically, a fracture is defined as a plane along which lithostatic, tectonic and
thermal stresses or high fluid pressure, have caused a relative partial loss of
cohesion in the rock. Fractures may occur from microscopic to continental scales,
with a variety of geometries, mechanical effects, and flow properties. Three main

groups can be distinguished according to the nature of displacement discontinuity:

a) ‘Mode I’ fractures: Also called dilating fractures or joints, they can be recognised
by any physical sign of dilation between the fracture surfaces. The displacement
discontinuity occurs in a direction perpendicular to the fracture surfaces. Joints
filled with minerals or clay deposits form ‘veins’.

b) Shearing fractures: Described also as faults, these are relative displacement
discontinuities, where the fracture surfaces’ movements are predominantly in a
direction parallel to the fracture surfaces. A shearing fracture is called a ‘mode
II' fracture when the movement is perpendicular to the fracture front and a
‘mode III' fracture when it is parallel to the fracture front. When a fault is filled
with minerals or clay deposits, it is called a ‘seam’.

c) Closing fractures or pressure solution surfaces are also known as stylolites, and

are generally formed in sedimentary rock by solution that occurs at the contact
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surfaces of grains. The term *filled pull-apart’ is often used to describe a closing

fracture that is filled by minerals or clay deposits.
Hydrogeologists are usually concerned with the first two groups. “Conventionally, a
fracture or joint is defined as a plane where there is hardly any visible movement
parallel to the surface of the fracture; otherwise, it is classified as a fault. In
practice, however, a precise distinction may be difficult, as at times within one set
of fractures some planes may show some displacement whereas others may not
exhibit any movement” (Akoachere and van Tonder, 2009; Cook, 2003). The
difficulty of clearly distinguishing one mode from another may also be emphasised
by a natural occurrence of a combination of displacement discontinuities (mixed-
mode fractures). Distinctive surface features such as ‘plumose texture’ and ‘grooves
and striations or slickensides’ may be used to identify respectively joints and faults
(Bahat, 1988; Patterson, 1958; Suppe, 1985). The conventional definition is the

one adopted in the present dissertation.

Different ways of classifying fractures (as joints) exist and can be found in most
structural geology textbooks. According to the direction of extending of a fracture
front to the regional fold axis, fractures may be subdivided as longitudinal (parallel
to the regional fold axis), transverse (perpendicular to the regional fold axis) or
oblique (Singhal and Gupta, 1999). The common classification of fractures or joints
is based on their geometric relationship with the bedding of the rock. When a joint
strikes parallel to the strike of the bedding, it is described as ‘strike joint’. When it
strikes parallel to the dip direction of the rock, it is described as ‘dip joint’. A
‘bedding joint’ is one that is parallel to the bedding plane and an ‘oblique or
diagonal joint’ strikes at an angle to the strike of the rock. Another approach

consists of considering fractures by relating them to the stresses that form them.

Often, groundwater flow in a fracture system is controlled by groups of
interconnected fractures (a fracture network) and that may or may not be evenly
distributed. In a fracture network, a group of approximately parallel fractures of the
same age and type is termed a fracture set. Generally, a fracture network consists

of multiple sets of fractures.
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2.2 Overview of fractures and discontinuities in the geology of Karoo

aquifers

Many of the descriptions given in the present section are based on previous works

performed in the Karoo, especially the one edited by Woodford and Chevallier

(2002). Fracture occurrence in the Karoo aquifer may be associated with different

stress (or combined stress) mechanisms in different geological units of formation.

The most important of such mechanisms are:

¢ Magma activities such as extrusive (the Drakensberg lavas) and intrusive
features (dolerites, breccia plugs and volcanic vents, Kimberlite and associated
alkaline intrusive complexes);

e Non-intrusive tectonic features, which include regional lineaments, folding,
vertical jointing and faulting, bedding-plane fracturing and seismotectonic,
neotectonic or unloading features;

e Diagenesis, paleo-fluid movement and thermo-metamorphism; and

e Weathering.

Each of these processes is associated with some respective type of fracturing,

according to the geological environment in which the processes take place.

The Dwyka Group is mainly characterised by diamictite, shale and a few sandstone
deposits (in the glacial valleys of the northern facies), and thus offers very few
large-scale exploitable aquifers. The few exploitable aquifers are found mainly in
the form of water confined in sand and gravel deposits along beaches or in high
fracturing zones like the ones found in folded Dwyka rocks at great depths in the
southern Karoo basin by the SOEKOR deep core-boreholes. Water has been struck
at 3700 m below ground surface in the Dwyka diamictite (borehole SP1/69), near
East London (Rowsell and de Swardt, 1976). The presence of such fractures and the
interconnection between them may constitute the main factor that controls water

flows and associated mass transports in the folded Dwyka rocks.

The Clarens formation is known as the most homogeneous formation in the Karoo

Supergroup, with a relatively high porosity (average 8.5 %) and a very low
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permeability (1-73 md,;,) because it is poorly fractured (Beukes, 1969; Rowsell &
de Swardt, 1976). This is due to the fine grained action sand.

2.2.1 Intrusive and extrusive formations

The Drakensberg lavas, mainly the basalts, are often associated with open thermal
joints with good interconnectivity that are important for hydrogeological studies.
The most important geological features associated with fractures in the Karoo
Supergroup are the intrusive structures. Intrusive formations in the Karoo
Supergroup may be grouped either as dolerite (Karoo dolerite), breccia plugs and
volcanic vents, or Kimberlite and associated alkaline intrusive complexes. Detailed
information related to the Karoo dolerite can be obtained from Fitch and Miller,
1984 (ages, and geneses); Rogers and du Toit, 1903; du Toit, 1905; Chevallier and
Woodford, 1999 (mapping); and du Toit, 1920 and Mask, 1966 (structural aspects).
The Karoo dolerite consists of complexes of dykes and sills. Only fracturing

associated with dolerite intrusion will be discussed in the present section.

2.2.1.1 Dykes

The ‘en-échelon’ pattern along strike exhibited by dolerite dykes is often of concern
in groundwater explorations or when attempting to determine preferential flow
paths in the fractured Karoo Supergroup. Such a pattern can be detected by
mapping. From pumping test analyses in Botswana, Bromley et al. (1994) found
that dykes that are thicker than 10 m may serve as groundwater barriers, but those
of a relatively smaller width are permeable, as they develop cooling joints and
fractures. Van Wyk (1963) reported that more than 80 % of the successful
boreholes (yield> 0.13 {/s) drilled into Karoo sediments in northern Kwazulu-Natal
are directly or indirectly related to dolerite intrusions. Sami (1996) noted that the
yield of boreholes adjacent to dolerite dykes intruding the fractured sandstone or

mudstone of Karoo aquifers is significantly higher than elsewhere in the basin.

During and after a dolerite dyke emplacement, the country rock is often fractured,
leading to a set of master joints parallel to its strike over a distance that does not
vary greatly with the thickness of the dyke (between 5 and 15 m). According to van

Tonder, numerous case studies show that dykes with a width of between three and
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seven meters are the best dykes in terms of water bearing. Cooling fractures called
‘contact oureoles’ develop on the sides of a thin dyke that has cooled quickly, so
that fractures with large apertures develop. When dealing with a wide dyke, water-
bearing fractures are often located close to the side of the dyke in mudstone or
shale formations, but in sandstone formations they develop as bedding-plane
fractures along the side of the dyke. The dyke itself is the main target for the
investigation of flowing fractures in the eastern Free State. In a number of
coalmines in the Vryheid-Dundee area, van Wyk (1963) distinguished three sets of
pervasive-thermal, columnar joints approximately 120° apart, and joints parallel to
the contact, confined mainly to the host rock alongside the dyke. During his
investigation in the area, he showed how the high permeability of the dyke contact
zones are related to the joints developed during the cooling of the intrusion. The
dolerite dyke itself may be shaped by a set of thermal or columnar jointing,
perpendicular to its margins. These thermal joints, originating from the dolerite
dyke, also extend into the host rock over a distance not exceeding 0.3-0.5 m from
the contact. Vandoolaeghe (1980) described open fractures (sub-horizontal: <50°)
or fissures that transgress the dyke and extend some distance (up to 15 m away
from the contact) into the country rock, associated with the Lehman’s Drift dyke
near Queenstown (Figure 2-2 and Figure 2-3). The same author reported similar
fractures occurring in the Middelburg district, associated with the Dunblane dyke
(Vandoolaeghe, 1979).
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Figure 2-2 Geohydrology of the Lehman’s Drift (a) inclined sheet and (b) dyke,

Queenstown (after Vandoolaeghe, 1980).
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Figure 2-3 Geohydrology of the MX4 dyke / sill intersection zone, Queenstown (after
Vandoolaeghe, 1980)

Extensive deep and lateral fracturing (shearing and jointing) are associated with
wide and extensive dykes such as the E-W Victoria West dyke, the NNW Middelburg
dyke and the curved ‘gap’ dykes near East London. These regional discontinuities
could form part of a fracture network wherein deeper-seated groundwater flows on
a regional scale. Tectonic reactivation of dolerite dykes is reported by Woodford and
Chevallier (2001) in the Loxton-Victoria West area, where there are sub-vertical
fissures with a width of up to 150 mm, often filled with secondary calcite or
calcrete. Dolerite dykes are also often associated with horizontal, transgressive

fracturing.

2.2.1.2 Sills

Sills and ring complexes are acknowledged as major features in the Karoo. Du Toit
(1905, 1920), one of the first to describe such features, gave explicit reports on
their stratigraphy and distribution. He signalled the existence of preferential
horizons associated with dolerite sills at the Dwyka-Ecca Group contact, the Prince

Albert-White Hill Formation contact, the Upper Ecca-Lower Beaufort Group contact
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and other lithological boundaries within the Beaufort Group. The lithology of the
country-rock strongly controlled the emplacement of the sills. Satellite images
constitute the first tools to identify dolerite sills and ring-complexes, which often
display sub-circular saucer-like shapes with rims that are generally exposed as
topographic highs and form ring-like outcrops. Such patterns constitute a potential
indirect (surface-based) fracture detection tool. Sill intrusion is often followed by
vertical jointing in the sediments above the sills or inclined sheet. Botha et al.,
(1998) reported that sills with laccolith shapes could have contributed to the

existence of bedding-parallel fractures in the host rock.

Like dolerite dykes, dolerite sills are also subject to internal fracturing. Chevallier et
al. (2001) regrouped these fracturing features into three major types (see figure 2-
4):

(a) Vertical thermal columnar jointing that is well developed within the flat-lying sill
(F1). From aerial photo examination and satellite imagery it appears that the
outer sill often displays a very dense system of columnar jointing.

(b)Fractures parallel to the strike of the intrusion are dominant within the inclined
sheet. Aerial photos and satellite imagery show that the actual circular inclined
sheet is the most fractured part of the complex (F2).

(c) Well-developed, oblique or sub-horizontal open fractures develop within curved
portions of the sill. In the western Karoo, these fractures are often infilled with
secondary calcite (F3). Vandoolaeghe (1980) made similar observations in the

eastern Karoo.

The possibility of recognising columnar joints and fractures parallel to the strike
from aerial photo examination and satellite imagery constitutes an advantage for

their localisation.
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Figure 2-4: Different Types of fractures associated with sill and ring complexes (after
Chevallier et al., 2001)

When using surface methods to determine fracture location and extent, one should
be aware that the dolerite fracturing extending is function of the host rock’s
material. Fracturing at the junction between a feeder dyke or inclined sheet and a
sill is very localised, and thus represents a challenging exploration target that may
require drilling of deeper (up to 200-350 m) boreholes (Woodford and Chevallier,
2002). While fracturing in the sediment above an up-stepping sill or at the base of
an inner sill can extend some distance from the dolerite contact into the country

rock.

2.2.1.3 Breccia plugs and volcanic vents

Breccia plugs and volcanic vents may both be compared to pipe-like structures filled
with brecciated and fractured material. The large extent and uniform fractures of
volcanic vents, and of breccia plugs with a more limited size, constitute highly

permeable, preferential flow targets for groundwater.

Similar to breccia plugs, volcanic vents represent easily locatable, drilling targets
for high yielding boreholes because of their shape, size and degree of brecciaing,
and they potential association with large, open fractures that control the behaviour

of local aquifer systems. In the Clarens formation, where the high porous sandstone
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is poorly fractured and has a low permeability, volcanic vent may be the most

important groundwater exploration targets (Woodford and Chevallier, 2002).

2.2.1.4 Kimberlites

Kimberlite fracture swarms consist of parallel fissures and associated joints or
fractures. The fissures are always closely spaced (approximately 10 to 50 m apart).
This pattern of the fissures allows Kimberlite fissures to be discerned from dolerite
dykes on aerial photographs as regularly spaced, narrow, co-linear features with
relatively denser vegetation growth along the fissure. This is an advantage for the
characterisation of associated joints or fractures (at least in terms of localisation
and distinction). Several researchers give good descriptions of the occurrence of
Kimberlites and associated fractures in the Karoo Supergroup (Dawson, 1962,
Greef, 1968; Nixon and Kresten, 1973; Norman et al., 1977; Nixon et al., 1983;
Chevallier, 1997). Mega-joints (parallel) often accompany the emplacement of the
Kimberlite, but no transgressive, water-bearing fractures have been developed
along Kimberlite fissures and diatreme pipes. The mega-joints that accompanied
the emplacement of the Kimberlite form important fractured domains on a regional

scale where clusters of Kimberlites occur.

2.2.2 Non-intrusive tectonic features

Fracture systems (geophysical anomalies) in the Karoo basin may also be
associated with non-intrusive tectonic features such as regional lineaments, folding,
vertical jointing and faulting, bedding-plane fracturing and seismotectonic,

neotectonic or unloading features.

2.2.2.1 Regional lineaments

Regional lineaments such as deep-seated pre-Karoo structures, geophysical
lineaments (Beattie, Williston and Mbashe) magnetic anomalies (e.g. the Kaapvaal
Craton margin), major faults (Thomas et al., 1992), and major morphological
lineaments detectable from digital elevation models (Woodford and Chevallier,
2002) have been identified in the Karoo, but their influences on the behaviour of
groundwater flows have not really been proved. The shallow Tugela (Natal) fault

formed by juxtaposition of two different formations (with different hydrogeological
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characters) has been identified by Woodford and Chevallier (2002) to be of
particular interest for hydrologists. Meyer and van Zjil (1980) reported on the yield
potential of these deep-seated structures. The occurrence of flooding in Shaft 2 of
the Orange-Fish River Tunnel is evidence of such a structure (Meyer and Van Zjil,
1980). The detection and localisation of such deep-seated structures often
constitute geophysical challenges.

2.2.2.2 Folding

The Karoo Supergroup has been affected by folding processes of varying style and
intensity. Campbell (1975), Stear, 1980, Halbich and Swart (1983), Coetzee
(1983), Cole et al. (1991), Newton (1993), Woodford and Chevallier (1998),
Woodford and Chevallier (2001), among others, have given valuable reports on the
occurrence of such tectonic features, and their classification. Six E-W folding zones
(zonel to zone6) with different degrees of structural deformation in “ the Cape
Orogeny ” (Halbich and Swart, 1983) and a number of NNW and NNE trending
oblique lineaments, fracture sets and master joints in the Beaufort West area are
the results of folding processes in the Karoo Supergroup. Such features are
associated with the development of a dense network (with a high degree of
connectivity) of open fractures with different characters (geometry, size and
attitude). The high degree of connectivity between fractures should result in more
extensive aquifers, and thus give a regional-scale importance to folding features in

fracture characterisation.

2.2.2.3 Vertical faulting and master joints

The geological and structural framework of the Karoo is also marked by vertical
faulting and master joints. Campbell (1975), Parsons (1986), and Hancock and
Engelder (1989) among others, described such features well. The master joints
may be identified on conventional remote sensing imagery by their detectable
systematic joint sets, which are dominant in the Karoo and form extensive features
(>1 km). Such features are often encountered in the sandstone of the Beaufort
Group. They generally have limited vertical extension and are poorly

interconnected. However, extensive mega-joints and faults that have considerable
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vertical extension and cut through different lithological units, may be encountered

in some places in the Karoo.

2.2.2.4 Bedding-plane fracturing

Horizontal fractures (joints with horizontal-shear patterns) occur generally at local
scale in the Karoo aquifer. The southern folded regions provide only one example of
regional horizontal fractures in the Karoo. Botha et al. (1998) described the
occurrence of such bedding-plane fractures in the Karoo. Such features generally
extend for some 10 to 20 m and the thickness of the zone affected by this shear
deformation is usually in the order of 0.5 m (Woodford and Chevallier, 2002). They
serve as lateral conduits for groundwater, but because of their general local scale
and discontinuous aspects, cannot control regional aquifer behaviour.
Characterisation of such fractures has been carried out by the Institute for
Groundwater Studies in the Ecca shale on the Free State University campus test
site (Botha et al., 1998).

2.2.2.5 Seismotectonic, neotectonic, and unloading features

Very few neotectonic activities have been clearly related to seismotectonic stress
provinces in South Africa. A fault in a recent deposit on the farm Bultfontein in the
Free State, has been attributed to a NNW extensional regime by Andreoli et al.
(1996). The intercepted ‘open’ E/W-striking joint system in Shaft 2 of the Orange-
Fish River Tunnel in the Eastern Cape was reported as evidence of the eastward
extent of the Cape seismic (stress) province by Olivier (1972). Haxby and Turcotte
(1976) mentioned that erosional unloading causes isostatic rebound and thermal
cooling, and usually creates surface extension that results in a series of recent joint
systems. Although fracturing created under the prevailing crustal-stress regime is
assumed to significantly affect the occurrence of groundwater, no proof of such

effects has been given nor critically tested (Hartnady and Woodford, 1996)
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In groundwater studies, the fractures parameters required for a better conceptual
understanding of a given aquifer system, vary according to the purposes of the
study and the scale of the study area. Kueper et al. (2003) and Gebrekristos
(2007) among others have described the properties of fractures that are needed for
DNAPL site characterisation, for example. The important fracture characteristics
needed in a simple groundwater exploration for water supply will not necessarily be
the same, as in regional groundwater modelling for risk assessment and aquifer
vulnerability management. However, some important characteristics are common in
the characterisation of different fractures, and these are generally grouped into two
main groups of characters: (1) geological and physical characteristics and (2)
hydraulic and mass transport characters. Others like Kornelius (2002) subdivided
them into three groups: (1) aquifer geometry, (2) hydraulic properties and (3)
transport parameters.

This section of the dissertation reports on different aspects of fractures’ parameters
needed in hydrogeological studies and their variability in time and space, giving

examples from the Karoo Aquifers.

3.1 Geological and physical characteristics

In characterising an aquifer, the geological fracture character describes the
geometry of the fracture and its general physical presentation. The main

geometrical and physical characters are briefly described below.

3.1.1 Location
In Hydrogeologist investigations, locating hydro-fractures is the basis of fracture

characterisation.

3.1.2 Orientation

The orientation of a fracture plane is the measure of the angle it forms with the
north direction (dip direction: XX°) and its angle with respect to the horizontal
plane (dip amount: YY°). It is expressed in terms of a pair of numbers, such as

YY°/N XX°, implying a plane dipping at YY° in the direction XX° measured clockwise
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from the north. The dip direction is the direction perpendicular to the fracture

strike.

For a set of fractures, Cook (2003) noted that calculation of mean fracture
orientation is not as simple as averaging values for strikes, dip directions and dip

amounts.

3.1.3 Fracture connectivity, spacing and length

The physical connections between individual fractures greatly influence fluid
(groundwater) flow, and are often assessed using information from descriptions of
fracture sets (the areal and vertical extent, the spacing or density of individual
fractures and the orientation distribution). Fracture connectivity is one of the main
fracture characters that control to a relatively important degree the ability of
fractures to serve as significant flow paths for groundwater, and is measured as the
ratios of three types of fracture termination (Cook, 2003):

1. blind fractures that terminate in the rock matrix;

2. fractures that cross other fractures; and

3. fractures that abut other fractures.

Indeed, fracture connectivity itself is a function of fracture orientation, length and
fracture spacing. Singhal and Gupta (1999) described how fracture length and
spacing control the connectivity and therefore the main flow process in the
subsurface. Generally, the fracture network continuity of a rock volume increases

with increasing fracture length and fracture density (Long and Witherspoon, 1985).

Fracture length is one the most difficult characters to determine, since it has to be
approached in three dimensions (the fracture’s dip and strike). Surface exposures
(or channels) sometimes offer the chance to directly observe a fracture (or trace)
and measure its trace length. In this case, only the fractures in a certain range of
values of length are considered, usually imposed by the limited surface of exposure
and the scale of the study (often the lower limit of the range) (Barton, 1996). And,
as mentioned by Cook (2003), the observed trace length may be only an apparent
value of the true trace length due to various types of bias creeping into the data

during measurements of exposures. Gringarten and Ramey (1974), and de Lange
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(1999) proposed analytical alternatives for fracture length to be inferred from
conventional constant pumping rate tests, but the fracture transmissivity Ty, and
fracture storativity S, should be known beforehand. Knowledge of the fracture
extent is required for several analytical methods, since they assume finite fracture

length.

Fracture spacing describes the average (or modal) perpendicular distance between
two adjacent discontinuities of the same set (Singhal and Gupta, 1999), and can be
measured averagely, by spreading a tape measure in any convenient direction (not
parallel) on an outcrop face (or in tunnels). But this measurement has to be
corrected for angular distortion to give the value of true fracture interval,
perpendicular to the fracture orientation (LaPointe and Hudson, 1985). Price and
Cosgrove (1990) related fracture separations to the lithology and thickness of the

beds. Fracture spacing may be used to describe fracture density.

3.1.4 Fracture aperture

Aperture is the perpendicular distance separating the adjacent rock walls of an open
fracture, in which the intervening space is air- or water-filled (Cook, 2003). The
term ‘mechanical aperture’ is used to describe the aperture of a fracture measured
directly (on an exposed outcrop, in a channel, or on a core body) using various
length determining devices (rulers, callipers, sonar devices). Determination of such
a fracture’s dimensions is problematic because the original fracture opening is
rarely conserved. Early researchers in the field of fracture flow simulated flow
through a pair of parallel plates separated by a constant distance, b, which
represented the aperture of the fracture. By doing so, they neglected the roughness
of the walls, channelling and closings that affect the hydraulic behaviour of a
fracture. The term ‘equivalent aperture’ was introduced to describe an effective
aperture contributing to flow or transport in the fractured rock at a specific time.
Such effective apertures are often inferred from hydraulics and tracer tests using
fluid flow properties in the fracture. According to the type of test from which the
equivalent aperture is derived, three types of equivalent aperture have to be
distinguished (Tsang, 1992): (1) mass balance apertures (derived from the mean

residence time of a tracer, the flow rate, fracture geometry and the tracer test
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breakthrough), (2) frictional loss apertures (derived from the mean residence time

of the tracer, the transport velocity), and (3) cubic law or hydraulic apertures.

Steele et al. (2006) carried out conventional slug tests and used the results in
numerical simulations to estimate fracture apertures (for smaller fractures between
35 and 400 pum). Akoachere and van Tonder (2009) developed two new methods (a
slug-tracer test and a tracer detection method) through Ilaboratory
experimentation, to directly determine inclined and horizontal fracture apertures in

fractured rock aquifers from 0.04 mm (40 um) to 63 mm (63 000 um).

Data collected directly at surface for a fracture’s apparent apertures should be
interpreted with consideration of the potential risk of non-intactness of the rock and
the effect of the release of overburden pressures. Such fracture aperture data may
be collected with a vernier or gauge (Love et al., 2002). Such a character can also
be determined from deep core borehole data, which should also be analysed with
caution (considering representativeness and quality of the recovered data).
Because of the scarcity of surface exposure, the expense of core-hole drilling, and
mainly the nature of the studies, fracture apertures have often been inferred from
measurements of fracture transmissivity. Belanger et al. (1988) applied a
sensitivity analysis method to a guessed fracture aperture value to determine the

fracture aperture of the fracture that best fitted field hydraulics test responses.

3.1.5 Fracture surface roughness

The irregularities on a fracture’s wall surfaces are an important parameter to take
into account, since they affect (reduce) the rate of fluid flow by allowing a local
channelling effect of preferential flow. Such irregularities on fracture surfaces have
been extensively studied (Brown et al., 1986; Gentier and Ries, 1990, Miller et al.,
1990). A rock fracture’s surface roughness is measured by comparing its profile
with a standard set of profiles. Such a profile is obtained with a mechanical
profilometer (Swan, 1981) or by application of optical methods on an exposed, un-
weathered fracture surface (Voss and Shotwell, 1990). Thomas (1982) gives a
valuable review of surface roughness measurements. He describes more than 20

standards, which include measures such as the average deviation from the mean
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(rms: root-mean-square, roughness) and peak-to-valley height. Typical roughness
profiles like those described by Barton and Choubey (1977) in terms of ‘joint
roughness coefficient” (JRC) are usually used. Such a roughness coefficient is

defined on a scale from 0 to 20 (
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Figure 3-1).

Figure 3-1 Typical roughness profiles, defining the joint roughness coefficient range
from O through 20. (From Barton & Choubey, 1977).
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3.2 Hydraulic and mass transport characters

Because the processes of flow and mass transport are generally related, water and
mass transport characters are often studied together. While the hydraulic
characters (transmissivity or hydraulic conductivity, storativity - mainly on a
continuum - and effective porosity) control of the flow behaviour under natural or
stressed conditions, the transport characters (flow velocity, diffusion, dispersion,
advection and others) control the movement of mass (dissolved ions or other rock
particles), and are very important for any study of groundwater contamination or in
vulnerability and risk assessment of aquifers. Van Wyk (1998) gave proof that
contaminant transport predictions based on hydraulic measurements alone are

subject to large errors.

3.2.1 Hydraulic characters

3.2.1.1 Fracture transmissivity (and hydraulic conductivity)

Transmissivity is a hydraulic parameter that gives a measure of the rate of flow
under a unit hydraulic gradient through a cross-section of unit width over the whole
saturated thickness of the aquifer. It is expressed as the product of the average
hydraulic conductivity K and the saturated thickness of the aquifer D. In fractured
aquifers, when dealing with contamination either in investigation or in scenario
testing, the knowledge of the transmissivity (or hydraulic conductivity) of the
fracture (or fracture zone) is necessary to evaluate velocities or length of
contamination plumes, especially for advective flow. For dispersive flow, in addition
of the transmissivity, the dispersivity and a retardation factor may be necessary.
The transmissivity of the fracture is expressed as the product of the fracture’s
hydraulic conductivityKrand the equivalent fracture aperture b, which can be
directly or indirectly measured or estimated from the thickness of the fracture

zoneDy and the intersection angle 6.

Hydraulic (flowmeter, packer, etc.) and tracer tests (FEC profiling) have been
developed to infer accurately the transmissivity of fractures or fracture zones, and

these are reviewed in chapter 5.
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3.2.1.2 Fracture storativity

The storativity of a saturated confined aquifer of thickness D is the volume of water
released from storage per unit surface area of the aquifer per unit decline in the
component of hydraulic head normal to that surface (Kruseman and de Ridder,
1991). In a fractured system, this storage capacity consists of the storage capacity
of both the matrix and fracture storativity. Even if, generally speaking, the storage
of a fracture is normally very small compared to the storage capacity of the matrix,
and is often neglected in regional aquifer studies, knowledge of the storage capacity
of the fracture or fracture network may be important in contaminants studies
(investigation and scenario testing) and artificial recharge. A correct estimation is

more complicated than for the matrix storativity.

3.2.1.3 Effective porosity of fractures (voids that really contribute to
the flow)
The effective porosity of a fracture is defined as the ratio of the total volume of
interconnected voids in the aquifer (between fracture walls) that really contributes
to flow, to the total saturated volume of the aquifer. Sampling for laboratory
measurement may be accurate methods to determine such a parameter, if the
sampling process does not alter the compaction of the material. This can be
problematic and constitutes a real drawback for laboratory measurement. Hall et al.
(1991) introduced a combination of the point dilution test (Drost et al., 1968) and
the injection withdrawal test (Leap and Kaplan, 1988) for measuring effective
porosity. This approach has been further developed by van Tonder et al. (1999),
Riemann (2002), and Gebrekristos (2009) to determine the in situ effective porosity

of the Karoo aquifer in the vicinity of Bloemfontein.

3.2.2 Mass transport characters

Fetter (1999) gave an explicit description of the main phenomena that govern the
velocity and particularly the concentration of solutes (mass) in groundwater.
Riemann (2002) discussed the key processes that control mass transport in
groundwater. In addition to the key processes that control chemical transport in

aquifers in general (advection, dispersion, diffusion, and adsorption); others
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processes, such as channelized transport and matrix-fracture diffusion, control

solute transport in fractured aquifer systems.

3.2.2.1 Advection

Advection (convection) describes the solute transport that occurs with flowing
groundwater, and in which the amount of solute that is being transported is a
function of its concentration in the groundwater and the rate of groundwater flow.
The velocity of the groundwater constitutes the velocity field for such transport. For
practical reasons, this velocity field represents an average of different velocity fields

over an appropriate volume.

In a heterogeneous aquifer system, particularly in a fractured aquifer where the
velocity field varies across the aperture of the fracture, along the fracture, and from
one fracture to another, the averaged velocity field may not be representative of

the small-scale field.

3.2.2.2 Diffusion in the fracture

Diffusion describes the solute transport controlled by concentration gradient. Fick'’s
first and second laws are often applied to tracer tests in a one-dimensional model
to describe such transport respectively for solute concentration and for time-

varying concentration.

3.2.2.3 Dispersion

Small-scale variations that are not described by the average velocity field will cause
the tracer to spread and mix. When molecular diffusion is added to this spreading
and mixing process, the result is what is commonly known as dispersion. Due to the
heterogeneity of geologic materials, advective transport in different strata can

result in solute fronts spreading at different rates in each stratum (Riemann, 2002).

Dispersion is the transport process that controls the combining processes of
spreading of mass solute that is not controlled by advection or diffusion. Generally,
Fick’s law is used to describe such a transport process, since the data used in such
attempts are often from tracer tests conducted over a relatively short distance. But

this can lead to an inaccurate consideration of dispersion (heterogeneity) in a
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fractured aquifer, where the solute must travel a certain distance before Fickian
dispersion is established (Gelhar, 1986). The effect of fracture geometry on the

dispersive transport has been clearly shown by Detwiler et al. (2000).

3.2.2.4 Channellised transport

In a fractured aquifer, the groundwater flow normally occurs in a fracture zone
consisting of several interconnected fractures, and fluid velocity can vary across the
aperture of the fracture, in the fracture plane, from one fracture to another, and
from one part of the fracture network to another part. The parallel plate model of a
single fracture often used to describe flow through a fracture, because of lack of
information on the geometry of the fracture network and of single fractures,
assumes a uniform flow along the fracture (or fracture network), neglecting the
variations in flow velocity, which are greatly influenced by the flow geometry.
Channellised transport arises from the non-uniform velocity of fluid and solute
transport in a variable-aperture fracture, resulting in the concentration of flow and
transport in narrow regions following pathways of least resistance. This effect has
been tested through different developed models (John and Roberts, 1991;

Nordquist et al., 1996), basing on assumed fracture network and flow geometry.

3.2.2.5 Matrix-fracture diffusion

The channellised flow in a fracture leads to the stagnation of groundwater, with its
solute in significant portions of the fracture. The presence of such ‘stagnant water’
may create a retardation effect on the solute’s apparent movement, by the
occurrence of molecular diffusion processes of solute (tracer): (1) between
channels water and the stagnant water, (2) between the mobile water flowing in
the connected fractures and the stagnant water residing in unconnected or dead-
end fractures, (3) or between fractures and rock matrix (high porosity matrix).
Field experimental studies (tracer tests) conducted on the campus test site by
Riemann (2002) showed a loss of tracer mass due to matrix diffusion that was
found to be up to 30 %. In 2001, van der Voort conducted laboratory experiments
on diffusion coefficients for different rock types in South Africa. The matrix diffusion

effect becomes difficult to distinguish at a large scale (kilometre scale), because it
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emphasises tracer movement retardation due to fractures with large heterogeneity

in transmissivities (Shapiro, 2001).

3.2.2.6 Adsorption

The physical properties of some solutes may tend to attach them to solid phases. In
fractured aquifer systems, such tracers may adsorb onto fractured surfaces,
particularly in the presence of alteration product (clay), and thus be delayed in their
movement. This process should be distinguished from reversible matrix-fracture
diffusion transport, which is controlled by the physical properties of the aquifer (i.e.

velocity in the fracture, porosity of the matrix, diffusivity of the matrix).

3.3 Variability of fracture characters in time and space

The representativeness of estimated (or measured) fractures’ parameters, for a
given scale and as time passes is an important issues in fracture characterisation,
that is usually neglected in different hydrogeological studies, particularly in most
studies conducted in the Karoo. Such omission can lead to misunderstandings of
the occurrence of the groundwater flow and mineral (or mass) transport at a given

scale and at a specific moment.

Due to the degree of heterogeneity and anisotropy in fractured aquifer systems,
almost all the fracture characters may change in space (radially in the plane of the
fractures or spatially with change of orientation of the preferential flow), either in
the same fracture or from one fracture to another, or at different parts of a fracture
network. The choice of the fracture characterisation should consider the scale of the
study. Shallow fractures characteristics might not be representative of conditions at
greater depths. Methods that probe deeply into the subsurface generally have a
poor ability to spatially resolve the locations of fractures and those with shorter
ranges have correspondingly better resolutions. Even then, some exceptions to this
rule exist (NRC 1996, Chapter 40), one should be aware of the range and resolving
power of the methods that have to be used for any fracture characterisation study.
At regional scales, some information like the locations of major fracture zones and
faults may be obtained from aerial photography and remote sensing imagery

technology. Information such as orientation, set, aspect, and size can be collected
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with direct surface (in-field) observation, like on outcrops. Ground and airborne
geophysical surveys may be needed sometimes for more precise resolution
purposes. and some fracture characters (geometric and hydraulic) can be obtained
only from drilling boreholes or tunnels, either by examination of core material, or

by using geophysical logging methods, hydraulics or tracer tests.

If the primitive geometry of a single fracture (or fracture network) is mostly
affected by the geological origin of the fracture (Delaney et al., 1986, DeGraff and
Aydin, 1993, Chevalier et al., 2002), as time passes, the factors that most affect
the geometry of the void space (and subsequent flow characters) are changes in
stress brought about by natural processes (groundwater pressure, temperature,
general stress state, and others) and artificial processes (human activities) such as
withdrawal, artificial recharge, canals, or the charge (weigh/mass) of urban
buildings. Generally, fractures are sensitive to changes in temperature, pressure
and fluid chemistry, and any slight perturbations of these parameters can result in
significant alterations in fracture properties. Stress sensitivity constitutes the
greatest distinction in hydrological properties between porous media and fractures.
Perkins and Gonzales (1984), Engelder (1993) and the National Research Council
Committee on Fracture Characterisation and Fluid Flow (1996) provide clear
descriptions of how changes in stress affect a fracture’s geophysical characters and
the groundwater flow (stress-sensitive flow behaviour) in a fracture. Other no less
significant factors are mineral precipitation and dissolution due to fluid
(groundwater) flow through a fracture. The fracture’s “effective stress” is a concept
developed to understand changes in fracture systems owing to variations in pore
pressure, and is defined as the difference, between the total stress applied on the
fracture face and the pore pressure in the fracture (Warpinski, 1991). An increase
in effective stress will close fractures and reduce their permeability; a decrease in
effective stress will have the opposite effect. Several models have been developed
to attempt to predict the behaviour of stress sensitivity flow (Raghavan et al.,
1972; Kafritsas, 1987; Asgian, 1989; Wall et al., 1991; Dvorkin and Nur, 1992).
But these models are found to be limited and often require field scale experiments

to test them.
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4.1 Electrical properties of rocks

One of the main geophysical properties of rocks used to collect sub-surface
geological and lithological information is the electrical properties. After seismic
properties, electrical properties are found to be most useful in detecting and
characterising fluid conductive zones (or fractures) in the subsurface (National
Research Council Committee on Fracture Characterisation and Fluid Flow, 1996,
Chapter 40).

Originally, the bulk electrical properties of rock were determined based on the
properties of its constituents. In the subsurface, rocks are constituted of grain
minerals, gases, and fluids (liquid in the saturated zone) that fill the void between
grain minerals. The dimensionless ratio of the volume occupied by the fluid to the
total volume of the rock mass is defined as porosity. Electrical properties such as
conductivity (reciprocally inverse to resistivity) are strongly related to the porosity
of the rock mass. In a secondary system (fractured aquifer), and mainly in a
densely fractured system (and/or secondary system with low porosity matrix),
voids between fractures’ spaces contribute significantly to this porosity. This
significant contribution constitutes the basis of using electrical methods for

subsurface rock mass characterisation in a fractured system.

4.1.1 Archie’s law

Archie (1942) described the bulk resistivity of rock, by relating it to pores’ fluid
resistivity and porosity at low frequencies through the following equation known as
Archie’s law:

P —F=ap™ Equation 4.1

w

Where ¢, is the bulk resistivity of the rock, ¢, is the pore fluid resistivity, F is the
formation factor, @ is the porosity, n is the cementation factor (approximately 1.5),

and «a is a dimensionless parameter (approximately unity).
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This law allows an estimation of porosity from electrical resistivity measurements,
and has been modified for reasons of accuracy to fit certain geologic environment
and certain applications studies. Waxman and Smits (1968) extended Archie’s law
by taking into account the effect of surface conduction along grain boundaries,
which may become a significant factor in low porosity rocks with low-conductive
pore fluids (or in clay-bearing rocks). This factor’s effect was also mentioned by
Magnusson et al. (1987). The formula developed by Waxman and Smits (1968) also
takes into account the relation between the mobility of exchange cations and a

pore’s water concentration and the clay cation exchange capacity per unit volume.

4.1.2 Void filling and rock properties

The degree of filling of the voids between the grain minerals by a fluid (water) may
in certain conditions have a significant effect on the bulk properties of the rock. In a
non-conductive material system, for example, electrical conductivity depends
mainly on the fluid saturation in the pores. Simandoux (1963) among others,
showed how the bulk electrical conductivity (rock formation filled with fluid) is

related to the percentage water saturation and clay concentration.

The effect of the presence of fractures on bulk rock mass conductivity becomes
more significant when the fractures are connected and in that sense can constitute
a significant path of conduction in the rock mass. Generally, void space connectivity
in a rock mass is stress dependent, therefore conduction through fracture paths is
stress dependent. For example, any variation in stress on a fracture, changes the
geometry of its void space, which in turn changes its global permeability and
preferential flow paths (Pyrak-Nolte and Morris, 2000). A fractured rock mass may
therefore be visualised as a matrix of one conductivity containing thin sheets of a
second stress-sensitive conductivity (National Research Council Committee on
Fracture Characterisation and Fluid Flow, 1996, Chap 3).

4.1.3 Bruggeman-Hanai-Sen equation
One of the multiple theories on electrical properties of rocks at high frequencies is
the one developed by Sen et al. (1981) and known as the Bruggeman-Hanai-Sen

equation. The equation is based on the theory of self-similar systems and hold for a
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two-component system. This equation is similar to Archie’s law in a direct current
conditions. Sihvola (1989) gave experimental proof of reliability of the Bruggeman-

Hanai-Sen equation.

4.2 Rocks’ hydraulic properties

The relationship of geologic materials (rocks) and fluid processes is significantly
controlled by the rocks’ hydraulic properties and fluid quality. Water in a rock is
held and moves through its interconnected voids. The ability of an earth material to
hold water and its ability to transmit water constitute its most important
hydrogeologic properties. Gehrels and Gieske (2003), by considering the law of
conservation and Darcy’s law, showed mathematically how flow (both three-
dimensional and two-dimensional) in homogeneous, isotropic conditions is mostly
driven by two hydrogeologic properties: storage coefficient § (specific storage “s,”

for an unconfined aquifer) and aquifer transmissivity T .

These hydrogeologic properties themselves are function of physical properties such

as porosity, density, geometry and shape of the void between the grain minerals.

4.2.1 Darcy’s law

The French engineer Henry Darcy (1856) gave the first acceptable theory for the

study of water movement in the subsurface. Through his experience in a porous

medium, Darcy found that the rate at which water flows through a given earth
material is proportional:

1. to the hydraulic gradient (ratio of the difference in the height of the water
between the two ends points of the flow path in material to the length of the
flow path),

2. to a coefficient "K” , which depends on the nature of the porous medium,

3. And to the cross sectional area A of the material.

In general, this relation is termed as follows:
Q= —K(%) Equation 4.2

dh

Where, the term = is the hydraulic gradient.
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The coefficient K was initially referred as the coefficient of permeability, and later

as hydraulic conductivity.

4.2.2 Hydraulic Conductivity

Hydraulic conductivity is the measure of the ease with which water will pass
through the earth's material; and is defined as the rate of flow through a unit cross-
section under a unit hydraulic gradient at right angles to the direction of flow. It is
expressed in metres per day (m/d). From the general Darcy’s equation for flow in
porous media, the following mathematical expression determines the hydraulic

conductivity:

K = % Equation 4.3
A(D

But this expression of conductivity does not show how it is a function of the
properties of both the earth material and the fluid flowing through this material.
This relation is given by the formula:
K = Ki(%) Equation 4.4

Where pg is the specific weight of the fluid (with g the acceleration of gravity and g
the fluid density); K; (is function of the void space shape factor ¢ and the mean
aperture of spaced :K; =Cd? ) is the intrinsic permeability of the earth material
alone, and u is the dynamic viscosity.

This formula, developed under porous medium conditions, has been found useful in
a modified form for modelling fracture flow and associated processes. Gale (1982)
reported that ‘if fractures are idealised as parallel plates, each having a constant
aperture, then, the hydraulic conductivity, K, of a parallel-plate fracture of
aperture 2b, is given for smooth laminar flow conditions (Re < 2300) by the
following equation:

Ky = %(Zb)2 Equation 4.5

Where pthe fluid density, g is the gravitational constant, andu is the dynamic

viscosity.

43



FRACTURE CHARACTERISATION OF KAROO AQUIFERS 2010

By using Darcy’s law, a first approximation of fluid flow along a fracture has been
set. The fluid flow along a fracture is modelled as flow between two parallel plates
with constant hydraulic aperture (b,) described by the ‘cubic law’ (Snow, 1965;
Louis and Maini, 1970):

3
__ wpgby .
=—zn AH Equation 4.6

Where q is the flow rate per unit width (b,) and AH is the hydraulic head (elevation
head + pressure head) gradient.

By extension of this formula, the following one has been established with the

14

permeability “K = 11’—; , by analogy with Darcy’s law (National Research Council

Committee on Fracture Characterisation and Fluid Flow, 1996: Chap 3):

Kb
Q= TVP Equation 4.7

Where Q , is the volumetric flow rate per unit width, and P is the fluid pressure.
Tsang and Tsang (1987), and Brown (1989) demonstrated that the parallel plate

model overestimates the volume flow rate through rough-walled fractures.

4.3 Relationships between rocks’ electrical and hydraulic properties

Because of the connection between electrical property and void volume within a
rock, and between hydraulic property (conductivity) and void volume, a close
relationship between electrical property and hydraulic conductivity is evident, and
this has been studied in different applications. Simultaneous measurement of fluid
permeability and electrical resistivity is in fact a well-established practice for core
analysis in the oil industry (National Research Council Committee on Fracture
Characterisation and Fluid Flow, 1996: Chap 3). The rock’s permeability (hydraulic
conductivity) and its electrical resistivity (inverse of electrical conductivity) are
respectively the key hydraulic and electrical properties that have been used to
study the hydro-electrical relationship of rocks. Darcy (1856) described fluid flow as
a function of hydraulic conductivity (K) through Darcy’s equation (Equation 4-8).

q= _H—KVP Equation 4.8

where q is the fluid volume and VP is the pressure gradient.
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Ohm (1826) defined rock’s electrical resistivity by Ohm's Law (Ohm, 1826):
J =—0oVV  Equation 4.9

Where | is the current flux density andVV is the potential gradient.

A clear similarity exists between the two distinctive differential equations describing
each process (electric and fluid flow). These equations have been related to rock
void (space within the rock) through different models. Paterson (1983) and Walsh
and Brace (1984) presented the ‘equivalent channel model’, which explains the
relationship between permeability and formation factors. This model describes the
transport properties according to ‘typical’ pore geometries. The equivalent channels
assume void space to have a simple geometry (cylindrical tubes for porous media

and parallel plates for fractures).

4.3.1 Hydro-electrical relationships in a primary aquifer

In a porous medium, for example, geometrical models (Wyllie and Rose, 1950;
Walsh and Brace, 1984) and statistical and percolation concepts (Katz and
Thompson, 1986, 1987) have been used to describe relations between void space
within an earth material and the two distinctive differential equations cited above.
The combination of both relations, assuming no surface conduction, allows a
formula that links both rock transport properties (electrical and hydraulic), and in
which the rock’s electrical conductivity is expressed in terms of the formation factor
F (see Archie, 1942).

L
K = CT Equation 4.10

where , is a shape factor (the ratio between the electrical conductivity of the fluid
ofl at the respective experimental temperature and the measured conductivity of

the rock @), and L, is a characteristic length scale.

The length L depends significantly on the type model. Milsch et al. (2008)
recommended to appropriately define and determine L for the validity of a model,
since it needs to contain all the micro-structural information needed to characterise

the interrelationship between both transport properties.
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4.3.2 Hydro-electrical relationships in secondary aquifers

In fractured rock environments (secondary aquifers), the investigation of hydro-
electrical relationships has been conducted in different applications (Kosinski and
Kelly 1981; Kelly and Reiter 1984; Yadav and Abolfazli 1998). The flow and mass
transport processes in such environments are often concentrated in the conductive
fracture networks, mainly when the rock matrix is significantly less conductive. The
Fracture is modelled as two parallel plates, and the flow rate per unit width Q is
given by:

Kb
Q= TVP Equation 4.11

where Q , is the volumetric flow rate per unit width, and is the fluid pressure.
For the same facture model filled with an electrolyte of resistivity p , the electric
current ] per unit width is proportional to the first power of the aperture according

to Ohm's law:

b
I= ;VV Equation 4.12

By assuming that topography varies slowly in the plane of the fracture, that the
parallel-plate model holds, and that mass and charge are conserved, Brown (1987,
1989) found that Reynolds's equation for fluid flow can be used:

V.(b3VP) = 0 Equation 4.13

Analogously, the corresponding electrical conduction equation is:
V.(bVV) = 0 Equation 4.14

Brown (1987, 1989) used these two differential equations, with generated rough
fracture surfaces and pairs of surfaces, to model volume flow rate and electric
current fields by using fractal algorithm. Figure 4-1 shows the results of the

calculation.
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Figure 4-1 Electrical current path and fluid flow path after Brown’s model (1989)

With this model, Brown confirmed that fluid particles and charged ions take
different paths through a fracture and that fluid flow is mostly affected by surface
roughness, with the large aperture channels playing the dominant role in transport.
Tsang and Tsang (1987) took these considerations into account to build a
conceptual model for channel flow through fractures. Brown also demonstrated
through this model that the use of an arithmetically average aperture, when using
the parallel-plate model, overestimates both the volume flow rate and the electric
current through rough-walled fractures. The same model was used by Brown
(1989) to compare hydraulic and electrical apertures (respectively by, andb,) in a
function of a dimensionless aperture, bm/hrms, where “bm” is the mechanical
aperture and “hrms” is the “rms” surface height of the fracture surfaces. The results
showed that the relationship between hydraulic and electrical properties changes
with deformation (bm/hrms). For high values of bm/hrms, hydraulic and electrical
apertures values are the same, but for bm/hrms close to unity, the electrical
aperture b, becomes smaller thanb, . Therefore the use of a fracture’s electrical
conductivity (inverse of electrical resistivity) may underestimate its hydraulic
conductivity. In the final analysis, the results of the Brown model are consistent
with the ‘equivalent channels model’ with simple geometry (cylindrical tubes for

porous media and parallel plates for fractures).
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In the present section of this dissertation, the different methods and approaches
developed for fractures characterisations will be reviewed with emphases on the
commonly used methods. Also discussion on some case studies of characterisation

tools used in the Karoo will be made.

5.1 Fracture characterisation: What is it about?

Aquifer’s characterisation is important for building up a conceptual understanding of
the hydrogeological processes operating in any region and hydrogeological
environment, and consists of finding out the main geological and hydraulic
parameters that control the groundwater storage and flow at a given scale. In
fractured environments (basement complex, younger granites, carbonates, and
unconsolidated deposits aquifers) where, a network of flowing fractures cuts
through a rock matrix, this requires information on the nature of both the fractures
and the rock matrix (Cook., 2003). In most flowing fractures it is generally
considered that there is no infilling.

While a rock-matrix’s characters can be reliably determined only by using core
samples taken from drilling or from surface exposure, reliable methods for
determining fracture characters still constitute challenges for hydrogeologists.
Characterization of groundwater flow and solute transport through fractures, within
such a complex system (with spatial density variability) like in most cases in the
Karoo aquifers, requires estimation on both, the fractures’ geological and physical
characteristics (locations, dimensions, surface roughness), and hydraulic and mass
transport characteristics (hydraulic conductivity, porosity, advection, ect...), and the

matrix diffusion coefficient, as listed in chapter 3.

5.2 Classification of fracture characterisation methods

Fracture characterisation methods can be classified in different ways according to:

e the fracture’s characters, which are able to help to determine physical
characters, flow characters and mass transport characters;

e the zone of survey (surface, subsurface) or the impact of methods on the

natural condition (invasive, non-invasive).
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In practice, classification of the fractures characterization methods accommodates

for all above-mentioned considerations (Lasher et al., 2009; Zhou et al., 2002).

5.3 Review of commonly used methods of fracture characterisation

Different approaches have been developed for fracture, and vary according to the
type of site and the scopes of the studies. Techniques and methods for the
identification, location and characterisation of permeable zones in the subsurface
are based on geological mapping, geomechanical and geochemical analysis, and
also on geophysical and hydrological field measurements. Most of the fracture
characterisation methods are firstly designed to detect fractures indirectly. Since
fractures are a typical feature of rocks (associated with distinctive patterns),
fracture properties (aperture, density, length, etc.) can be indirectly deduced from
the rock mass properties by analysing the inverted rock mass properties and by
idealising the fracture geometry. Other properties of fractures cannot be indirectly
deduced, and must be estimated from interpretations of deduced fracture
properties. Such interpretations rely not only on collected data, but also on
experience and good knowledge of the study area on the part of the researcher.
Recently, significant improvements in characterisation techniques and the detection
of subsurface conductive zones have been done, and the results from assessments
of these new methods show a promising future for appropriately detecting and
characterising such preferential flow zones (fractures or fracture zones) in the
subsurface. However, there is still a need for theoretical research on methods, new

instrumentation, and algorithms for data interpretation.

Methods for detecting fractures and estimating their physical characters will be
firstly reviewed, followed by a review of methods to estimate their hydraulic and

mass transport characters.

5.3.1 Detection of fractures and estimation of their physical characters

5.3.1.1 Surface methods
Geological observation
The most detailed information can be collected from surface (outcrop) exposures,

but the availability of outcrops and the risk that they may be affected by
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weathering can sometimes constitute real limitations for this characterisation
approach. Without these limitations, surface exposures constitute an often reliable
source of information such as the orientation, sets and apparent apertures of

fractures.

Seismic reflection methods

Seismology is one of the most widely used techniques to explore deep subsurfaces.
The approach is based on the elastic properties of rocks. Two waves are generally
used in such investigations, the P-wave (compressional wave) which tends to
deform the rock in the direction of wave travel (longitudinal), and the S-wave
(shear wave) which tends to deform the rock in the direction perpendicular to the
wave travel (transversal). The technique consists of transmitting energy into the
ground by means of a controlled seismic source (a single or closely spaced array of
sources) and collecting at many other points (receivers) the reflected energy from
subsurface features where the rock properties change suddenly, such as fractures
and lithological boundaries. With these methods, fractures zones (or lithological
boundaries) position, size and orientation can deducted. Crampin (1991) described
the different field procedures and summarised recent advances in using such
methods. The seismic reflexion methods are found limited to characterise vertical
fractures (Garotta., 1989) and low dense fractures zones or single fractures (Willis
et al.,1986; Tomsen., 1998).

Electrical methods

Electrical methods for fracture detection in the subsurface rely on the Laplace
equation. Direct current (DC) is introduced into the ground at low frequency via two
electrodes and two other electrodes are used to register the voltage caused by the
current. An ‘apparent resistivity’ is then estimated by multiplying the ratio of the
measured voltage to the injected current by the geometry factor, which depends on
the configuration (sounding mode or the profiling mode) of the electrodes during
the survey (Binley et al., 2002; Zhou et al., 2001; Robain et al., 1996 Dahlin,
2001). Changes in apparent resistivity are given in a function of depth for the
sounding mode (Schlumberger), whereas lateral changes in apparent resistivity are

given by the profiling mode (gradient). Zhou et al. (2002) carried out an ERT
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(Electrical resistivity tomography) survey to map enlarged fractures in Nashville,
Tennessee, and the findings were confirmed by geological logs from two directional
boreholes drilled across the location of the two interpreted fractured zones. Ngeleka
(2010) used the ERT to characterize a site for LNAPL investigation in the East
London Karoo formation (fractured aquifer). He concluded that the ERT method is
applicable to delineate the geological units, to locate the aquifers as well as
weathered and fractured zones which are considered as preferential pathways for
LNAPL; and he recommended that the method be used for threedimensional
resistivity distributions for a more accurate delineation of LNAPLs plumes and that a
time-lapse survey be considered to monitor the changes and progress of LNAPLs

contaminant in the subsurface.

Generally, the resolution and the depth of exploration vary proportionally to
electrode separation (Dey et al., 1975; Barker., 1989), and the sounding mode
resolution becomes problematic in deep subsurfaces (Johansen., 1977; Ward.,
1990). In addition to the resolving power limitation in the sounding mode, the
effects of overburden (often with the same electrical properties as the fractures)
often compromise an accurate estimation of the dip. Like any other geophysical
methods, the ERT results need to be complemented by other field testing results for

a full subsurface characterisation.

Electromagnetic methods

Electromagnetic (EM) methods use earth’s electrical and magnetic fields that satisfy
the diffusion equation, at a few hundred Hertz of frequencies. The EM method
responds to high conductivities, therefore can detect small changes in conductivity
in a conductive terrain by the correct selection of technique and array (National
Research Council Committee on Fracture Characterisation and Fluid Flow, 1996,
Chap 4). The field procedure involves a couple of source-receiver circuits, which are
used to induce magnetic fields (primary and secondary) in earth materials. The

source may be active (alternating current) or passive (sun radiation).

In active EM methods, a time-varying source (primary) current is made to flow in a

source loop. A magnetic field associated with the primary current is a primary time-
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varying magnetic field. This causes a time-varying magnetic flux through a body
(geological unit) in the vicinity of the source loop. This time-varying magnetic flux
sets up a time-varying electromagnetic force (emf) in the body. The time-varying
emf drives electrical current flows (eddy currents) through the geological unit. The
behaviour of the induced eddy currents and their associated (secondary) magnetic
fields is dependent on a number of parameters, including the conductivity of the
geological unit. The emf induced in a receiver loop by the time-varying magnetic
flux of the secondary magnetic field through the receiver loop can be measured.
The measured emf contains information on the conductive properties of the
geological unit. The subsurface conductivity distribution, as determined from the
EM survey, can now be interpreted in terms of local geological conditions by
incorporating known information on the geology of the site. As with resistivity
methods, the electromagnetic method may be used in sounding and/or profiling
modes. Measurement can be made through the use of multiple fixed frequencies
(frequency domain) or by sampling the real-time response of a transmitted pulse
(time domain). The choice of the mode of measurement depends on practical
considerations. Further description and discussion of EM methods are given by
Ketola and Puranen (1967).

Ground-penetrating radar (GPR)

The ground penetration radar method uses electromagnetic energy (at high
frequencies: 10 to 1000 MHz) of fields that considers ‘displacement current’. The
principle of the method is similar to the principle of seismic reflection described
above, but electromagnetic energy that suits the wave equation is the energy
concerned in the GPR context. The method has the particularity of being able to
provide information on structures situated deep in the subsurface. The radar range
is roughly proportional to the first power of the resistivity of the rock (National
Research Council Committee on Fracture Characterisation and Fluid Flow, 1996,
Chap 4). The more resistive the subsurface media, the greater is the probing
range. Therefore, the GPR method becomes limited to highly conductive media. As

in the cases of the electrical and electromagnetic methods, conductive overburdens
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constitute a barrier for the energy to penetrate to greater depths. The use of the

method in boreholes or tunnels may help to overcome the effect of overburden.

5.3.1.2 Underground based methods

Many of the surface-based methods have been modified to fit the geometries of
boreholes and tunnels, and their principles are valid in underground measurements.
Underground measurement of subsurface properties constitutes a good tool for
validating surface measurements, which are generally affected by overburdens that
do not allow for a deep and clear scanning of the subsurface. Two main types of
underground-based methods need to be distinguished: remote sensing techniques
(borehole-borehole or surface-borehole), which may determine rock properties
along transects, at considerable distances from the site of measurement, and
single-hole based methods, which may provide near-borehole measurements of
subsurface rock properties (National Research Council Committee on Fracture
Characterisation and Fluid Flow, 1996, Chap 4).

Remote sensing techniques

In these techniques, waves (seismic or electromagnetic) are propagated from a
source, through the subsurface rock, and the response of the rock is recorded by a
receiver, in transmitted mode (transmission tomography), reflected mode (cross-
hole seismic reflection, borehole radar), or a combined mode (coupled inversion of

transmission and reflection data).

e Vertical seismic profiling (VSP)

The VSP survey is essentially a surface-borehole method and is carried out by using
a surface seismic source and receivers located in the wellbore (Balch and Lee,
1984). This approach offers a greater spatial resolution advantage over the typical
conventional surface seismic methods. However, its measurements are restricted to

the vicinity of a borehole.

Different forms of field surveys have been developed, and their descriptions
(drawbacks ad advantages) are reported by Cosma et al (1991), Majer et al (1992)
and Paillet (1991a). The simplest is the zero offset, in which the source is placed as

close to the wellhead as practicable. When the source is placed at some offset
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(distance away from the wellhead) in a line, the configuration is called a walkway
VSP survey. The reserve VSP survey places the source in a borehole and the

receivers are on the surface.

e Transmission tomography

Transmission measurements are generally feasible in either cross-boreholes,
surface-boreholes or both. Transmission tomography measurement and
reconstruction are based on the idea that information about the properties of the
interior of a volume can be obtained through measurements performed at the
boundary. Multiple source and receiver locations are combined to probe the volume
of investigation with multiple crossing rays, each a source-receiver combination.
The travel time and amplitude data for each transmitter-receiver pair are recorded,
and by a tomographic inversion process, the velocity distribution in the interior of
the investigated volume is inferred (Bregman et al., 1989; Olsson et al., 1991).
Olsson et al. (1992) gave some field applications of cross-borehole measurement to
infer fracture position in a mine in the United States. Practical applications of
tomography measurement (Dyer and Worthington, 1988a,b; Bregman et al., 1989)
show some resolution limitations, which depend mainly on dominant wavelength,
on the ray pattern (density and angular coverage), geological structure, noise
levels, and suitable positioning of the source-receiver. The high heterogeneity in
fractured aquifer systems distorts the assumption of isotropic conditions on which
tomographic inversion relies (Olsson et al., 1991). On the other hand, tomographic
surveys can be repeated (difference or alterant tomography) to indicate some
change of state in the rock occurring between the initial and subsequent surveys
(Olsson et al., 1991).

Reflection

The subsurface heterogeneity vyields to spatial differences in rock properties.
Reflection techniques (Cross-Hole Seismic Reflection; Borehole Radar) infer rock
properties from these differences and the corresponding distances over which such
differences occur (Cosma, 1991; Sattel et al., 1992; Sandberg et al., 1991). The
technique has been adapted to openings in the subsurface (borehole to surface,

borehole to borehole, borehole to tunnels).
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e Acoustic emissions

This technique is based on the measures (at frequencies of 10 to 1,000 Hz) of
microseismic events (acoustic emissions or AEs) that are generated during and/or
after hydrofracture processes. Lacy and Smith (1989) reported that the method can
be used to detect such events at ranges of several hundred feet in competent rock.

The main advantages of the technique are found in complex geothermal reservoirs,
where the environment is hostile to the downhole transducers, and where
transmission losses from remote seismic sources can be severe. Acoustic emissions
can be used to locate and describe the geometry of fractures in the reservoir, to

interpret the nature of reservoir deformation.

Single borehole methods

Generally, boreholes and channels are the only direct means of access to the
subsurface for measurements of different permeable layers and fracture properties.
Although measurements from boreholes can be significantly affected by drilling
damage surrounding the borehole (especially in the fractured aquifer system) and
are representative of a restrictive volume of the aquifer at the vicinity of the
borehole, some borehole methods have been developed and have proved to be
useful in characterising fractures (single or zone) and fluid flow through fractures in

a number of case studies, especially where multiple boreholes are often rare.

e Core inspection

By means of conventional rotary coring, the sequential subsurface layers and
features (fractures and permeable rock) at a single point can be logged. Bunker in
1998, qualified core drilling as an effective tool where detailed structural geologic
analysis is necessary to identify and quantify contaminant migration pathways. The
physical (geological) characteristics of fractures, such as location, density (of
fractures zone), orientation and their ability to conduct fluids may be described
from a core inspection, but it is recommended that such descriptions fracture (or
fracture zone) locations in cores be compared with the results of images of the
borehole wall derived from down-hole geophysical logging (LaPointe and Hudson,
1985).
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Core drilling is a relatively slow process (compared to other methods) and very
expensive. The core samples show only intercepted fractures that are not
necessarily representative of the fracture network in the local aquifer system, far
less of the regional and entire aquifer system. Further, the core samples are often
affected during the drilling process and sample recovery may be poor (i.e. it does
not give much information) in the intensely fractured and weathered parts of the
rocks (rubble) that provide most of the hydraulic conductivity. The core inspection
method has been found to be fit for hard crystalline bedrock aquifer systems. In
softer formations such as sedimentary formations, shale bits are recommended
rather than diamond bits for coring, or the sampling barrel may be directly
introduced into the formation to recover samples in relatively natural (intact) state
(National Research Council Committee on Fracture Characterisation and Fluid Flow,
1996, Chap 4).

e Conventional well logs

Conventional geophysical techniques normally used in borehole logging
investigations are summarised in Table 5-1. The techniques are generally based on
physical effects indirectly related to contrasts in the subsurface such as fractures,
changes in rock properties, and layer contact zones (Sharma, 1997). Generally, the
well logging method consists of lowering a combination of logging tools that do not
interfere with one another and that are connected by a multi-core cable to a probe-
control surface module and recording unit. The recording unit is habitually equipped
with a strip chart and digital tape for computer processing (National Research
Council Committee on Fracture Characterisation and Fluid Flow, 1996, Chap 4).
They provide in situ measurements of some rock properties, for correlating
laboratory test data on discrete rock samples at specific depths. Their ability to
make several different physical (nuclear acoustic, electric, ect...) measurement in a
borehole constitute their main attribute (Howard., 1990a,b; Woodford and
Chevalier., 2000). But the estimated aquifer parameters (either matrix or fracture)
by well logging techniques, often represent some average values of the rock
properties affected by the borehole and associated fluid and walls (drilling, casing,

screens, etc.) within a given relatively small radius surrounding the studied
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borehole (Daniels and Keys., 1990). Usually, the geophysical loggings are recorded

before the new borehole (open-hole) devices have been cased. Cased holes permit

the use of only a few logging devices such as those based on radioactive emission
and detection (Sharma, 1997).

Table 5-1: Comparative table of common conventional well logs

Borehole

Type of Log Requirement Specific Advantages Drawbacks References
Probe performance
Most show vertical variation often affected by Miroslav et al .,
Caliper conditions of BH diameters; detect borehole deviation; 2005; NCR., 1996;
highly weathered zone ignore discrete
fractures
Needs contrast in
Self Uncased, mud Identification of solutes in borehole Miroslav et al .,
Potential filled thickness of permeable versus formation; 2005; NCR., 1996;
only zone, water quality. effect of reduction- Gomo., 2010
oxidation
Uncased, fluid Formation bondaries Influenced by fluid Miroslav et al .,
Resistivity filled L resistivity and bed 2005; NCR., 1996;
fractures detection .
only boundaries Gomo., 2010
Unusual lithology
Natural Most Stratiaraph interpretations in Keyes, 1989,
gamma conditions graphy arkose and phosphate | Telford et al, 1990
sands
Bulk density,
Gamma- porosity,moisture, Mineralogy may NCR. 1996
gamma Wide range lithology, influence calibration Gom(; 201(’)
(Density) correlation, well through Z effect "
construction
Saturated . .
. ; Ineffective porosity of .
. porosity,moisture, ; . Miroslav et al .,
Neutron Wide range . clay minerals included .
lithology, fractures . . 2005;
. in total porosity
positon
. . Saturated porosity, Measures primary or
Vﬁ:\?;%tr'; Unfﬁ?;(?g’n?u'd lithology, Fracture matrix porosity rather | Hardin et al. (1987)
y position than total porosity
Acoustic Uncased. fluid Character and Fracture interpretation Zemanek et al.
borehole filled waier or orientation of fractures, may be affected by (1970), Keys
tele-viewer ’mud fractures openings, and drilling damage to (1990), and Maki et
bedding borehole wall al. (1991)
Well construction No information in
) Uncased or . cloudy or muddy fluid; | Howard (1990a,b);
Video d ai secondary porosity, dark Woodford and
logging cased, air or fracture detection; lost . ar . oodtord an
clear fluid ; ’ mineral bands mimic Chevalier (2000)
objects £
ractures
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e Fluid electrical conductivity logs

This method may also be classified as a geo-chemical or hydro-chemical method
and has been widely used, mostly in water related sciences, to get a first, general
idea of water qualities (surface and groundwater), and how it varies with time and
in space. In geohydrology, for example, groundwater electrical conductivity logs
have become a common tool for locating fractures or permeable zones in a
borehole, and getting an initial idea of the variation of water quality in the
subsurface. The fluid conductivity log known as ‘Fluid Electrical Conductivity
logging” (FEC) or ‘electrical conductivity’ (EC) for short, is an inexpensive and easy
method for locating conductive fracture zones and other physical and hydraulic
features that control water quality. Changes in fluid electrical conductivity along a
borehole may indicate an inflow or outflow point (or zone) that creates contrast in
total dissolved salt in the borehole. The method has been found to be more reliable
when the borehole is not yet cased. Gebrekristos (2007) recognised that the FEC
logs may also allow the determination of hydraulic variation within the vertical

profile of the subsurface and identification of important features in the system.

The fluid electrical conductivity may be logged in ambient conditions, or in stressed
(pumping at a relatively low rate) conditions. Either in ambient or pumping
conditions, the EC logging may be made on the natural borehole water or on
altered borehole water. The borehole water is altered by introducing a tracer into a
measured borehole or into a borehole situated upstream that intersects the same
flow paths (conductive zones) as the measured borehole. The entire measured
borehole water may be also replaced with very low conductive water (de-ionised

water).

In addition to their ability to detect contrasting features related to water salinity,
the EC logs may be used as a measure of salinity for in situ determination of the
effective diffusion coefficient of the matrix (Gebrekristos., 2007), the porosity of the
matrix (Gebrekristos., 2007) and Darcy’s velocity at a fracture position (Gomo,
2009).
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In the past two decades, the applicability of borehole fluid electrical conductivity
logs in subsurface flow characterisation has improved significantly. The method
demarcates itself from other methods by the fact that it can detect which of the
intersected fractures or permeable zones really contribute to the fluid flow in the
borehole. Tsang et al. (1990) gave proof that the method may also be used to
measure the hydraulic properties of detected fractures (or conductive zones) in a
borehole. Dynamic wellbore electrical conductivity logs provide a valuable means to
determine the flow characteristics of fractures intersecting a wellbore, in order to
study the hydrologic behaviour of fractured rocks (Doughty and Tsang, 2000,
2004). The same authors set up a computer programme called BORE II (a
modification of an older code BORE) that can calculate the evolution of fluid
electrical conductivity (FEC) profiles in a wellbore or wellbore section, which may be
pumped at a low rate, and compares model results to log data in a variety of ways.

More detail and discussion on the present method is given at chapter 6.

e Temperature logs

At equilibrium state, it has been proved that the temperature log accurately reflects
the local formation temperature. When water is circulating along the wellbore,
departures from the geothermal gradient indicate where water is entering or exiting
from the borehole (National Research Council Committee on Fracture
Characterisation and Fluid Flow, 1996, Chap 4; Malard and Chapuis, 1995). Trainer
(1968), traced laterally continuous bedding plane fractures in a carbonate rock
aquifer by correlating inflections in open-hole temperature profiles. Field
experiences show that the method is subject to limitations such as the inadequacy
of certain temperature probe sensitivity (low resolution) and the influence of
vertical flow in open boreholes (Bidaux and Drogue, 1993; Robison et al., 1993).
The limitation related to the sensitivity of the temperature probe has been
overcome (Green-House and Pehme, 2002; Genthon et al., 2005). Several
approaches (sealing, pvc pipes, water columns, fiber optic, liner) have also been
developed to overcome the effect of vertical flow in open boreholes (Keys and
Brown, 1978; Ferguson et al., 2003; Henninges et al., 2005; Wisian et al., 1998;

Pehle et al., 2009). Although these two limitations have been overcome, the
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method still has some significant disadvantages. For example, Pehle et al. (2009)
concluded that the temperature profiling method applied in a lined borehole has the
following limitations:

1. In some unusual hydrogeologic circumstances, extreme hydraulic head
variations over short intervals can cause inadequate sealing of liners along parts
of the hole;

2. The method is not sufficiently sensitive to identify all hydraulically active
fractures, and therefore the number of fractures identified in a given hole
should be regarded as a minimum;

3. The method is effective only when the temperature of the water in the fracture
is in disequilibrium with the surrounding rock. Pehme et al. (2007a) described a

technique for overcoming this limitation.

e High-resolution flow-meter methods

The borehole flow-meter logging is a useful method developed to estimate the
magnitude of inflow or outflow between borehole and surrounding rocks. It consists
of passive measurement of water flow velocity along a borehole. In the first
attempts (in conventional boreholes) at flow-meter logging, the sensitivities of the
tools were low, and it was difficult to quantitatively estimate hydraulic properties
from the velocity profile obtained. Recently, developed logging techniques have
allowed improvement from the conventional flow-meter to a high resolution flow-
meter, which is sensitive enough to detect minor flow, to investigate fractures
population and associated flow in the rock surrounding the borehole. Hess (1986),
Molz and Young (1993), Momii et al. (1993), and Kazumasa et al. (2006) among
others, gave examples of field applications using flow-meters in a well for fracture
characterisation. A cross-hole flow-meter survey is possible, which consists of
pumping one well and measuring vertical velocity in an observation well (Shapiro
and Hsieh, 1994).

5.3.2 Methods for estimating hydraulic and transport characters
In groundwater studies (exploration, investigation, modelling) the estimation of
fluid flow and chemical transport parameters is done by field investigation (tests),

where subsurface responses are measured and data collected after certain
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artificially induced perturbations. There are two main groups of such tests: (1)
hydraulics tests and (2) tracer tests. Nowadays, estimation of the hydraulic and
transport parameters of some aquifers is determined by a combination of both
hydraulic and tracer tests (van Tonder, 1999; Rieman 2002).

Generally, when performing either a hydraulic or a tracer test for aquifer
characterisation, one should be aware that the analysis of the resulting data
consists of two main steps. The first step requires conceptually modelling the flow
and transport in the rock mass, based on knowledge of the mass rock and the
behaviour of the test response. The model has to be an adequate representation of
the hydrogeological system studied. The second step consists of parameter
estimation, which is done by matching the field responses (field data) with model-
computed responses (model data) that follow a determined mathematical model
(that well describes the chosen model). These two steps in practice are iterative
processes, since difficulties during the fitting procedure may lead to reconsideration
of the initial conceptualised model for a better matching between field data and
model data (NCR, 1996, Chap 5).

The generalised radial flow model or the fractal reservoir model may be used to
solve flow and chemical transport studies’ problems (Rieman 2002), with the
inherent risk of estimating inaccurate fractures parameters due to the drawbacks

(unknown geometry of the fracture network) of such models.

5.3.2.1 Hydraulics tests

In hydraulics tests, the induced perturbation may be created by injecting (artificial
recharge) or withdrawing (pumping) fluid from a borehole, and the aquifer
responses (the change in fluid pressure, hydraulic head) are collected in the same
or nearby observation boreholes. Hydraulics tests may be conducted on one single

borehole (slug test, constant discharge test, etc.), or on multiple boreholes.

For different purposes and different geological structures, several hydraulics test
set-ups have been developed. The most commonly used hydraulics tests are slug
tests, multi-rate tests, constant head tests and constant discharge tests.

Descriptions of such tests are given in many textbooks (Kruseman and de Ridder,
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1994; van Tonder et al., 2001). The constant discharge test (or constant rate test)
is the most common hydraulics test, where water is abstracted from a borehole at a
constant discharge rate and the drawdown (change in pressure) in the same single
borehole or multiple observation boreholes is measured and can be related to the
aquifer’s hydraulic properties. The test is popular because it offers multiple
possibilities for data analysis, and is often time and cost effective, depending on the
purpose of the test. Van Tonder et al. (2001) state that, a few hours of abstracting
can be sufficient in certain investigations. Also, the constant discharge test has
been found to fit in combination with other tests (tracer tests). The major
disadvantage of conventional constant rate tests is that the observed water level
always represents an average over the aquifer thickness (Verwey and Botha,
1992).

Hydraulics test data in fractured systems may be interpreted for estimation of
hydraulic parameters, either analytically or numerically. The availability of
analytical solutions is highly advantageous for gaining insight into how well model
parameters can be estimated from field data (NCR, 1996, p.257). Either with the
analytical method or the numerical methods, a correct interpretation of pumping
test data relies on a clear definition of the following points:

e Adequate conceptual model for the hydrogeological system, which, as stated
above, should be based on a knowledge of geology of the system and the
behaviour of the response of the aquifer (diagnostic plots);

e The geometry of the aquifer, which is often unknown in fractured reservoirs;

e Inner boundary conditions (such as well bore storage, skin effects), which can
be depicted on traditional diagnostic plots;

e Outer boundary conditions (no-flow boundaries, etc.), which can be depicted on
traditional diagnostic plots;

e Characteristics of the flow conditions (steady, transient, uniform, etc.).

In the following section, different models and subsequent analysis methods for

fracture characterisation will be discussed, according to the type of hydraulics tests.
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Single borehole hydraulics tests

Single borehole hydraulics tests are generally the most commonly used field tests
performed in the field of geohydrology for site characterisation, particularly in
South African aquifer systems, where most of the investigations do not reach the
detailed phase and are often constrained by time and for economic reasons.
Broadly, single borehole hydraulics tests are performed in an open borehole
(uncased and/or not equipped) or with packers. The NCR (1996) recommended

conducting open-borehole tests prior to packer tests.

e Open-borehole hydraulics tests

In an open-borehole test, the entire uncased portion of the borehole is tested. Such
tests are easy to conduct and may provide information on the hydraulic properties
of the tested rock mass as a whole. Still, in an open-borehole hydraulics test, the
pressure head response of the aquifer-borehole system is controlled by the most
conductive zone, and that is the real drawback of this type of hydraulics test
configuration for fracture characterisation, since the real contribution of each
fracture intersected by the borehole (particularly the less conductive fractures when
multiple fractures are intersected) cannot be directly inferred from interpretation of
the test data. Also, in rock of low transmissive environment, the hydraulics test
responses in an open borehole may be influenced by wellbore storage effects
(Kruseman and de Ridder, 1994).

e Straddle packer tests

Like the common open-borehole hydraulics test, the straddle packer test is another
configuration for performing a single borehole hydraulics test. It differs from the
open-borehole approach in the fact that it allows one to perform hydraulic
measurements (transmissivity and hydraulic head) of the different fractures
(isolated or grouped) or permeable zones by using two or more packers to isolate a
portion (interval) of the borehole for testing, which often depends on the
application. When the test interval is constant, the borehole is tested in consecutive
sections throughout its length to obtain a hydraulic conductivity profile. In the other
case (variable intervals) the hydraulic measurements are just concentrated on the

more permeable zone that intersects the borehole. By testing the borehole’s
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different straddle sections, the straddle packer approach overcomes some of the
limitations associated with the open-borehole approach. For example, the water
inflow zone can be located and the hydraulic contribution of each test section to the
total averaged hydraulic properties through the entire length of the borehole can be
deduced. Two types of packer test are often applied in practice: the double packer
(single borehole) and the cross-borehole packer tests. The double packer test may
be used to determine horizontal hydraulic parameters, whereas the cross-borehole
packer tests may be used to determine both horizontal and vertical hydraulic
parameters. Botha et al. (1990) successfully used cross-borehole packer tests in
the Malmesbury formation at Atlantis, but the method is found to be unsuited for
the Karoo aquifer at the Institute for Groundwater Studies campus test site (Botha
et al. 1998). It was realised that cross-borehole packer tests do not appear to be
useful in studies of highly heterogeneous aquifers, since positive results can only be
expected from such a test if the spacing of the borehole takes the geometry of the
aquifer into account. Generally, wellbore storage can be neglected when analysing
packer test data, since, in packer tests, the change in hydraulic head is not
associated with a change in water level. But in very low transmissivity
environments the equipment compliance could induce a wellbore storage effect that
needs to be taken into account (NCR, 1996, p.262).

Multiple borehole (cross-borehole) hydraulics tests

Multiple borehole tests involve one perturbation borehole and at least two
observation boreholes (for responses) in the same aquifer system. Like single-
borehole tests, multiple-borehole tests can be performed on open boreholes, where
groundwater is pumped from one well and drawdown is observed in the pumped
well and nearby observation wells; or on packer-isolated intervals, where the
groundwater is pumped from a ‘pumped interval’ in one borehole, and drawdown is
monitored in ‘observation intervals’ in nearby boreholes. Basically, the multiple
borehole tests have the advantage over single borehole tests to sample a larger
volume of the aquifer, and therefore leave less uncertainty on the inferred hydraulic
parameters. Multiple borehole hydraulics tests are known as good tools to provide

information on the connectivity of fractures (flow zone) and aquifer anisotropy.
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When correctly designed, some information on their spatial variability may be
collected (Pretorious., 2007).

Correct design of a multiple borehole test depends on the geological condition and
the purposes of the test, and becomes more challenging when packers have to be
installed. The NCR (1996, p.265) gave the set-ups of multiple boreholes for the
different most commonly encountered conditions (bedding-plane fracture in low
permeable rock matrix; bedding-plane fracture in permeable rock matrix; multiple
bedding planes in sedimentary rocks; high densely fractured rock; mixed of
horizontal and inclined fracture zones in a fractured rock mass). For each set-up,
they gave the corresponding models, and the different ways to estimate
parameters of both fracture and matrix blocks. Botha et al. (1998) and van Tonder
et al. (2001) reported on multiple borehole pumping tests performed in the Karoo

aquifer.

Common models for hydraulics test interpretation in a fractured aquifer
Different type of models and corresponding methods of analysis have been
developed and yield acceptable estimated hydraulic parameters in primary aquifer
systems, but their direct application in secondary (fractured) aquifer systems
generally leads to ambiguous results, mainly because most developed models for
interpreting hydraulics tests assume a homogeneous, isotropic porous medium, and
one of three basic flow geometries (spherical, radial and linear) described by the
NCR (1996). For a simple system comprising identical, planar, parallel and evenly
spaced fractures of infinite length, simple analytical equations relating groundwater
flow and solute transport to fracture characteristics, have been developed by
considering flow through aquifers comprising more than one set of parallel
fractures, by allowing the matrix to have some permeability, and by allowing
fractures to have a finite length (Van der Kamp, 1992; Cook et al., 1996; Cook .,
2003).

The famous analytical porous models developed by Theis (1935) and Cooper-Jacob
(1946), have been shown to estimate hydraulic parameters (transmissivity and

storativity values) that represent, a mixture of the matrix and fracture properties.
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Botha et al. (1998) and van Tonder et al. (2001) gave illustrative demonstrations of
this reality. Because the geometry of the fracture network is not initially known,
usually three kinds of analytical models are applied in fractured-rock aquifers for
the analysis of the constant discharge hydraulics test data: (1) the single fracture
model, (2) the double porosity model, and (3) the generalised radial acting flow

models.

e Single fracture model

A single fracture model conceptualises the aquifer system as a homogeneous
confined aquifer of large extent formed by a very low hydraulic conductivity matrix,
in which a pumped well intersects an embedded major fracture (horizontal or
vertical), fault or dyke (of infinite length). Generally in such an ideal system, the
time drawdown response of the entire aquifer may be significantly influenced by the
intersected major fracture (or fracture zone). Several types of single fracture
models have been developed in different earth science fields. Three of the main
types adapted for groundwater studies, deserve attention: (1) the infinite
conductivity fracture, (2) uniform flux fracture, and (3) finite conductivity fracture
(Verweiji and Barker, 1999). The dyke model is another common single model that
has been developed especially for groundwater purposes, and has been successfully

applied in the Karoo aquifer (Chiang and Riemann., 2001).

The infinite conductivity model assumes a major fracture (horizontal or vertical)
embedded in a confined, infinite, homogeneous, horizontal matrix and that has
anisotropic radial and vertical conductivities. Verweiji and Barker (1999)
acknowledged that the infinite hydraulic conductivity for a single borehole model is
not realistic for highly conductive fractures in hard rock aquifers with low permeable
rock matrices. In the infinite conductivity single fracture model, the pumped fluid
(groundwater) will initially flow linearly from the matrix towards the fracture (and
the well), and later, after a transition period, will flow toward the well by radial-
acting flow (Gringarten and Ramey, 1974; Gringarten et al., 1974). In the case of a
vertical fracture, the flux distribution may be uniform and homogeneous (uniform
flux) along the fracture during the test phases; or uniform along the fracture during

the linear flow phase, but not in the transient and radial-acting flow phase (infinite
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flux). In infinite flux, flux distribution varies with time until the radial-acting flow
phase is reached. Cinco and Samaniego (1981b) affirmed that the flux distribution
along a fracture may approach uniformity only if there is a skin or a low
permeability layer between the fracture and the aquifer matrix. Gringarten et al.
(1974) presented two analytical solutions that resolved the drawdowns in the
fracture, at earlier and at later stages of the constant rate test, by relating it with
the abstraction Q@ rate, the transmissivity T, and the elapsed time t; of pumping:

At earlier stages:

=2 It i
S=5 ity Equation 5.1

with: t; < 10-2 for uniform flux; t; < 2-10-1 for infinite flux. Because the fracture
has infinite conductivity, there is an infinitely small pressure gradient along the
fracture that can be neglected (Ap/Axf = 0). Therefore, in the early stages, the
same drawdown is observed along the entire length of the fracture, and an
observation well located in the fracture will show the same curve as the pumped
well.

At later stages:

The long-term solution describes the radial-acting flow phase on the fracture as:

1
s = % [E In(ty) + 1. 1] Equation 5.2

In the case of a horizontal fracture, Gringarten and Ramey (1974) gave an
analytical model that describes the drawdown in a bedding plane fracture with

infinite conductivity and finite extension with constant and uniform flux.

The finite conductivity model assumes a major fracture (particularly the vertical
one) embedded in a confined, infinite, isotropic, homogeneous, horizontal matrix.
In the finite conductivity single fracture model, the flow (groundwater) is
considered to be bilinear (flow from fracture and formation) toward the fracture,
and therefore only generalised solutions should be expected. After a certain period
of pumping, the radial acting flow phase starts, during which the flux distribution
stabilises (stabilised flux distribution). Cinco-Ley et al. (1978) proposed a semi-
analytical model that resolved the drawdown in such a model. The gradient along

the fracture is not neglected like in an infinite conductivity model, due to its finite

67



FRACTURE CHARACTERISATION OF KAROO AQUIFERS 2010

conductivity, and the solution requires knowledge of the flux distribution along the
fracture in time. Their solution uses the concept of relative conductivity C, to relate

the permeability of the fracture (T,) and of the matrix (T ), and the fracture’s

width or aperture ( w) and half length ( x, ) as follows:

W
C, = —— Equation 5.3
nTxg

They found through this semi-analytical solution that when ¢, > 100, the response
curve corresponds to the infinite flux solution of Gringarten et al. (1974). By using
a straight-line method (lin-log plot) and a type curve method (log-log plot) the
following parameters can be determined:

e Reservoir transmissivity,

e Reservoir storage coefficient,

e Fracture half-length,

e Fracture transmissivity,

e Fracture storage coefficient.

The finite conductivity fracture model offers a real advantage to solve developed
analytical models that relate the fracture extent (half length:x; or radius of
extend: r¢), the fracture transmissivityT, and fracture storativity S;; to a pumping
rate Q and its corresponding drawdown s, after a given time: (Gringarten and

Ramey, 1974; de Lange, 1999).

e Double porosity model

In a double porosity model, the response of the aquifer is controlled initially by the
fractures during a certain period, followed by a second period during which the
blocks begin to supply water to the fractures and the head in the fractures
stabilises, which in turn is followed by a third period during which both the fractures
and the porous matrix provide water to the well with a relatively higher contribution
from the blocks matrix. The concept was introduced by Barenblatt et al. (1960),
assuming homogenously distributed conductive fractures embedded in a
homogenously distributed blocks matrix. Two types of double porosity model are

distinguished according to the type of matrix adopted (Figure 5-1 and Figure 5-2).
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(1) The spherical-block matrix (Warren and Root, 1964; van Tonder et al., 2001),
used to represent aquifers like quartzite, and the layered matrix (Kazemi, 1969) or
slab-shaped blocks (van Tonder et al., 2001) adopted, for example, for sandstones

with bedding planes.
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Figure 5-1 Natural fracture systems and their simplification into spherical-shaped
blocks and slab-shaped blocks (van Tonder et al., 2001)
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Figure 5-2 Groundwater flow in an idealised double porosity aquifer (van Tonder et al.,
2001)

Warren and Root (1964), by assuming a pseudo-steady block-to-fracture flow, used
the straight line approach (like the Cooper-Jacob straight-line method) to fit field
data. With this approach, Warren and Root attempted to determine the
transmissivity T of the fracture system, and the storage coefficients Sf and S for the
fracture system and the matrix respectively (Riemann., 2002). Both straight lines
(early and late part of the response curve on the lin-log plot) must have the same
slope, as they reflect the transmissivity of the fracture system, and one should
insure that the influence of the wellbore storage and borehole skin are negligible
before the Warren and Root approach is applied. Kazemi (1969) and Wei et al.
(1998), by using numerical models, found that flow is of transient block-to-fracture
nature, and proposed also a straight line method that is applicable even in the
presence of a skin at the well. Moench (1984) considered the effects of wellbore
storage, well skin and fracture skin, and proposed a type curve approach for the
analysis of double porosity data, which is able to calculate different drawdown
scenarios after model calibration to find the optimal abstraction rate for a particular
well. Nowadays, with progress in computer science, a combined approach of
straight line and forward modelling is possible. Kirchner and Van Tonder (1995),

among others, demonstrated from applications in a fractured Karoo aquifer that the
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estimated S-values with the Moench model have the same distance dependency as
those estimated with the Theis method (using real observation distances). Also, the
numbers of parameters that have to be fitted make the solution from the model

non-unique.

e Generalised radial flow model for fractured reservoirs

In analytical approaches, the generalised radial flow model for fractured reservoirs
deserves particular attention for fracture characterisation. The model describes the
drawdown in a fractured aquifer for various flow dimensions n (linear: n=1, radial:
n=2, and spherical: n=3), and is sensitive to fracture connectivity rather than
aquifer dimensions. The model assumes a confined, homogeneous and isotropic
fractured medium, with Darcian flow, finite storage, infinite matrix, and negligible
fracture skin. Barker (1988), was the first to introduce the concept of the fractional
flow dimension for hydraulics test analysis (NCR, 1996) by attempting to describe
the power relationship between the distance from the test interval and the area
available for flow. He stated that the fractional flow dimension describes a fracture
network that exhibits fractal geometry and may be related to the fractal dimension
of the fracture network. The flow dimension n may take no integral values.
Leveinen et al. (1998) explained that the non-integer values of n describe excess or
lack of fracture connections compared to fracture networks with perfect connections
in 1, 2 and 3 dimensions. Barker (1988) proposed a type curve method (similar to
that of the Theis type curve method) to determine the hydraulic conductivity K

and the specific storage S;; of the fracture system, if the fracture thickness

(aperture) is known. This method is applicable to single borehole data only if the
wellbore storage and the wellbore skin are negligible, but if not, it is applicable to
observation borehole data (multiple boreholes).

e Numerical models

Based on the analytical solutions, several numerical models have been developed
for analysing hydraulics tests. Bardenhagen (1999) designed the ‘Test Pumping
Analysis’ (TPA) for fractured primary and secondary (fractured) aquifers. The TPA
software can analyse step test data, multi-rate test data, constant discharge test

and recovery data, and consider all the analytical solutions listed above. Roberts et
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al. (2001) developed the ‘n-dimensional Statistical Inverse Graphical Hydraulics test
Simulator’ (nSIGHTS) for hydraulics test interpretation in low permeable aquifers
(primary and secondary). With the nSIGHTS software, fracture networks can be
simulated as a continuum, or as double porosity, in which case a differentiation
between fracture and matrix parameters is not possible. The nSIGHTS software can
be used to solve the case of a single horizontal fracture or a horizontal fracture
zone, but features like single vertical fractures or faults cannot be simulated with

this approach, because they are not homogenous in areal extent (radially centred).

5.3.2.2 Artificial Tracer tests

Generally, tracer tests can be used to explore connectivity in the subsurface and to
determine transport properties (e.g. kinematic porosity and dispersivity) and
chemical reaction parameters. Generally, they consist of introducing one or more
chemicals (tracers) into the groundwater and measuring their concentrations over a
certain period of time at various sampling points downstream from the tracer

introduction point.

‘The natural gradient’” and the ‘forced gradient’ are the two main classes of tracer
tests that exist for field measurement of these transport parameters. Natural
gradient tracer tests in fractured aquifer systems are seldom conducted because it
is expensive, and the large scale of heterogeneity associated with secondary
aquifers make them difficult to apply. Also, according to some researchers such as
Tsang and Tsang (1989), Abelin et al. (1991a,b), the tracer travels along channels
that occupy small portions of the fracture planes. Therefore, natural gradient tracer
tests may not be an effective tool for accurately determining mass transport
parameters in fractured aquifers, since the grid of sampling wells may not designed
adequately to sample the full extent of the tracer plume. Forced gradient tracer
tests, on the other hand, are commonly used in fractured formations. The NCR
(1996,Chap 5) described other problems with conducting a natural gradient tracer
test in fractured rocks. They recommended the development of specialised packer
equipment as developed by Novakowski and Lapcevic (1994), when implementing
natural gradient tests in fractured aquifer systems. The NCR (1996, Chap 5) and

van Wyk (1998) have given illustrative descriptions of case studies of with the
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existing forced gradient tracer tests when measuring the mass transport
parameters of fractures. These forced gradient tracer tests are named according to
the induced flow fields: radial convergent, radial divergent, and injection withdrawal
or two-well tracer tests. Radial convergent and divergent flow fields are created by
pumping water from or into the aquifer, respectively. The convergent tracer test is
easier to conduct in the field while the radial divergent test has the advantage that
the tracer arrival can be observed at several observation points, using a single
tracer (van Wyk, 1998). The injection-withdrawal test involves pumping from one
well, while another well is recharging (by recirculation mode or not) at the same
rate of pumping until a steady state field is reached. Then the tracer is introduced
(as a pulse or step increase) into the recharging borehole and monitored from the
pumping borehole by sampling the pumped water. The NCR (1996, pp.276-280)
explained that the injection-withdrawal test may be less sensitive to dispersion in
fractured aquifers compared to either divergent or convergent tests. Welty and
Gelhar (1989) recommended that a pulse injection of tracer be used in this test,
rather than a step rise in concentration, to improve the sensitivity of the injection-

withdrawal test to dispersion.

Other tracer tests restricted to a single borehole have been developed for field
measurements of mass transport. Drost et al. (1968), assuming horizontal flow and
absence of diffusion/dispersion along a borehole, developed an analytical solution
for the concentration observed in the borehole at a specific point (or borehole test
section). Based on this analytical model, the Darcy velocity is computable from a
dilution test (Drost and Neumaier 1974). The point dilution test is a common tool in
the Karoo aquifer for site characterisation mainly of LNAPL and DNAPL
contaminated aquifers (van Wyk, 1998; Rieman et al. 2002; Gebrekristos 2007;
Gomo, 2009). The borehole dilution technique was developed to measure the
groundwater velocity under natural conditions and can be successfully applied in
both aquifer types (Freeze and Cherry, 1979). When applied to a fractured rock
formation, the borehole dilution test yields the volumetric rate of groundwater flow
through a packed-off interval of a wellbore (NCR, 1996, p.282). The packed-off
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interval allows one to isolate the fracture flow response (dilution), and therefore to

characterise major flowing fractures.

5.4 Methods commonly used for fracture characterisation in Karoo

aquifers

Aquifer characterisation is particularly challenging in Karoo aquifers, due to their

complex lithological character and igneous intrusions. Rare are Groundwater

exploration projects that characterise fractures in detail. Since water supply has
often been and still the most important purpose for groundwater exploration in

South Africa, characterisation of aquifers tends to be focussed on locating sources

of water (water-bearing fractures or fracture zones) and testing how much water

they can yield (seeking of high yielding boreholes), rather than developing a

conceptual understanding of the aquifers at hand. Therefore, groundwater

investigations in the main Karoo basin, usually involved the following actions:

e Locate any indication of dykes and other hydrogeologically significant features
(or discontinuities) for targeting potential zones of preferential flow, by
examining aerial and/or satellite photography of the study area;

e Basing geophysical survey or aerial/satellite photography, and site
characteristics and requirements, implant a borehole and equip it after
successful drilling;

e Then, perform different tests (slug test, step-rate test, constant discharge test)
on the single newly drilled borehole (or on multiple boreholes if observation
boreholes exist) to determine the sustainable yield of the new borehole, and

bulk aquifer parameters (often hydraulic conductivity and storativity).

Several studies reporting on groundwater exploration in the Karoo mention the
limitations of such standard approaches (Van Tonder, et al. 2002; Weight 2008;
Van Tonder, pers. comm. 2010) and how they can lead to an inadequate
understanding of the occurrence of groundwater flow and associated transport
(Sami, et al., 2002) in the studied areas. Such approach gives very few characters
on the main fractures (or fractures zone). Only the location of the main fractures

(or fracture zones) intersected by the boreholes can be determined, as follows:
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e During the drilling process, by observing the main water strikes positions, and
the size of the cut-offs,
e By profiling electrical conductivity,

e Or by inferring from pumping test data analysis (often constant discharge).

By the end of the last century, a number of studies (Verwey and Botha, 1992;
Botha et al., 1998; ect...) had been initiated by the Water Research Commission of
South Africa, to better understand the behaviour of the Karoo aquifers systems.
The results of these studies show the importance of the main fractures
parameters. Owing to limited access to efficient and precise tools often assisted by
computer sciences, and due to budget constraints, only fractures associated with
intrusive formations such as dolerite dykes and sills, have been and are still
targeted during aquifer characterisations in the Karoo. The direct effect of this
approach is that only tools and techniques related to locating and identifying
doleritic dykes are generally employed or given any great importance in aquifer
characterisation. Usually, magnetic or electro-magnetic techniques are used to
locate doleritic intrusions. In recent years, however, electrical resistivity based
surveys have been introduced to locate faults and fracture zones (weathered
zones) not associated with dykes that may also act as preferential flow-paths (Gioa
et al., 2008).

5.4.1 A decade of fracture characterisation methods testing on the IGS
campus test site
Developed by the Department of Geohydrology to serve as an experimental field

site for post-graduate students, five original boreholes were drilled on the campus
test site by the Department of Geohydrology in 1989. Situated on the Karoo aquifer
area, the site has been used as an experimental field site for many studies (often
initiated by the Water Research Commission Projects and the Department of
Geohydrology), such as the behaviour of the Karoo aquifer (Botha et al., 1998),
tracer tests in fractured aquifers (Van Wyk et al., 2000), and parameter estimation
with computer models (Chiang and Riemann, 2001), among many others.

The campus test site is mainly characterised by bedding-parallel fractures (one of
the features in Karoo aquifers) situated about 21 m below the surface, along the

contours of a sandstone unit. Other less extended and less conductive fractures are
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also present in the site, but they do not greatly affect the general behaviour of the
aquifer system. From the geological outcrops around the Campus Site, the
existence of extensional fractures (mode I) and shearing fractures (mode II) has
been observed. The dominant type of fractures recognised in the sediments include
sub-horizontal bedding-parallel fractures and orthogonal and diagonal fractures
with dominant north-west, north-east and east-west trends (Riemann 2002).
Several field tests have been conducted on this site to characterise flow and
transport through this fractured aquifer. The present section focuses only on

previous works related to fracture characterisation.

Botha et al. (1998) studied the behaviour of the Karoo aquifer as a secondary
aquifer. The campus test site was one of the five experimental sites used for their
studies. In sum, twenty-six (26) additional boreholes have been drilled on the
campus test site during their studies, with nineteen (19) percussion boreholes, five
(5) vertical core-boreholes and two (2) 45° inclined core-boreholes. Multiple
constant rate tests performed on the first sixteen boreholes (UO1-U0O16) allowed
Botha et al., (1998) to group boreholes UO4, UO5, UO6, UO7, UOS8, UO9, UO11,
UO13, UP15, and UP16 as were classified as those which intersect the main
fractures, with consistent and regular draw-downs responses to the stress from
UO5. The results from these constant rate tests confirmed how in Karoo aquifer,
the hydraulic parameters (mainly the transmissivity T) obtained with the Theis
model depend on the depth at which the pump is installed, as previously observed
by Verwey and Botha (1992). That was later confirmed by van Tonder et al. (2001),
who concluded that most pumping test data are evaluated using analytical solutions
such as Theis or Cooper-Jacob with assumptions that cannot be applied to fractured
rock environments. Botha et al. (1998) attempted in vain to clarify the behaviour
of the Karoo aquifer on the campus test site with cross-borehole packer tests failed
due to the geometry of the aquifer, which is highly heterogeneous. However, they
use double packer tests on the campus test site to yield average values of
horizontal conductivities (K;) for the more important formations (Figure 5-3). An

average value of 2.754 10™ m/s was determined for the mode I fracture. They
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underlined the importance of the presence of bedding-parallel fractures in the

Karoo for borehole productivity.

Average values of the horizontal hydraulic conductivities, Kh, for the more important
formations on the campus Test site as determined from double packer tests.
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Figure 5-3 Average values of the horizontal hydraulic conductivities, Kh, for the more

important formations on the campus Test site as determined from double packer tests.

Groundwater flow in the Karoo is mainly controlled by these fractures, and water
pumped from a borehole that intersects such fractures is assumed to move first
from the matrix (as a reservoir) to the fractures and then from the fractures (as
conductors) to the borehole. The possible abstraction rate over a short term is
determined by the fracture. The longer term flow rate to the borehole is determined
by the flow from the matrix to the fracture, which is function of the matrix T and
the Area. The possible abstraction rate from such a borehole is controlled by the
bedding-parallel fractures and the layered nature of the formations. Three-

dimensional models are therefore required for the study of such a system. A three-
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dimensional model has been developed on the campus test site in studies, using
the three-dimensional computer programme SAT; (Verwey and Botha, 1992).

Results from this three-dimensional model revealed two important findings:

1. Water level in open boreholes in the Karoo is representative of the average
piezometric level in the main fracture and the aquifer, weighed in favour of the
piezometric level in the main fracture;

2. The flow velocities in the fractures are very high.

The campus test site model showed that groundwater flows mainly vertically in
stressed Karoo aquifer. This allowed Botha et al. (1998) to derive a two-
dimensional vertical model from the three-dimensional model. This model yields
hydraulic parameters that are more realistic than the conventional two-dimensional
horizontal model (which neglects the aquifer geometry) used in primary aquifer
characterisation. Botha et al. (1998) gave insight also on deformation in Karoo

aquifer.

In the context of the utilisation of tracer experiments for the development of rural
water supply strategies for secondary aquifers, a series of tracer tests (point
dilution, radial convergent) have been conducted on the campus test site (UOS5,

Uo6, UO7, UO8 and UO20) to provide information on the travel times of water in

the aquifer, aquifer parameters, the geometry of fractures and the role of fractures

of different apertures in contaminant migration. It has been found that natural
groundwater velocities in a sedimentary rock can be as high as 27 m/day, and at
the scale of the fracture zone, the calculated effective porosity is 30 % (van Wyk,

1998). The main outcomes of this work are summarised as follows:

1. Velocity estimates from the borehole dilution test are in agreement with the
results of the radial convergent tracer tests, and the method is regarded as valid
if the value of the effective porosity is known.

2. Equivalent apertures are not regarded as valid for velocity estimations with the

dilution test method.
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3. Since the effective porosity cannot be derived from hydraulics tests, porosity
estimation involves a tracer migration test in the aquifer between two boreholes
(porous model).

4. The derivation of the K-value from slug test data in fractured aquifers is scale
related, and often misinterpreted since the actual aquifer thickness, b, is not
known. In the case of pollution studies, it is recommended that a tracer test be
conducted to derive the K-value.

5. The peak of a tracer breakthrough curve does not represent the mean pore

velocity of the fluid in the medium. This is called “the dominant flow velocity”.

Van Wyk (1998) recommended a radial flow field tracer test, as a field method for
velocity estimation (under stressed condition). The outcome of the recommended
test should be the measurement of the rate of the tracer recession in the injection
borehole, the tracer breakthrough in the abstraction borehole, and the hydraulic

head between the boreholes.

The project ‘Guidelines for Aquifer Parameter Estimation with Computer Models’,
initiated by the Water Research Commission of South Africa (Chiang and Riemann,
2001), five additional boreholes (U026, U027, U028, U029, UO30) were drilled on
the campus test site. Borehole fluid conductivity logs, hydraulic (abstractions from
UO5 and UO26) and tracer tests were conducted on the campus test site’s
boreholes to locate the accurate positions of the intersected fractures and to
estimate the hydraulic parameters of the aquifer system (Riemann 2002). The
fractures’ depths determined from the field tests (Table 5-2.) were in agreement
with the previous averaged fracture depth (22 meters) determined by Botha et al
(1998).
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Table 5-2 Depth of the fracture zone in the new boreholes (m under surface) (After
Riemann, 2002)

Borehole Depth of fracture Method of estimation
uo23 21'm Borehole video
Uo26 24 m Tracer test, borehole conductivity log
uo27 21m Tracer test, borehole conductivity log
U028 20.5mand 22 m Tracer test, borehole conductivity log
Uuo29 21 m Tracer test, borehole conductivity log
U030 21m Tracer test, borehole conductivity log
Average
vl 21.66 m Arithmetic mean

The analysis of the constant rate test (U026 was pumped and UO27, U028, and
U029 was observed) data using different analysis methods (Theis, Cooper-Jacob,
drawdown-distance and the GRF model) showed different results, and Riemann
(2002) concluded that the porous media models estimate hydraulic parameters
values for the whole aquifer thickness; while the GRF-model estimates averaged
values (Table 5-3) over the fracture zone flow domain, and the Cooper-Jacob II
method relates to a single fracture (T =755 m?/d and S= 5.87 107). Riemann
(2002) said that early time drawdown (less than 3 minutes) data of a constant
rate pumping test, could be used to estimate the transmissivity of the fracture
zone using the Cooper-Jacob 2 (CJ2) method. This method (CJ2) known also as
drawdown-distance method involves at least two observations boreholes. At a
specific time of constant pumping at rateQ , the semi-log plot of drawdown

versus distance (of observation boreholes) shows a straight line with slope
(drawdown difference As,, per log cycle of distance) equal to %2 Hence, the

transmissivity “T” is then deducted as follow:

2.30Q

T 2mAsy

Equation 5.4

After Riemann (2002) the transmissivity value, estimated with the distance-

drawdown method is close to the value (700 m?/d) obtained for the fracture zone in
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March 1994 (UO5 was pumped at constant rate and UO6, UP15 and UP16 was
observed). Different constant rate tests (UO5 was pumped, and piozometers in
U027, U028, U029 and UO23 were observed), to assess separately the responses
of fracture zone and the matrix, confirmed for the fracture zone a transmissivity of
743 m?/d with the Cooper-Jacob II method(Riemann 2002). And the results (Table

5-4) of Barker model on this data (UO5-test) are in argument with

Table 5-3: Parameter values for UO26-test obteined from Barker model (Rieman, 2002).

Borehole Kf (m/d) | Ssf N

U026 199 2.7E-3 | 1.85
uo27 187 1.7E-2 | 1.80
U028 201 2.4E-3 | 1.84
U029 200 1.1E-3 | 1.85

Table 5-4: Parameter for UO5-test obteined from Barker model (Rieman, 2002).

Borehole Kf (m/d) | Sf N

uo5 653 2.6E-3 | 1.75
uo6 645 1.1E-3 1.75
UP15 651 1.5E-3 | 1.75
uo16 657 1.7E-3 1.74

Chiang and Riemann (2001) constructed a numerical model constructed for the site
by using the 3D Modflow program PMWIN (Chiang and Kinzelbach, 2001) and using
twenty layers of thickness of 0.5 m and 1 m respectively above and below the main
fracture layer with a thickness of 0.2 m. They used the inverse model PEST
(Doherty, 2000) to calibrate the data (of UO5 March 1994). The estimated
horizontal hydraulic conductivity value (3600 m/d) for the fracture for a fracture
zone of about 0.2m is in agreement with fracture zone transmissivity estimated
with the analytical drawdown-distance method. But strangely, a numerical model
simulation with data from the constant rate discharge tests performed on UOS5 in
July 2000, resulted lower values (3080 m/d) for the fracture zone. The difference in

the estimated Kf-value with the Barker method and the numerical model for the
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UO5-tests, illustrates that there might be a hierarchy of smaller fractures present
that possibly form a fractal system with a lower effective hydraulic conductivity
than that of the main fracture (Riemann, 2002). Van Tonder and Vermeulen (2005)
estimated the transmissivity of the fracture to be about 580 m?/d, whereas the
transmissivity of the sandstone matrix was approximately 3 m?%/d.

Point dilution and injection withdrawal tests conducted by Riemann (2002) showed
special variation of the fracture kinematic porosity, which vary between 0.02 and
0.18 at UO20 and between 0.07 and 0.49 at UO28. The two tests resulted in
different fracture seepage velocities values (10.0 m/d for injection withdrawal, and
23.1 m/d for point dilution). Riemann (2002) compared estimated fracture seepage
velocities values using different flow dimensions (n=1.75 and n=2) and noticed that
higher values are estimated by the flow dimension n=1.75. Radial convergent tests
conducted on the campus test site showed a forced flow velocity of 51 m/d for the
fracture zone, which thickness is found to vary from 0.15 m at UO5 to 0.16 m at
U026 (Riemann., 2002). In his experience he combined hydraulic and tracer tests
to estimate the campus test site’s aquifer parameters. The main advantage of this
combined method is that it enables one to estimate important hydraulic and
transport parameters from the results of one test rather than conducting different

tests.

Gebrekristos (2007) and Pretorius (2007) reported on field experimentations for
determining critical factors for the fate and transport of DNAPL contaminants in
(porous) fractured aquifer systems in South Africa. Additionally, six percussion
boreholes (D1, D2, D3, D4, D5, D6) and two core holes (DC1 and DC2) were drilled
for this purpose at the campus test site, which was selected for the characterisation
of fractures, particularly for the accurate investigation of the bedding-parallel
fracture. Blow vyield (>3L/S), slug tests, pump tests, video camera logging,
borehole geophysics, geochemical profiling, down-hole techniques and tracer tests
were used together with comprehensive integration of the data, and the results
showed that boreholes D2, D3, and D4 intersect the same main fracture (located
between 20-22m bgs) as the ‘class 3’ boreholes initially identified. Pump tests were

done especially to determine the aquifer parameters, the connectivity and
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heterogeneity of the mode 1 fracture between boreholes, and the subsequent
response of the fracture system during pumping. The results of the pumping tests
(Table 5-5) showed smaller fracture transmissivity values (with the Barker method)
compared to the values estimated on previous boreholes. This could be due either
to the difference in analytical and numerical methods used for estimation or the fact
that the transmissivity is smaller at the DNAPL mini-test, caused by spatial

variability across this site (Pretorius, 2007).

Table 5-5 Pump test results in the Campus Site (Pretorius., 2007).

Pumped Borehole | Tf (m2/d) | Tfm (m2/d)
uo23 149 17
U023 150 15

D3 83 16
D3 178 17
D2 149 16

Tf = fracture, Tfm = formation

Gebrekristos (2007) showed based on field experiences that estimated
transmissivities using CJ2 as stated previously by Rieman (2002), did not give
any physical meaning. In Gebrekristos experimentation, the semi-log plot of
drawdown versus distance (of 05 observations boreholes) showed widely
scattered boreholes, and it was not possible to fit a single line on them.
Different sets of observation boreholes result in different values of
transmissivity. In another case, he found that the estimated transmissivity by
boreholes that do not intersect the fracture was higher than that estimated by
the boreholes intersecting the fracture. These limitations are due to the fact that
the standard approach does not consider the geometry of the aquifer as stated by
Botha et al. (1998). According to Pretorius (2007), the reason for this lies in
applying the wrong conceptual model to the interpretation and analysis of the data
results. The water level responses in some observation boreholes (D1 and UO30)
when pumping from UP16 showed also that the conceptual model previously

developed by Botha et al. (1998) is a simplified form of the site and cannot explain
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the behaviour of the boreholes satisfactorily. The tracer tests (point dilution,
injection withdrawal and radial convergent) analysis resulted approximately the
same parameters values as those of Riemann (2002). The estimated conservative

fracture connectivity is shown in Figure 5-4 (Gebrekristos ., 2007).

-3221340+

-3221370

-3221400

-3221430

-3221460-

Figure 5-4 A conservative estimate of the fracture (shaded) connectivity. (after
Gebrekristos (2007)

From the present perspective, it is clear that the campus test site is an appropriate
field site for geohydrological assessment tools. The different projects conducted on
the site confirm the existence of a horizontal bedding plane fracture between
approximately 21 and 22 meters below subsurface that governs the main behaviour

of the aquifer system.

The newly developed borehole Fluid Electrical Conductivity method has not yet been

applied on the campus site for fracture characterisation. Its application may yield
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better and additional information on the flow and solute transport through the

characteristic bedding plane fracture present on the site.

5.5 Summary and recommendations

The issue of fracture characterisation in a fractured aquifer system can be
summarised into three main groups of investigation:

e Laboratory and field studies of fracture properties,

e Geophysics,

¢ Hydraulic and tracer testing.

But the success of these three steps is strictly dependent on the geological and
fracturing mechanism, which needs to be understood before any attempt is made at
characterisation. The kinds of fractures that tend to form in a given setting and
their commonly associated patterns are always key information that helps in
decision making when flowing fractures have to be identified, located and

quantitatively appreciated (geometry, flow and transport).

In the Karoo, significant efforts have been made to build up knowledge about
geology and fracturing mechanisms, and few studies have been conducted on
fracture properties. Most geophysical techniques (surface or underground based)
are design to detect fractures remotely (where not visible), based on knowledge of
fracture properties (mechanical and elastic anomalies, especially in shears;
electrical resistive and electromagnetic anomalies; and permeability). Different
geophysics tools have been successfully applied in the Karoo, mainly the electrical
(tomography) and electro-magnetic techniques, to depict fractures related to
anisotropy (anomalies), combined with other information. But there is a need for
more multiple field studies of hydrologically significant fractures for indexing the
specific signatures of such fractures. Geophysical methods trace mechanical,
electrical, and electromechanical but not hydrological properties, and are subject to
limitations such as low resolution (<100 m) and are fruitless in inherently

anisotropic environments.
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A large range of borehole logs specifically designed for fracture systems have also
shown their benefits for characterising fracture flow systems, mainly when used in
conjunction with other types of information. Such logs provide multiple
measurements of physical properties along the borehole and, although available,
their measurements are often restricted to a small volume of the drilling-disturbed
formation surrounding the borehole. Flow and transport properties in the fractures
are directly inferable for hydraulic and tracer tests, but lack of knowledge of the
geometry of the fractures and the flow geometry restrict the solutions of hydraulics
testing based on simplified models that do not always represent the hydrogeological

system.

Solutions that allow the flow dimension to be in a range of non-integer flow values
between 1 and 3, have been demonstrated to be useful in the Karoo aquifer, in
combination with additional information, to diagnose its geometry system. The co-
interpretation of multiple well tests has shown advantages in determining critical
aspects of fracture flow systems. Tracer tests remain effective tools for assessing
fractures’ connectivity and some mass transport parameters, mainly in simple
fracture geometry environments (dominant fracture zones). In complex fractured
systems, approximation of flow geometry and boundary conditions become
problematic and limit the capacity of tracer test data to yield valuable transport

parameters.

Most of the existing characterisation tools are limited in their resolution and cannot

be used to evaluate fracture properties at scales as large as kilometres.
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The measurement of a fluid electrical conductivity with an “electric conductivity
probe” to produce an FEC log is a simple technique that does not require novel
equipment or procedures, and has long been used to characterise subsurface
heterogeneity (Ward et al., 1998; Cook et al., 2001a; Love et al., 2002).

The present section of this dissertation focuses on aspects related to the link
between the FEC and ion concentration, temperature, some subsurface conditions
(in a borehole and depth); introduce the principle on which FEC may based for
aquifer-borehole flow and transport processes analysis. Also, the FEC logs
technique as developed by Tsang et al. will be introduced, and the FEC-based
dilution technique (borehole dilution) using salt tracers (particularly NaCl) will be
presented. Aspects of the methodology related to the choice of tracer, preparation
of FEC logging (contrasting the water’s salinity), and the analysis of such FEC
profiles data for weighting the contribution of individual fractures or fracture zones

to the total transmissivity of the borehole, will be discussed.

6.1 Definition of Fluid electrical conductivity

The term ‘electrical conductivity’ is the common designation of fluid electrical
conductivity, which may not be confused with geo-electrical conductivity. Fluid
electrical conductivity is also called specific conductance (conductivity of water at
25°C), and is defined as a measure of a fluid's ability to conduct an electrical
current. Fluid electrical conductivity () is the inverse of fluid electrical resistivity
(p), and has the System International (SI) units of Siemens per meter (S-m™). But,
generally, natural water (rain, surface water, and groundwater) have such low
conductivities (rainwater: 0.5 mS.m™) that sub multiples of S-m™ such as pS.cm™

(micro-Siemens per centimeter) or mS.m™ (milli-Siemens per meter) are used.

1
o= ; Equation 6.1

Related to electrical current density J and electrical field E strength, the following

equation can be written:

o = % Equation 6.2
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Generally, a material’s ability to conduct electrical (conductivity) increases with
increasing of the impurity in this material (doping). Pure water by example has a
very low conductivity and may be regarded as non-conductor. The purer the water,
the lower its conductivity. The conductivity of a fluid depends on the concentration
of the charged species (ion strength), the ability of the ions to move, and
sometimes other ionised chemical species. Electrical conductivity of water samples

may be used as a measure of how ion-free the samples are.

The dependency of the electrical conductivity on charged species’ concentrations
(ion strength) in a fluid have been used for estimating the concentration of ions in
fluid solution. Shedlovsky and Shedlovsky (1971) reviewed the relationship
between ion concentration and fluid electric conductivity, and gave graphs and
tables relating them. Fluid solution EC is a measure of the total ion concentration.
Each ion has its own specific ability to conduct current. Hale and Tsang (1988)
expressed at low concentrations (less than 6 Kg/m?3; 11S/m) the relationship
between total sodium chloride (NaCl solution) ion concentration € (in Kg/m®) and

corresponding electrical conductivity ¢ (in S/m), at 20°C, as follows:

o =0.187C — 0.004C* Equation 6.3

For NaCl solution concentrations of up to 4 Kg/m® and corresponding electrical
conductivities of up to 7 000 S/m , they observed a linear relationship between o
(uS/em ) and € (Kg/m?):

o =1870C Equation 6.4

Gebrekristos, (2007) reported from experimental studies on the campus test, that
the concentration of *NaCl” (in mg/L), is four times the EC value (in mS/m). Using
chemistry data (from IGS laboratory) collected on few boreholes on the campus
test site between 1990 and 1995, the following linear relation can be deducted
(Error! Reference source not found.):

C= 1.69660 — 73.815

Where, the FEC o is expressed in mS/m and the NaCl ion concentration € in Kg/m?>.
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Figure 6-1 Linear relation between Fluid Elictrical Conductivity and ion concentration in
groundwater at the campus test site.

At low concentrations (FEC< 10 000 uS/cm ), another linear relation between FEC
and ion concentration was expressed through the empirical equation that relates
total dissolved salt (TDS) to FEC as follows:

TDS = ko Equation 6.5

Where, ¢ is inuS/cm , TDS is in mg/l, andk is the slope of the curve TDS versuso .
Experimentally, k has been found to range between 5 and 10, depending on the
dominant anion. For bicarbonate or chloride dominated waters k is close to 7 as

proved on the campus tests site (Figure 6-1).

6.2 Fluid electrical conductivity and temperature

Because electrical current is carried in the fluid by ions, chemical changes occur in
the solution and an increase in temperature decreases the resistance, unlike in
metal, where the electrical current is transported by electrons without changing any
chemical properties of the substance and an increase in temperature increases the
electrical resistance. Schlumberger (1984) give a formula for fluid FEC conversion
from logging data collected at any temperatureT in °C, to FEC at 20°C (for

calculation of ion concentration):
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o _ _ FECTD) .
FEC (20°C) = TosT-200) Equation 6.6

Where, S is a parameter with value 0.024 °C™.

6.3 Borehole fluid electrical conductivity

A borehole constitutes an induced local point of shortcutting (interaction) of
different flow systems occurring in the subsurface. One of the main concerns, when
considering the fluid electrical conductivity logs from a single borehole is the
understanding of the vertical variation (natural or induced) of the EC values in the
borehole. Yet, the considerations for understanding the fluid electrical conductivity
along a borehole vary from ambient condition to pumping condition.

In ambient condition, differences in hydraulic head at feed points (fractures or flow
zones) intersected by a borehole, creates an internal borehole flow (from the
highest hydraulic head points to the lowest hydraulic head points). This internal
borehole flow is associated with chemical and transport processes (dispersion,
diffusion, advection, etc...). The effect of density gradient (if exist) need also to be
considered to understand the vertical FEC distribution in a borehole. Therefore, the
quality (concentrations distribution) of a fluid in a borehole may not be necessary
representative of water from just one system, and cannot be directly associated
with the formation’s FEC. In uniform head formation (absence of internal borehole
flow), the natural groundwater flow in an open borehole is horizontal from an inflow
point to a corresponding outflow point located approximately at the same elevation.
In the present dissertation, a section through which an internal borehole flow
occurs is called “flowing section”, and the one which no internal borehole flow is
observed is called “stagnant section”. Although ambient condition imply no pumping
occurrence in the borehole, measured responses (FEC logs) could be influenced by
pumping from another borehole that intersects the same flow zones.

In pumping condition, the water movement in the borehole is from all the existing
feed points to the pump position, skewing the curve toward the pump position, and
eliminating the natural occurrence of borehole internal flow. This movement of the
water is associated with mainly advection and diffusion. The effect of density

gradient in the borehole can be significantly reduced, but not necessary eliminated.
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For a hole of large radius, the FEC electrical conductivity may considerably vary
from one point to another at the same depth. In the hydrogeological investigations,
the borehole’s radiuses are small compared with their total lengths. Salinity is

assumed to be uniform at each depth in a borehole.
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Figure 6-2 Illustration of flowing and stagnant sections from FFEC and SFEC profiles on PW17
(adapted from Morh and van Biljon (2009))

6.4 Principles of FEC for aquifer-borehole flow and transport processes
analysis
The FEC based method considers uncased sections of a wellbore that intersect a

number of flowing fractures or conductive zones in the borehole. Generally in
ambient (without pumping) conditions, salinity increases continuously with depth in
a borehole, and the FEC is constant in the stagnant sections and varies in flowing
sections. Erratically distributed salinity along a borehole’s section may be the effect
of feed points. In the flowing sections, the water quality is affected by the quality of
the water from feed points (permeable layers or fractures); while in the stagnant
sections, the water quality is more affected by the quality of water stored in the

formation (diffusion) according to the residence time of the water. This principle
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has been used to determine in-field conditions the effective diffusion coefficient of a
formation (Gebrekristos, 2007).

The FEC at a flowing section may be higher or lower than the FEC at stagnant water
sections, according to the quality of water entering the borehole. In non-
contaminated environments, fresh water from feed points with relative lower
electrical conductivity circulates trough flowing sections; while in stagnant sections,
water with relative higher electrical conductivity stills. In Contaminated
environments, groundwater is often associated with high electrical conductivity, and
feed points, in such environment are often identified by relatively high fluid
electrical conductivity on a borehole FEC profile in natural conditions. Atekwana et
al. (1998) mentioned that groundwater hydraulically conductive zones associated
with the biodegradation of LNAPLs in the subsurface can provide a window into the

biogeochemical processes ongoing at such sites.

According to the type of flow zone properties needed, the borehole’s FEC log data
needed. Natural stratification of electrical conductivity in a borehole can be
assumed to equal to that in the aquifer (Love et al., 2002) and may be used in
fractured aquifers, to detect the potential location of the main conductive points of
the aquifer that draws waters to the borehole. But for confirming the conductive
points position and for the determination of the rate of the groundwater flow
through these conductive points, time sequence of measured FEC logs are required.
The measured time sequence FEC logs are assumed to constitute the subsurface
responses to induced changes in the concentration of the water in the borehole. The
changes can be made by simply disturbing (recirculation) the natural stratification
(Love et al., 2002) or by changing the bore fluid water with significantly different
salinity water (Cook et al., 2001a; Gomo., 2010; Tsang et al., 1990; Pedler et al.,
1992; Bauer and LoCoco, 1996; Mohr et al., 2009).

6.5 Flowing Fluid Electrical Conductivity logging method (FFEC)

A method called the ‘flowing fluid electric conductivity logging method’ (FFEC) has
been developed by Tsang et al. (1988, 1989, 1990) to identify depth locations of

feed points and evaluate the transmissivity and the salinity of the fluid at each
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inflow point. Changes in the borehole FEC are by substituting the borehole water
with de-ionised or constant low salinity water. In this method, each feed point is
characterised by the time t; when the flowing fluid emerges from the feed point to
the fracture, the location x; of the inflow point, the volumetric inflow (or outflow)
rate q; , and the solute mass inflow rate q,C;. In these conditions, the conductive
zones intercepted by the borehole are constantly stressed by a very low pumping
rate (generally lower than 10 L/min), and the general flow along the borehole is
toward the pump position (often at the top of water column). The time t; may be
different from one feed point to another, due to possible differences in initial values
of hydraulic heads and pressure history, which results in the entering of de-ionised
water into the feed points during borehole washout.

Figure 6-3 below shows a schematic picture of a wellbore with inflow n points, with
a vertical borehole flow rate w from below (Tsang et al., 1990).

The entering of the groundwater into a borehole results in peaks’ areas on the
curve, at particular feed point depths. The area under each peak of the curve
increases with time as a function of the feed point flow rateq, and its salt mass rate
“q,C;”. Without any overall upward flow, and by neglecting density effect, the
distribution of the salinity curve at each feed is supposed to be symmetrical at the
feed point location. The overall up-flow due to pumping skews the salinity curves.
This effect becomes more significant as the feed point is located closer to the
pumping position. Therefore, by analysing the sequence of FEC profiles, which
depicts dynamic flow and transport responses, it is possible to obtain the flow rate

and salinity of groundwater inflows from each individual feed point.
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Figure 6-3 Schematic picture of a borehole with n inflow points and, borehole flow w
from below adapted from Tsang et al. (1990)

As time passes, the salinity will increase at each feed point and will finally reach a
saturation value. The salinity saturation value Cng, for each single feed point,
assuming negligible diffusion, is given by:

wCo+q;C;

W+3h_1qn

Equation 6.7

Cnax; =

Where w is the borehole flow rate from below the studied section, €, is the initial
concentration of the borehole water, and gq; is the volumetric inflow rate withi = 1
for the deepest feed point.

In the case where successive feed points show peaks on the FEC profile that
overlap at or before saturation time, the salinity saturation of the "(i + 1)th" feed
point is given by:

C — wC0+qiCi+qi+1Ci+1
maxist = w5t g

Equation 6.8

At the limits of a very long time period, Tsang et al. (1990) mentioned that the

saturation concentration between "ithand (i + 1)th" feed points as:
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_ w(y +Zi1=1 AnCn

Conax; = WS Equation 6.9

6.5.1 Borehole fluid conductivity logging (field procedure)

Firstly, the existing water in the study well is changed with de-ionised water or
water of a constant salinity, distinct from that of the surrounding formation water.
The de-ionised water is pumped via a tube to the bottom of the wellbore at a given
rate, while the water in the wellbore is pumped out simultaneously from the top of
the borehole at the same rate. The main objective of replacing the existing borehole
is to create in the borehole an initial condition that will allow a better analysis of the
FEC log (quasi-homogeneity, no density gradient, etc.). Secondly, the well is
pumped out at a constant flow rate (usually at low rate), which can be adjusted to
optimise borehole flow conditions. When pumping at a constant low rate, an electric
resistivity probe is lowered into the borehole to scan flowing fluid electrical
conductivity (FFEC) as a function of depth down the borehole. The variation of
vertical electrical conductivity profile (down the borehole) versus time may be used
to identify inflow and outflow points on the wall of the borehole. This variation is
recorded by a series of five or six FEC loggings obtained at time intervals over a
one or two day period. In fact, at a specific time, the vertical FEC profile shows
peaks at the depth levels where water enters the wellbore. This is due to the fact
that, in general, fractures (or more transmissive layers) contain fluids with different
ion concentrations from each other and therefore different electrical conductivities.
During the logging procedure, care should be taken to reduce as much as possible
the scale of induced disturbance of the borehole fluid. The analysis of such time
sequential profiles may provide information on the permeability and salinity of each

hydrologic transmissive layer.

The method is applicable either in primary or secondary aquifers, as well as shallow
or deep aquifers, and is cost effective. Tsang et al. (1990) when comparing other
single hole methods, described it as much more accurate than flow meters and
much more efficient (much cheaper) than packer tests, particularly in low

permeability formations.
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Figure 6-4 FEC logging equipment setup at Borehole NC-EWDP-24PB in the Armargosa
Valley. From Doughty et al. (2006)

6.5.2 Analysing fluid conductivity logs

As explained above, fractures (or more transmissive layers) contain fluids with
different ion concentrations from each other and therefore different electrical
conductivities. The FEC profiles may give qualitative or quantitative information on
flow and processes in the borehole. Locations where fluid enters the wellbore, show
peaks in the FEC logs which can be analysed to infer inflow points’ strengths and
salinities (Doughty et al., 2005). At each feed point detected by the FEC method, a
distinctive peak is depicted on the FEC profile at a specific timet; . At first (until
adjacent peak curves start to overlap), the area under this peak extends with time
as a function of the inflow rate ¢4 and the salinity ¢ of the fluid flowing into the
borehole. By considering the extent of this area, and the boundary conditions (early

and late), one can infer analytically and/or numerically the volumetric inflow rate g,
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and the salinity  associated with each feed pointi at depthC; . The estimated
volumetric inflow rate g, can be combined with other information (drawdown in the
well, change in head of each feed point, total length of pumping, well section

radius) to calculate the transmissivity of each fracture, feed point or zone.

6.5.2.1 Analytical Approaches for FEC analysis

By assuming for each feed point, constant volumetric inflow rate ¢; and constant
feed point water concentrationC;, Tsang et al (1990) related the area under each
feed point located at x; (m) to the solute mass inflow rate q;C; over time t . The
following simple mathematical equation describes this relation, and may be used to
determine analytically the flow rate g; and salinity C; at each detected feed point, by

using early and late time readings.

fx,-+62
xi+61

nr,%(o(x,t) —0g)dx = a(q;C;)t Equation6.10

Where 6, and 6§, are appropriate distance from the peak axe, for bracketing the
peak area; r,is the is average borehole radius over the section between x; + 6, and
x; + 8,; 0, is the initial electrical conductivity of the water in the borehole, a is a
constant that relates salinity to electrical conductivity, and t is the time since the

feed point water started to flow in to the borehole.
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Figure 6-5 Schematic illustration of analytical integration
This expression may be arranged as follows:

X'+82
Jejrs;@@D-00)dx  4(q.c)) .
= 2 Equation 6.11
t Ty,

In this formula, the term f;fiz(a(x, t) — 0y)dx is representative of the area under the

peak at x; at a given timet, and should be evaluated at early time, before curves of

adjacent peaks start to overlap each other. For a sequence of a few FEC profiles,

the plot of f;fiz(a(x,t)—ao)dx over time will give a curve with slopesip that is

a(q;Cy)
Ty, 2

numerically equal to and the slope line will intersect the time axis at t¢; when

the feed point water started to flow into the borehole.

Slp = % Equation 6.12

q;C; and t; can be deducted from this relation and used with late time result, in the
equations 6-8 and 6-9 described at above, to determine for each feed point located
at depth x;, the constant volumetric inflow rate g; and constant feed point water

concentration C;.
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The same authors (Tsang et al,. 1990) proposed another analysis method, based on
the principle of mass conservation that does not require late time reading, therefore
reduces significantly the duration of the FEC logging test. Considering the
illustration in Figure 6-6, and by assuming a constant electrical conductivitys,, at
the bottom L, of the studied section of the borehole, the method consist of
determining for each vertical position L along the borehole, the sum @, of all
volumetric inflow rates q; between L, and L. To simplify the analysis, the up flow
ratew, at the bottom of the borehole, is neglected and the water is assumed to

start flow from all the considered inflow points into the borehole at the same t=0.

Top of well | Zero line
position
X Giy giCi
X2, 42 q2C;
X1, 41, Q1€C1

Bottom of well

W; Co

Figure 6-6 Schematic diagram of a wellbore with several inflow points. Each inflow point is
characterised by a flow rate q;, concentration C;, and position x;. Q is the total
flow rate out of the well; C,, is the initial salinity; and w is the inflow at the
bottom of the well. Redrawn from Tsang et al. (1990).

By assuming a linear relationship between electrical conductivity and salinity

(concentration) in the borehole, @, is expressed as follow:
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atY<xi<iy 4iCi—[(Lo—L)mry %[y —00]
Jy(@(Lt)-ap)dt

Equation 6.13

Q=

The only term of this equation that cannot be directly obtained from the
measurement of the electrical conductivity of the water in the borehole, is the first
term of the numerator, which may be deduced as follows:

i+6

f,:.’wf mry?(o(x,t2)-o(xt))dx

aqui = ot Equation 6.14
211

Then, the real time t; when feed point water started to flow into the borehole can

be deducted from Equation 6.14:
féi:;f nry 2 (o (xt)—0og)dx

t; =t — Equation 6.15
¢ 1 aq;C; d

Further developments of Equation 6.13 that take into account time varying of gq;
andC;, have been undertaken, and all these analytical formulas have been
programmed in a simple code called PRE (Tsang et al., 1990). Assessment of the
analytical method using Equation 6.11 showed a dispersion effect in its results, mainly
at or near the position L . The analytical solution is also not applicable when q;
varies with time. To overcome this limitation, Tsang et al. (1990) introduced a

numerical code to adjust the analytical results to match the field data.

The main advantage of these developed analytical methods is that because of the
integration form that governs their mathematical expression; their results are not

affected by borehole radius.

6.5.2.2 Numerical Approach for FEC analysis

The FEC analytical analysis method is conducted according to a code called BORE
(Hale and Tsang., 1988; Tsang, 1985 and Tsang and Doughty, 1985) that carries
out a forward calculation to produce wellbore FEC profiles given different inflow
characteristics (positions, inflow rates, and inflow concentrations). The code allows
analysis of solute dilution in a borehole for determination of ambient horizontal flow
velocity in the formation, as proposed by Drost et al. (1968), and can analyse the
combination of horizontal flow across the wellbore and vertical diffusion or

dispersion along the depth of the wellbore.
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With the development of computer science, the code has been improved to run
under current operating systems, to provide interactive modification of model
parameters and produce graphical comparisons between model and field data. In
addition to these capabilities, the revised code BORE II allows: the salinity of the
fluid at any feed point (either inflow or outflow), and the ambient far field pressure
head to be determined; even in non-uniform initial salt concentrations along the
section of an open borehole (Tsang et Doughty, 2003; Doughty et Tsang, 2005;
and Doughty et al., 2008).

The code uses the finite difference method to solve the advection/diffusion equation
along the section studied, by considering equal height cells along the borehole.
Given the pumping rate of the well, the inflow or outflow rate of each feed point, its
location and starting time, and, for inflow points, its ion concentration, BORE II
calculates time and space varying FEC (along the borehole) in a wellbore containing
multiple feed points. Analysis of the code, based on a one-dimensional model and
assuming a generally ideal condition for the field procedure, shows the following
(Hale Tsang, 1988):

e A simple polynomial correlation between ion concentration, C, and FEC;

e Ion transport occurs by advection and diffusion along the wellbore;

¢ Instantaneous mixing of feed-point fluid throughout the wellbore cross-section.

6.5.3 Determination of a fracture transmissivity

By considering each water-producing fracture (feed point) “i” , as a single confined
aquifer, the general approximated solution of unsteady flow of water to a well in a
confined aquifer (Cooper Jacob., 1946) has been generalized to yield a relationship
between the pressure head drawdown s; at each flowing zone in the well, its
volumetric inflow rate q; , its transmissivity T, , its storativity S; , and the well radius
ry, at the flowing point , as follows (Tsang et al 1990):

si(Fwyy ) = ho, = hy(r, £) = 725 In G550

2
rWi Si

) Equation 6.16

Where h, is the initial head at a given fracture (or feed point) position and h(r,,t) is

the transient head in the well at the inflow zone.
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From Equation 6.16, each flowing zone transmissivity can be calculated, but the
other components of the equation should be known. The volumetric rate g; can be
determined from the results of fluid electrical analysis, and the elapsed time t from
pumping test data. The borehole radius is often considered to be constant along a
borehole, but more accurate borehole radius values along the borehole may be
obtained with a calliper log. Fracture sotorativity is known to be very small, but
cannot be systematically neglected in this equation. Since fractured rock is
conceptualized as an equivalent porous medium in the present analysis, the product
of fracture storativity (S;) with the fracture aperture b (aquifer thickness), called
specific storativity (Ss) is used instead of storativity. The specific storativity is a
function of the fluid and rock-fracture compressibility and the fracture porosity,
which need to be determined using other approaches (field and laboratory). Also,
the fracture aperture has to be determined. Belanger et al. (1988) guessed some
values and applied a sensitivity analysis method on these guessed values to
determine the specific storage of the fracture that fitted field hydraulics test
responses (head pressure change). They noticed in their experience that the
transmissivity is not significantly sensitive to change in the storage of the fracture.
The last needed parameter value in the equation for calculating the transmissivity
of a flowing fracture is the pressure head drawdown s; associated with each flowing

point in the well. This drawdown is the difference between the initial head h,, and
the transient headh(r,,,t). In absence of internal borehole flow (uniform head
along the borehole), pressure head equilibrium prevail, and the steady state head
may be taken as the initial head. The transient head h;(ry, t) is function of the

drawdown in the borehole, but is also function of the time varying density (salinity
and temperature effect) in the borehole, which can be taken into account using the

pumping test, FEC and Temperature profiling data.

6.6 FEC-based dilution test for fracture characterisation (borehole
dilution)

The ‘FEC-based dilution technique’ technique is also known as “borehole dilution”
technique (Cook et al., 2001a; Love et al., 2002; Cook, 2003) and is a modification
(no isolation, no mixing of the fluid) of point dilution test ( Riemann., 2002). Here,
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the time sequence FEC logs shows a rate of dilution rather than the rate of
concentration increasing as observed with the FFEC test. Also, the technique allows
determining the natural groundwater flow rates at the feed points, rather than
hydraulic conductivities (or transmissivity). In South Africa the well dilution
methods has gained interest in South Africa. Mohr and van Biljon (2009) have used
the method to refine a site conceptual model for an LNAPL-affected fractured rock
aquifer in the Karoo. Lasher et al. (2009) used a NaCl in the FEC method to
characterise hydraulic properties in the quartz arenite Table Mountain Group
aquifer. They used the numerical model BORE II (Doutghty et al., 2008) to study
the time evolution of the salinity in the borehole during their tests. They concluded
that the technique is suitable to distinguish clearly the transmissive (flowing)
fractures, between different fractures intercepted by a borehole, and is relatively

cheap and practical.

6.6.1 Planning the test

The planning phase is the most important and most difficult part of conducting any
kind of tracer test, and helps to avoid collecting useless data for analysis. The
planning phase should be based on the purposes of the test, and should yield a
clear idea of the type of tracer to be used, the pumping flow rate (for the transient

condition test) during FEC logging and the required equipment.

6.6.1.1 Choice of tracer

Tracers (artificial and natural) are identifiable substances that may be used to
deduce the general behaviour of a subsurface formation from assessment of their
activities in a flowing formation. Artificial tracers are site specific, and are
introduced only in the region of interest. The use of any artificial tracer requires its
physical compatibility with the medium, and the interpretation should be a function
of the medium and not of the tracer. Discussions on tracers for investigation related
to water science are presented by Betson et al. (1985). Evans (1977) presents a
review of artificial tracers used to study groundwater movement. According to the
scope of the present study, only artificial tracers are discussed. Van Wyk (1998)
mentioned that there is no universal ideal tracer, since an ideal groundwater tracer

has the following characteristics:
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e It should have good solubility even in cold water;

e It is conservative and will follow the movement of the water without loss from
the flow (same velocity as the groundwater) due to physical or chemical
processes, like adsorption on sediments or equipment, radioactive decay;

e It is non-toxic, and can be applied with no administrative or legislative
requirements;

e It is detectable with a high degree of sensitivity and can be measured accurately
in situ in the field;

e It does not contaminate the terrain of investigation and will not affect results of
further tests;

e It is inexpensive and analysis costs are low.

Also, the naturally occurrence of the tracers’ molecular compounds in the
groundwater (water column in the borehole) has to be considered in the choice of
the tracer. Pitrak et al. (2006) concluded that no tracer can be used when natural
concentration of it is so high that additional increase of tracer concentration would

cause unfavourable attenuation of the flow or density movement of water.

Evans (1977) distinguished different categories of artificial tracers (radioactive,
activatable, chemical, and particulate) according to their method of analysis. In the
context of the present study, chemical tracers (Dyes and salt) are indicated, with
the advantage that they can be used without authorisation, and that field detection
equipment is readily available (Van Wyk., 1998).

Dye tracers:

Organic dyes (Sulphorhodamine G, Na-Fluorescein, etc.) have the advantage to be
easily detectable in very low concentrations on field (reducing the amount needed)
compared to salt tracers. Conversely, some of the dye tracers are not conservative,
and their use may become very expensive (compared to salt tracers), since they
generally require suitable analytical equipment (van Wyk, 1998).

Salt tracers:

Salt tracers are commonly used in groundwater studies. Anions such as chloride CI~

(NaCl) and Bromide Br~ (NaBr, KBr) can be traced in groundwater movement, while
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the cation compounds are lost by ion exchange. Chloride salts are acknowledged to
offer a more or less good solubility with acceptable sensitivity, and their detection is
cheap and easy. Potassium chloride ( KCl), sodium chloride (NacCl), lithium chloride
(Licl) and calcium chloride (CaCl,), are the common salt tracers used in
groundwater studies. The dissolution of some inorganic salts may be problematic

with a high discharge rate from the well or at very low temperatures.

Because of its effective availability and the existence (at relative low cost) of
different means of measurements in the field, sodium chloride (NaCl ) is especially
popular in groundwater studies. Radulovic et al. (2008) described common salt
(NaCl) as the most suitable choice of tracer, since it can be easily procured and is

also easily traceable using conductivity meters.

Other groups of salt exist and have their advantages and drawbacks. The
background concentration of iodide salts are generally less than 10 ug/l in
groundwater, and would fit if they were as conservative as the bromides or
chlorides, which have relative high background concentration in groundwater
(100 ng/! for bromide and 30 mg/I for chloride). NaNO3 is easy to dissolve and to
detect with ion-selective electrodes, but background concentrations of NO3 may be
a problem. Some salt tracers require sample treatment for analysis and have to be

transferred to the laboratory when they cannot be detected in the field.

In consideration of all that has been mentioned above about tracers, the tracers
suggested for application in the present study are summarised in the following
table:
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Table 6-1 Suggested tracers for FEC logging applications

Range of
Concentration

Other Applications

2 orders of magnitude

Single-well test
Natural flow test
Point-Dilution test

2 orders of magnitude

Single-well test
Natural flow test
Point-Dilution test

2 orders of magnitude

Single-well test
Natural flow test
Point-Dilution test

4 orders of magnitude

Single-well test
Multiple-well test

Tracer Measurement
NaCl EC-Meter
KCl EC-Meter
CaCl, EC-Meter
NaBr EC-Meter
Ion-sensitive Sensor
Fluorescein Fluorometer

5 orders of magnitude

Single-well test
Multiple-well test

Table 6-2 Comparative table of suggested tracers for FEC logging application

SANS for drinking
Solubility Cost per Kg (ZAR) water (mg/L) o
Tracer at 20 © from Sigma- Availability
Aldrich Class1 | Class 2
NaCl very 537.52 200 400 Easy to be
good procured
KCl 39 at with accredited
170 699.11 50 100 suppliers
Cacly 74.5 283.16 150 300 | With accredited
suppliers
NaBr 63.4 . 200 400 with accr_‘edlted
suppliers
Fluorescein _ _ ) ) with accr_‘edited
suppliers
6.6.1.2 The amount of tracer

The estimation of total tracer mass to be injected is the crucial point during the

planning process of tracer experiments. The boundary conditions for the amount of

salt, depend on the type of the test (SFEC,FFEC),

the available measurement

equipment, the type of tracer used, the type of aquifer, the quality of the standing
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borehole column water and the total rate of discharge (for the FFEC logs). In the
FFEC the effect of abstraction rate on the rate of dilution has to be considered. The
length and the quality of the test data depends in a certain way, on the amount of
added tracer. The amount of added salt should increase the salinity of the standing
column water in the borehole by a certain number of magnitudes that will allow a
clear and rapid observation of the responses of the aquifer in term of rate of

dilution of the borehole water at the position of flow zones or fractures.

First, an equivalent fluid electrical conductivity o,,.; (average of discrete FECs) is
determined for the natural standing water column (background) in the well. For a
sodium chloride (NaCl ) tracer, an order of magnitude two (02) is accepted for the
equivalent FEC o¢,,; increasing. Experimental observations have shown that a
tracer amount that increases the background concentration by 50 to 300 % may be
sufficient (Gebrekristos, 2009). The equivalent FEC ¢,,.; can be converted to
equivalent salt concentration by using one of the different equations listed in
chapter 6 (section 6.1). The maximal equivalent FEC value " 2g,,,"” for the entire

water in the studied borehole may be then expressed as:

Mt
20'we” = — Equation 6.17
kaater

Where, M; (g) is the total mass of salt to reach, and V4., (m®) the volume of
water in the borehole (or studied section of the borehole), and k is the slope of the
curve of FEC versus salt (Nacl) mass concentration. g, is considered in mS/m.

My is the sum of the initial salt mass M;, in the borehole and the mass of salt that
need to be added M,,,:

My =M;, + M,44 Equation6.18

ko
M;, = —* Equation 6.19
Vwater

By changing Equation 6.17 and Equation 6.19, M,;; may be deducted:

ko 2V -1
Mgygq = wetZVwater—1) Equation 6.20

Vwater
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6.6.1.3 Field equipment needed
The FEC-based dilution test is a simple technique which does not required huge and
expensive equipment. The equipment needed when using a salt tracer, consists of
the following:

For both steady state and pumping tests (Figure 6-7)

e A couple of socks (or any permeable container that can enter easily and

safely into the borehole;

e A rope that is long enough to lower the slug (sock) of salt (tracer);

e An EC-meter (the Solinst TLC is the common one).

For just the pumping test (Figure 6-8)

e A low-rate pump (less than 20 L/min);

e A source of electricity for the pump.

- Y 4
S s 3 RS ; ] F 4 I P o e, o o

Figure 6-7 Equipment for conducting a transient state FEC-based dilution test
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Figure 6-8 Equipment for conducting a transient state FEC-based dilution test

The Solinst TLC meter displays accurate measurements of conductivity and
temperature on an LCD display, and water-level (and probe depth) measurements

are read from the accurate flat-tape, marked in millimetres.

6.6.2 Field Procedure

6.6.2.1 Introduction of the tracer

The field procedure differs from the FFEC logging method (Tsang et al., 1990) by
the quality of the water that is used to replace the natural borehole water. Here,
the induced changes in water quality involve relatively higher concentration before
the measure of time sequence FEC logs. Cook et al. (2001a) accomplished this by
inserting a pump near the base of the bore, with the outlet of the pump located
immediately above the water table, so that the pump does not remove water from
the well (steady state condition), but re-circulates it from the top to the bottom,
and at the same time (during pumping), slowly pouring a concentrated salt solution
into the top of the well. This approach has the advantage of insuring a better
mixing of the tracer in the borehole (or in the tested section of the borehole), and
so may help to reach a closer degree of homogeneity (to avoid diffusion and density
gradient along the borehole). But its implementation in the field is complicated and

involves equipment that can make the method expensive.
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Mohr and van Biljon (2009) introduced the tracer into the borehole, by lowering and
raising a permeable salt-filled pouch up and down the well. Lasher et al. (2009)
used a double layered injection sock that was slowly lowered down the borehole so
that there was a significant change in the salinity of the water along the borehole.
Borehole water salinity may be increased by repeating for a certain number of
cycles the movement (up and down) of the slug of salt, along the water column.
The term cycle of slug of salt movement is used here to refer to a complete up and
down movement of a slug of salt along a borehole water column. This approach
may not be ideal to create homogeneous conditions along the borehole, but is
simple and does not required expensive equipment. This approach is the one

adopted in the case studies of the present dissertation.

6.6.2.2 EC measurement

The type of EC-meter that has to be used, can greatly affect the efficiency (mainly
in term of cost) of the entire dilution test. The EC measurement may be done by
any kind of EC-meter designed to be lowered into a borehole. Field experiments
have indicated that repeating logging in four to six inch (101 to 154 mm) of
diameter wells should be done using a small probe of one (01) inch of diameter,
with an average velocity of the probe less than 3 meters per minutes, to avoid
disturbance of concentration distribution. The well known TLC is easy for use in field
conditions and is cost effective compared the multi-probe, which involves a
complicated set-up. But the multi-probe offers better measurement resolution.

A first log representing ambient background conditions is done to state a
background condition. This first log is not a requisite for flow computation, but may
give a first idea of the general main flow zone along the borehole. This first log is
termed “base line”. The time sequence of tracer concentration (FEC) logs is
recorded after tracer application. It is recommended to run as many successive logs
as possible in the first thirty (30) minutes after the application, because the first
logs are often affected by the combined effect of diffusion and density in the
borehole. Dilution logs run directly after tracer application tend to react more to
diffusion than to flow transport; therefore, velocity computation should omit these
first logs (Pitrak et al., 2006).
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The first log considered after tracer application is termed ‘initial condition’ and is
considered to have been run at t, equal to zero (0). Time intervals are a function
of local hydraulic conditions (flow rate into and out of the borehole). Shorter time
intervals should be observed at the beginning (in the first two hours) of the time
sequence profiling. The faster the flow (high dilution rate), the shorter the intervals

required, and the lower the flow the larger the intervals required.

The time sequence FEC logging can be stopped when the dilution process is well
documented, and reaches at least 60 % of the total dilution of the tracer. Riemann
(2002) suggested at least 50 % of dilution of the starting concentration value.
Logging speed depends basically on the type of measurement equipment. With the
TLC, runs are in the range of 3 to 5 m/min, while with an automatic multiprobe,

runs are more than 10 m/min.

Dilution logs may be run together with other logging methods, which can help to
investigate flow in borehole such as temperature logs and other geochemical

parameters (pH, ORP, etc.).

6.6.3 Analysis of the data

The analysis of FEC-based test data can be subdivided into three main steps:

e Detection of feed point locations and their nature (inflow or outflow);

e Building of a conceptual model of the borehole-aquifer system;

e Quantification of flow parameters from time evolution of concentrations in the

borehole.

6.6.3.1 Detection of feed points

The detection of the feed points constitutes the fundamental step in the analysis of
FEC profile data. This can be done by using the baseline (natural condition) profile,
or the ambient condition (no pumping) concentration profile, or the transient

condition (pumping) concentration profiles.

Analysis of the time sequential FEC profiling data starts with analysis of the natural
distribution of the FEC in the open borehole. A natural stratification of FEC in an

open well may also be used to confirm the main geological lithology in the
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subsurface. Love et al. (2002) gave evidence of that in a well, drilled into fractured
metasediments in the Clare Valley (South Australia). The ‘baseline’” FEC profile is
the first means to detect the main flow points in a borehole, by looking at the
nadirs in the curve (the effect of fresh water entering the borehole) if the test is
performed in a non-contaminated aquifer system, or the peaks in the curve (the
effect of polluted water entering the well) if the is test is performed in high TDS

aquifer system.

On the time sequential FEC profiles, feed points are generally more localisable on
the early time profile, particularly when pumping at very low rates. But first logs

should not be used for velocity computation (Pitrak et al., 2006).

Doughty et al. (2005) gave description on the different signature of feeds points for
the case of de-ionised water or very low water concentration in a borehole. Such
knowledge needs to be built for the case of dilution tests. A clear distinction
between inflow points and outflow points pose a big challenge when analysing a

dilution test.

6.6.3.2 Conceptual model
The conceptual model depends mainly on the type of parameters that one is
seeking. The analysis methodology developed in this dissertation focuses mainly on

the case where groundwater flow is horizontal through a borehole.

6.6.3.3 Quantitative analysis
Drost et al. (1968) developed an analytical solution for horizontal flow in the
absence of diffusion and dispersion along the borehole that resolves the change in

concentration observed in a borehole as a function of time as follows:

C(t)=C;— [C; —C(0)]exp (;TZ‘: Vdah) Equation 6.21

Where C; is the formation (inflow) water concentration, t is time left, V; is the Darcy velocity
through the aquifer (m/s), a;, is the aquifer-to-wellbore convergence factor, and r,, is the wellbore

radius (m).

112



FRACTURE CHARACTERISATION OF KAROO AQUIFERS 2010

By considering that the natural distribution of the FEC along a borehole is
representative of the real water concentration distribution in the host formation,
and by using the linear relation between EC values and the tracer (NaCl)
concentration, the formation’s water concentration can be deduced from the
baseline log; otherwise, a non-naturally occurring tracer should be selected or in
the worst case assumed. In the case of non-naturally occurring tracer, the above
equation is simplified to:

e _
O

exp (;TZ‘: Vdah) Equation 6.22

Therefore, Darcian velocity may be inferred from one of these equations (Equation
6.21 and Equation 6.22). Cook et al. (2001a) applied this analysis approach to
estimate groundwater flow rates of flow zones along a borehole using well dilution
test data. The data was collected in basalt and metamorphic aquifers on the
Atherton Tablelands, Queensland. The natural groundwater salinity at the site is
approximately 0.1 mS cm™, whereas after injection, the electrical conductivity of
the test zone ranged between 3000 and 6500 pS cm™. Groundwater flow rates
have been estimated to range between 0.4 and 1.2 m day’ within the basalt,
whereas within the metamorphic rocks, the horizontal flow rate is between 0.05
and 0.1 m day™. This approach has also been suggested by Love et al. (2002), who

described the estimated values as semi-quantitative estimates.

6.7 Discussion
The FFEC technique has been acknowledged as very sophisticated, but it

unfortunately requires an elaborate set of equipment to deionise the fluid column in
the borehole, as was mentioned (Pitrak et al, 2006). The availability of deionised or
constant saline water may be problematic for the application of this technique,
particularly in non-developed countries. Also, the replacement of the entire
borehole’s water requires huge apparatus (a deioniser water truck, injection and
extraction pumps, etc.) and literate operators for the FEC logging preparation. Su
et al. (2006) solved some of those drawbacks by a ‘miniaturisation’ of the flowing
fluid electric conductivity logging technique. In addition to all these drawbacks,
replacement of the borehole water may cause a long-term disturbance to the

chemical condition around the borehole (Kazumasa et al. 2006). The method offers
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great advantages in flowing fracture characterisation (detection, volumetric flow
determination, fracture fluid solute concentration, fractures transmissivity, far field
pressure head determination), but its resolution remains a concern as a single
borehole based method. And its utilisation for large-scale aquifer characterisation
will need a grid of holes that may make the project really costly. But for local site
characterisation, results from a few well located boreholes may be used in
combination to accurately infer the local fractures’ characters. This approach may
be very efficient for contamination studies (investigation and prediction) like in
mining environments and deserves to be tried in South-Africa, particularly in the

meta-sediments of the Karoo environment.

The Drost solution for groundwater flow rate (at feed points) requires an ideal
condition that the FEC-based dilution test (well dilution) does not guarantee. The
ideal condition for the application of the Drost solution consists of:

¢ Homogenous mixing of the tracer in the test section (borehole column water),

¢ No density gradient by the tracer along the borehole,

e steady groundwater flow during the test,

The first assumption of concern is the ‘homogenous mixing of the tracer’. The
recirculation system used by Cook et al. (2001a) has been demonstrated in the
laboratory to be efficient in creating an initial homogenous tracer concentration in a
borehole (Lamontagne et al., 2002). Even though in field conditions this cannot be
assured at 100 %, the recirculation approach offers an advantage over the ‘release
of a slug of saline water’ (Patten and Bennet, 1962) and the ‘up-down movement of
a salt-filled pouch’ (Mohr and van Biljon, 2009). Mass transport within the borehole,
induced by the combined effect of density variation (with time) and density
gradient, can be reduced by limiting the increase in solute concentration, but
cannot be eliminated. Thus movement within the borehole, can affect the
interpretation, particularly where horizontal flow rates through the well are low. In
a point dilution test, a packer is used to suspend such effects (Halevy et al. 1967;
Drost et al. 1972). In absence of packers, flow-meter measurement can be used to
detect intervals with vertical flow and the vertical flow rate (Michalsky and Klepp,

1989), and then excluding the effect on horizontal flow computation.
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The assumption of steady groundwater flow during the test may also be difficult to
guarantee in field conditions. In riparian zones, for example, flow recession in rivers
with flash hydrographs or tidal cycles in estuaries may distort this assumption
(Lamontagne et al., 2002.) Also, pumping from other boreholes surrounding the
study area also may affect the test. Despite these drawbacks associated with well
dilution tests, the test data can be used qualitatively and quantitatively to
appreciate flow in the vicinity of the borehole. The analytical solution developed by
Drost et al. (1968) will be used to semi-quantitatively determine flow from the flow
points (fractures or fracture zones) into the borehole and to weight the contribution
of each feed point intersected by a borehole (or the section studied) to the whole
borehole-aquifer system’s main hydraulic parameters (transmissivity and
sustainable yield). Semi-quantitative estimates of flow at all depths can be obtained
from well dilution data (Love et al., 2002). The velocity estimated with this
analytical solution will be used in combination with data from the conventional
pumping test to infer a relative contribution of fractures or flow zones intersected

by a given borehole.
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The main objective of the field experiments to evaluate the potential of the FEC-
based dilution technique for fracture characterisation. The campus test site
(bedding horizontal plane fracture) at the University of the Free State
(Bloemfontein) and the Paradys Proefplaas farm (dyke and associated weathering
and fracturing) outside Bloemfontein were used for this purpose. Note that although
the regional geology seems to be the same for the two sites, they are characterised

by different fractures.

This chapter presents the geological setting and a description of the fieldwork sites,
the different fieldworks, their results, and the analysis and interpretation of the

results.

7.1 Campus Test Site

As an experimental site for IGS, the campus test site offers the advantage that the
conceptual model of the general groundwater flow and associated solute transport
has been well studied and understood (Botha et al, 1997; Botha et al., 1998; van
Wyk et al., 2000; Chiang and Riemann, 2000; Riemann 2002; Dennis et al., 2010).
The site is equipped to date with thirty percussion boreholes and seven core-

boreholes that have been drilled.
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Figure 7-1 Locations of the boreholes at the campus test site

7.1.1 Regional geological setting and site description

The campus test site is underlain by a series of Karoo sandstones, mudstones and
shales, deposited under fluvial environments of the Adelaide Subgroup of the Karoo
Supergroup (Botha et al, 1997; Botha et al., 1998; van Wyk et al., 2000; Chiang
and Riemann, 2000; Riemann 2002; Dennis et al., 2010).

7.1.2 Local geology and geohydrology at the campus test site

The local geology and geohydrology conditions of the campus test site have been
well described in previous studies (Botha et al., 1998; van Wyk et al., 2000; Chiang
and Riemann, 2000; Riemann 2002). Three (3) aquifers have been distinguished at
the campus test site (see Figure 5-3, Chap5). After Dennis et al. (2010) the
piezometric level of the upper mudstone aquifer is approximately at 5 m below
ground surface, where as the sandstone aquifer and the bottom mudstone aquifer

(aquifer 3) piezometric levels are 7m and 9.5m respectively.
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7.1.3 Field work performed
In order to have a background idea on the water level and general values of EC,
and to understand how EC values vary on the site, a survey has been conducted

profiling water levels, EC and temperature.

7.1.3.1 Background Information on the FEC at the campus test site
Previous work has already distinguished existing boreholes that intersect the main
fracture (mode I) from those that do not intersect it, according to their yield, and

using hydraulics tests.

Water levels, temperature and EC profiling were measured on selected boreholes on
1 June 2010. Six boreholes (D3, UO5, UO7, UP15, UO20 and UO23) that
intersected the mode 1 fracture, and three boreholes (D5, D6, and UO30) that do
not, were selected for the purpose.
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Figure 7-2 Position of the selected for background information collection on the campus
test site.

A TLC meter was used for measuring FEC and temperature distribution in the

borehole, by moving the probe up and down the borehole, while monitoring the
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depth of the probe with a tape accurate to one millimetre. The FEC was logged at
0.5 meter intervals along the boreholes. Measurement at such resolution could not
reveal accurately the actual position of the fracture, but, would rather help to
localise the position of the most permeable zone in the borehole at an interval of
0.5 m. The objective of this step of our study was to confirm how anomalies on a

borehole FEC profile can be related to the most conductive zones in a borehole.

As expected, all the boreholes that were previously identified as intersecting the
main bedding-plane fracture zone yielded certain sudden and relatively significant
changes (increases or decreases) in FEC values at depths previously identified as
the locations of the bedding-plane facture in the intersecting boreholes (D3, D6,
Uo5, U07, U020, U023, and UP15). Anomalies were observed in the FEC profiles of
nonintersecting boreholes at a depth that coincides with the geology of the
bedding-plane fracture, as we can see in Error! Reference source not found. showing the

eological, FEC, and temperature profiles along borehole D5.

Borehole Log - D5

Depth [m] Locality - X: -79000.43  Y:3221427.96 Z:1412.94

Lithology Geology o EC [mS/m] TempC]

0 —

10 —

15 —

20 —

25 —

25.50 - 26.00 MUDSTONE

Figure 7-3: Geo|ogy, FEC and Temperature Pro?|||ng of Borehole D5 at the 1GS Campus test

site (red curve: 2005; blue curve: 2010).

In borehole UO30, a clear feed point is depicted at the bedding plane position in the
sandstone layer. Previous work by Pretorius (2007) and Gebrekristos (2007)
showed the existence of a fracture at 21.7 m bgs in this borehole, yet the same

authors performed a pump test that dewatered the borehole UO30 in 20 minutes,
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whereas the other boreholes that actually intersect the mode I fracture on the

campus test site yield transmissivity values between 17 and 18 m?/day and also

show the same drawdown behaviour. According to the conceptual model of Botha et

al. (1998), the borehole intersects the fracture zone. But the slug test on borehole

UO30 showed the same results as for the non-intersecting boreholes, and video

camera inspection has not shown any fracture.

Depth [m]
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Borehole Log - UO30

Locality - X: -78997.52  Y: 3221427.39 Z: 1413.04

Geology EC [mS/m]
50

100 19.4

Temp [C]
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- 4.00 MUDSTONE:
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- 16.50 SHALE:
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20100601

Figure 7-4 Geology, FEC and Temperature Profiling of Borehole UO30 at the IGS Campus test

site (red curve: 2005; blue curve: 2010).

The estimated transmissivity value (1.2 m?day™) of UO30 is lower than the one

related to the mode I fracture (Pretorius, 2007).

Pretorius (2007) concluded that

the drawdown in the observation borehole OU30 when pumping from UP16 was

mainly due to the fracture connectivity. Further work on the characterisation of this

fracture zone in OU30 will certainly help confirm whether or not this borehole

intersects the mode I fracture present on the campus test site. D5 was also

considered as non- intersecting the mode I fracture according the results of the

slug test, but in the present study yields an FEC profile that shows a general

downward decrease of the FEC values from the top of the sandstone layer (Error!

eference source not found.). This behaviour of the FEC profile in borehole D5 needs to
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be confirmed, to conclude that fresher groundwater (FEC value of about 50 mS/m)

is entering into the borehole somewhere in the sandstone layer.

According to the values of FEC, the boreholes were classified in two groups: the
insignificant range of FEC values boreholes (UP15, U023, D3, UO30, D5, and D6),
and the significant range of FEC values boreholes (UO5, UO7, UO20). Table 7-1 and

Table 7-2, below show the ranges of distribution of the readings made.

Table 7-1 Ranges of distribution of the readings in Intersecting Boreholes

U[e}) uo7 UP15 U023 D3 U020
EC EC EC EC EC EC
TO TO TO TO TO TO
(mS/m) (mS/m) (mS/m) (mS/m) (mS/m) (mS/m)
Max
254.7 19.4 378.6 19.5 70.9 20 89.2 20 82.9 20 214.7 19.9
Readings
Min
70.7 19.2 56.3 19.4 53.9 19 73.4 20 55.1 20 57.6 19.5
Readings

Table 7-2 Ranges of distribution of the readings in Non-Intersecting Boreholes

U030 D5 D6
EC EC EC
TO© TO© TO
(mS/m) (mS/m) (mS/m)
Max
64.9 20 81.3 20 62.4 21
Readings
Min
51.9 20 59.4 20 55.1 20
Readings

The significant range of FEC values is generally due to sudden and significant
increases or decreases of the FEC values at different depths in the boreholes. All
the boreholes that show significant ranges of vertical FEC variation intersect the
dominant permeable sub-horizontal bedding-plane fracture, and show significant
increases of FEC values below this fracture in the sandstone. Gebrekristos (2007)
made the same observation by recording up to 290 mS/m of FEC values in the
stagnant water of boreholes below the bedding-plane fracture, whereas the FEC in
the bedding-plane fracture is 90 mS/m, which is indicative of fresh water
recharging the aquifer. He explained the observed high values of FEC below the

fracture zone, as the effect of the residual tracer solution that remained in the
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aquifer and diffused into the rock matrix over time. The significant range of FEC
values boreholes may be a confirmation of this explanation, since, U020, UO5 and
UO7 were used for tracer experiments in April 2010. The other monitored boreholes
(boreholes UP15, U023, and D3) that have insignificant range of FEC values, and
intersect the mode I fracture, are situated upstream of the significant range of FEC

values boreholes and therefore may not really be affected by the residual tracer.

Borehole Log - UP15
Depth [m] Locality - X: -78932.96 Y:3221388.18 Z:1411.41
Lithology GrainSize Geology EC [mS/m] Temp [C]

1.0 10 50 75 19.40 1952
o 7 T 0.00 - 1.00 SOIL T T T T T T T T

5 1.00 - 10.50 MUDSTONE:

10 —

10.50 - 11.50 SILTSTONE
1150 - 12.80 SHALE:

15 —

12.80 - 21.00 SANDSTONE

20 —

25 —

30 —
21.00 - 42.00 MUDSTONE

35 —

40 —

45 —

Figure 7-5 Geology, FEC and Temperature Prof-iling of Borehole UP15 at the IGS Campus
test site.

7.1.3.2 Choice of the experimental borehole

Boreholes UO7 and UPO5 were targeted for performing the experimental tests. It
has been shown from previous work, and confirmed by the SFEC profiles in natural
conditions, that borehole UO7 intersects one (1) flow zone (mode I fracture), while

borehole UP15 intersects two (2) flow zones (
Figure 7-5). Borehole UP15 will allow assessment of the efficiency of the FEC-based

dilution method in detecting multiple intersected fractures, and to weight their

respective contribution to the flow of water from the aquifer to the well.
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7.1.4 Tracer tests

Static fluid electrical conductivity profiling was conducted on both boreholes UO7
and UP15 on 4 April 2010 and 23 August 2010, respectively. On UO7, a TLC was
used to collect in situ FEC data. The average FEC of natural water in borehole UO7
was approximately 194.83 mS m™. After injection of the tracer, the average fluid
electrical conductivity along the entire borehole at the beginning of the test was
342.45 mS/m, ranging between 244.5 mS/m and 443.2 mS/m at the beginning of
the test. Five (05) FEC profiles were recorded unevenly at 30, 90, 150, 270, and
390 minutes in addition to the initial profiling, with an average rate of profiling of
1.6 m/min. The ambient FEC profiling depicts the known existing bedding-parallel
fracture at 22.5 m from the top of the casing. A progressive upward widening of
the dip shape at the point 22.5 m tends to indicate the existence of an upward flow
from this point to an upper exit point (between 14 and 15 m). But this could also be
the effect of diffusion coupled with a density effect along the part of the borehole
situated above the bedding-parallel fracture. The relatively low dilution rate
observed at the section situated below the mode I fracture, suggests that no flow

occurs at this part of the borehole.
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Figure 7-6 Result of SFEC logging on borehole UO7. IGS Campus test site (UFS), The
black arrow showing the detected flow point.

Two pumping FEC tests were conducted on UP15 to confirm the existence of the
two flow points. Two tests were run at respectively 4 L/min and 10 L/min. The bulk
natural FEC in borehole UP15 was approximately 125.06 mS/m. By injecting the
tracer, the natural bulk FEC was raised to 261.24 mS/m for the first FFEC, and to
257.08 mS. Four (4) FEC profilings were recorded at 3, 12, 23, and 63 minutes,
with an average rate of profiling of 0.8 m/min for the first FFEC test (4 L/min). And
five FEC profilings were recorded at 5, 32, 54, and 76 minutes in addition of the
initial profiling, with an average rate of profiling of 0.8 m/min for the second FFEC
test (10 L/min). The two known existing flow points (19 m and 24 m) were depicted

on the two pumping FEC logs performed on UP15(Figure 7-7 and Figure 7-8 and).
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The two FFEC tests show clearly how in pumping conditions borehole UP15 sources
its water mainly from the flow point at 19 m below casing, followed by the one at
24 m.

UP15-FFEC 4L/mn FEC (mS/m)
0

100
10 !

= . Base line

=== |nitial condition
(t0)
e t1(5mn)

== t2(32mn)

=i t3(54 mn)

==@==t4(1H16mn)

Figure 7-7 Result of FFEC logging on borehole UP15. IGS Campus Test Site (UFS), the
black arrows showing the detected flow points. (Pumping rate: 4 L/min)
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Figure 7-8 Result of FFEC logging on borehole UP15. IGS Campus Test Site (UFS), the
black arrows showing the detected flow points. (Pumping rate: 10 L/min)

7.1.4.1 Data analysis

The analytical solution proposed by Drost et al. and suggested by Love et al. (2002)
and Cook et al. (2001a) was applied to the concentration data (after conversion of
EC measurements to tracer concentrations) for a semi-quantitative estimation of

the groundwater flow.

Ambient groundwater flows were calculated for UO7, and range between
0.24 m/day (at the bedding plane fracture position) and 0.03 m/day (in the no-flow
section). The estimated values decrease down and upward from the flow point
position but are not symmetrical. This suggests the effect of diffusion surrounding
the flow point and a density effect in the section above the flow point. Such
estimated velocity values need to be adjusted. Also, assuming no natural
occurrence of the tracer, the estimated values are found to underestimate the
groundwater velocity compared to the case where the natural occurrence of the

tracer in the groundwater is considered (Figure 7-9).
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Figure 7-9 Bulk groundwater flow estimated along UO7 with the Drostian analytical
solution.

Forced groundwater flow of the main flow points that source groundwater for UP15
have been estimated for both of the two different pumping rates to check the
variability of the contribution of the flow points under pumping conditions. The
estimated groundwater velocity is 2.05 m/day and 5.87 m/day for the flow point at
19 m for respective pumping rates of 4 L/min and 10 L/min; whereas for the same
respective pumping rates, the estimated groundwater velocities for the flow point at

24 m are respectively 0.27 m/day and 0.71 m/day (Figure 7-10).
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Figure 7-10 Estimated forced groundwater flow at detected flow points in UP15 under a
pumping rate of 4 L/ min.

UP15-FFEC-10L/min-Estimated Groundwater flow
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Figure 7-11 Estimated forced groundwater flow at detected flow points in UP15 under a
pumping rate of 10 L/min.
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Bore II attempts
The numerical code Borell has been used to attempt to calculate the time evolution
of the FEC in the borehole. The model set up requires an initial concentration
condition and model parameters need to be specified. The input parameters that
are needed are:

o the depth interval being studied,

e the feed point characteristics (ti, qi, Ci,),

e the model simulation time (maximum length of the test),

e boundary conditions (maximum temperature Tmax and maximum salinity

FECmax),

e a coefficient for including of diffusion and dispersion (mixing in the borehole);

e and the C-to-FEC conversion factors.
The first most stable FEC profiling recorded after adding of salt is used as initial
concentration condition in mS/m. The conversion factor are rgamma=0, rbeta=1,
and ralpha=0.1e-7. The coefficient for including of the diffusion and dispersion in
the borehole is gotten by trial and error and ranges between 1.e-6 m2/s and 1.e-4
m2/s. The observed EC data is specified in appropriate data file (by rearranging the
data in Excel worksheet and running a program called dataprep.exe). The data file
contains observed values of FEC and temperature, and optionally may contain other
fluid properties such as pH. The base line profile is used for very late time in the
data file. A relatively large cable speed (profiling speed) is specified for the initial
condition profile, because BOREII treats it as though it occurs all at t=0, rather
than being measured gradually as the probe moves up or down the well. Detailed
instructions for preparing the input and data file are given in the BORE II User
guide (Doughty and Tsang, 2000-2004). The input and data files set up for UO7
and UP15 tests are presented in appendix D.
BOREII showed significant limitations for analysing the FEC based dilution test data.
With the FEC based dilution test data, out-flow points are difficult to be diagnosed
directly from the FEC profiles. But the code BOREII analysis requires the distinction
between inflow points and out-flow points. Therefore out-flow points are assumed
after trial and error. Steady concentration condition for each feed point does not

allow to solving the observed time evolution of FEC in the borehole with the code.
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Only transient concentration condition (that is not necessary real) has allowed the
matching between model and observed time evolution FEC. The reason of this
problem may be the density gradient that is not included in the code Bore II. The
attempt (see result in appendix D) of the numerical inversion solution (Bore II)

does not yields unique parameters set up for matching of model and observed data.

BOREHOLE PROFILE
Field: dotted ~ Model: solid

Depth (m)

INFLOW PARAMETERS DIALOG

] G Enter Option: (C)x plot, c-(T) plot,
(m)  (Vmin) (g/) dfm cu(Rve, i(Nflow-C, p{Ajram display,
122.000 -01 .5000E-01 odel (X )t plot, tool (S)tudy x-t plot,

000 - -01 .5000E-01 (D) =1, (F)ill data x-t, d/m d{l)ff x-t,
316.000 -1000  .5000E-01 (Mjodify inp, (P)lot adj, (G)rid. data t{Y)pe.
4.00000 .0000 .0000 (Z) print, sa(V)e, (Quit
5.00000 .0000 .0000

Figure 7-12 Example of BORE II results simulation for UO7 (Model data do not match with the
field data for early and late time simultaneously).
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7.2 Paradys Proefplaas Farm

7.2.1 Site Description

IGS has been approached by the Faculty of Natural and Agricultural Sciences for
implanting boreholes (with sustainable yield) to cover a need of 14 000 litres per
hour. This need of water is estimated to serve for 8 hectares of Lucerne production
and for agricultural research purposes. The Paradys experimental farm is situated
nine (09) kilometres south-west of the centre of Bloemfontein (in 2926AA on South

Africa topographic map).
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Figure 7-13 Location of the campus test site on an aerial photograph (Google Earth)
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One important point that makes groundwater exploration challenging at this site is
that the use of the new boreholes must not dry out four (4) other existing
boreholes that supply water to the farmhouse, the workers and the animals on the
farm. In addition, the site is known as a hydrogeologically difficult site, and the
main preferential flow path of groundwater is difficult to identify. A campaign of
borehole drilling was conducted by a previous owner, Mr Willie Dreyer (Dreyer
Engineering Works), designer of the famous ‘Dreyer stamper bore’. The drilled
boreholes often intersect dolerite sills, without intersecting significant flowing

fractures for irrigation purposes.

Figure 7-14 Combined contours and vectors maps of Groundwater level in the Paradys Farm
region.

7.2.2 Local geology and geohydrology at the Paradys Proefplaas
The main surface patterns that attract attention on the site are the two topographic

highs that form ring-like outcrops, and may be associated with the occurrence of sill

(Figure 7-15) intrusions in the country rock. The occurrence of sills has been
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confirmed by the number of boreholes that intersect sills on the site. The site is
situated in the Ecca (Danie and van Tonder., 2005) and its local geology consists
predominantly of mudstone and silt-mudstone, which are generally covered by a
clay layer of a thickness that ranges between 0.5 and 8 meters. This local geology
is confirmed by geological borehole logs (Figure 7-24 and Figure 7-25) from drilling

at the site.

(5 %
’!.v 15
7 . i

Evidence of sill internal fractrin a

surface on the site

Figure 7-15 Surface evidence of dolerite intrusions in clay and mudstone formations at the
Paradys farm (Bloemfontein)

A census of the existing boreholes has given first local geohydrological information
as resuming in Table 7-3.

Only two (2) of the existing boreholes (PD3 and PD4) have a relatively strong yield
and are fitted with submersible pumps. The other existing boreholes yield less than
1L/s.
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Table 7-3 Short summary of the borehole census at the PARADYS farm

Main

Water Boreholes | Boreholes water

Level A\(le;a/?:;I)EC Depths Blow Yield Strike

(m bgl) H (m) (L/S) Depth
(m)

111355‘ 950 20 - 50 10 - 15 12-23

7.2.3 Local groundwater chemistry at the Paradys Proefplaas
Danie and van Tonder (2005) classified the groundwater at Paradys farm as S1-C3

water (Figure 7-16) with a relatively high chloride values which may be related to

the local geology (Ecca) but not to low recharge in the area. The detailed water

quality at Paradys farm is resumed at Appendix E.

Q=9 N T Sc—00Wm

1
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Salinity Hazard

S.A.R. Diagram

Figure 7-16 SAR diagram of the water quality at Paradys (Danie and van Tonder.,2005).

7.2.4 Fieldwork performed

BH3 and BH1 represent respectively PD3 and PD1.

Owing to the main purpose (irrigation of the farm), the fieldwork conducted on

Paradys Proefplaas followed the generally standard and simplified approach to

aquifer characterisation as conducted within the main Karoo basin, with emphasis

on the assessment of FEC-based dilution techniques for flow path (fracture)
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characterisation through a single borehole. The fieldwork conducted can be grouped
as follows:

e Surface geophysical survey (magnetic survey);

e Drilling of boreholes (10 boreholes);

e Hydraulics tests (slug and constant rate tests);

e Tracer tests (open borehole dilution test);

e Collection of background information (borehole census, use of water on the

farm, geology, climatic information, etc.).

7.2.4.1 Geophysical survey

No fracture characterisation has been conducted previously on the site to describe
the predominant types of fracture associated with any intrusion. But vertical
jointing in the sediments above the sills or inclined sheet, bedding-parallel fractures
(Botha et al., 1998), or internal fracturing (vertical thermal columnar jointing,
fractures parallel to the strike, and well-developed oblique or sub-horizontal open
fractures) are suspected to constitute the main flow path for groundwater at the
site. Also, fracturing at the junction between a feeder dyke/inclined sheet and a sill

will be investigated.

From the study of satellite and air photos (Google Earth) and a site visit, a ground
maghnetic survey was carried out over the site with a ‘G5 Proton Magnetometer’,
and the result processed and interpreted, for the siting of boreholes. Four traverses
(T1 to T4) have been walked as shown on (Figure 7-17).
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Figure 7-17Magnetic survey traverses at Paradys farm

In addition to the presence of suspected sills (air photo, and visual patterns) on the
farm, which the magnetic survey has confirmed, one wide dolerite dyke was
depicted on traverse “T2” (Figure 7-18 and Figure 7-19 ). The strike of the dyke is
found to be orientated SW-NE and the interpretation of the magnetic anomaly
across the dyke shows a shallow, wide (about 24 m) dyke, which generally does not
give a big possibility for intersecting significant flowing fractures or fracture zones

(for strong boreholes), particularly in mudstone.
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Figure 7-18Magnetic survey at Paradys farm (traverse 2)
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Figure 7-19 Magnetic anomaly and drilling positions and interpretation of the dip of the
dyke with an interpreted dyke width of about 24 m.

Also the orientation of the strike of the dyke suggests a possible extending of the
dyke towards a suspected sills anomaly on traverse 1, and therefore the possible

existence of joint between the dyke and the sill.
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Figure 7-21 ‘ dyke (red ys farm; BH3
and BH4 are also shown on the map.
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7.2.4.2 Siting and drilling

In sum, thirteen (13) boreholes were sited with a magnetometer survey, and were
drilled with the air compression method. The first implanting and drilling attempts
were associated with the main dyke intrusion. As recommended by Murray for
mudstone and shale formations, the closer side of the contact surface, in the
dolerite, was targeted for finding significant flow paths (fractures) in the
subsurface. Six boreholes (PD5, PD6, PD7, PD8, PD9, and PD10) were sited and
drilled consecutively along the dyke. Only PD8, PD9 and PD10 gave very small
water-strike (1 L/s at most) and the other boreholes were dry. The results of these
drilling results emphasises that trying to drill for water along a wide dyke in
mudstone is usually fruitless. The group of these six boreholes is termed “Dyke

attempts”.
PD6 PD7 PD8 PD9 PD10 PD5
5m =
11m
20 Nl )
60 m

DE— Between 17-21 m >

Figure 7-22 Conceptual picture of the intrusion of the dyke inferred from drilling associated
with the dyke results: Boreholes PD6, PD7, PD8, PD9, PD9 and PD5.
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The lithology for the local geology surrounding the depicted wide dyke may be
conceptualised as shown in Figure 7-22.

Five other boreholes (PD12, PD13, PD14, PD15, and PD16) were sited and drilled
by looking for possible vertical jointing in the sediments above the sills, or bedding-
parallel fractures. Borehole PD13 was drilled to investigate the possibility of the
occurrence of groundwater flow zones at the suspected junction between the
identified dyke and a sill, but no sign of dolerite intrusion contact (between dyke
and sill) was found.

Figure 7-23Positions of the boreholes at Paradys Farm

The two last attempts were PD17 and PD18, which yielded respectively 10 L/s and
0.8 L/s. Borehole PD17 was drilled in a sill and the borehole geology (Figure 7-24
and Figure 7-25) (from drilling cuttings) shows clearly a contact zone (sill and

mudstone) of approximately 18 meters thickness under the near-surface sill sheet.
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The driller estimated the main water strike at 21.6 meters below ground surface.
The existing good boreholes, PD3 and PD4 (with yields in excess of 10 L/s) at the
farm also intersect the sill and are located in the same area (Figure 7-23).

42 |36 |30 |24 |18 |12 | 6

4135|2923 (17|11 |5

40 |34 |28 22|16 |10 | 4

3933|2721 (15| 9 |3

38132|26|120|14| 8 |2

37131125119 |13 | 7 |1

Figure 7-24 PD17 Drilling cuts (Start from the bottom right corner and follow the numeric
order in the cells at right to relate the corresponding depth of each cuts sampling)

Borehole Log - PD17

Depth [m] Locality - X: 26.20 Y:29.21 Z: 1413.00

Geology

s
0.00 - 9.00 DOLERITE: Dark

9.00 - 13.00 MUDSTONE: Brownish Weathered
| 13.00 - 15.00 MUDSTONE: Grey Weathered Weathered

10 —

15 —

15.00 - 26.00 MUDSTONE: Greenish Green Weathered Weathered

25 —
| 26.00 - 29.00 MUDSTONE: Dark Grey
30 —
29.00 - 37.00 MUDSTONE: Greyish

35 —

37.00 - 42.00 MUDSTONE:  Silty

40 —

Figure 7-25 Borehole PD17 geological log with the lithology.

142



FRACTURE CHARACTERISATION OF KAROO AQUIFERS 2010

7.2.4.3 Hydraulics and tracer tests

After completing the drilling campaign, hydraulic (constant rate pumping test) and
tracer tests (SFEC and 02 FFFEC) have been performed to determine how strong
the successful borehole (PD17) is and what may be the contribution of each
intersected fracture for the production of the borehole. Also slug test have been
carried out on PD5, PDS8, PD12, PD15, PD16, PD14, PD17, and PD18.

Slug tests

The data of the slug tests that were performed have been analysed following the
method proposed by Vivier (1994), and the results give the potential yield of the
boreholes and a first idea of what the transmissivity of the system’s borehole-

aquifer could be, as resumed in Table 7-4.

Table 7-4 Some parameters estimated from slug tests (Vivier method)

Borehole Time (s) Estimated Sust_Q Formation waf:ar‘tlz:vel
name Yield (£/s) (£/s) T (m?/d)
(mbg)
BH5 39 1,4 0,27 3,4 8,7
BH8 65 0,9 0,18 2,2 10,4
BH12 45 1,2 0,24 3,0 11,1
BH15 9 4,5 0,91 11,0 13,4
BH16 48 1,1 0,23 3,0 13,1
BH14 26 1,9 0,38 4,74 10,8
BH17 3 11,2 2,25 28,0 11,3
BH18 55 1,0 0,20 2,6 10,6

The same data information has been used with the rule of THUMB and Swenson

equation to estimate respectively the formation and the fractures transmissivity.
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Table 7-5 Some parameters estimated from slugs tests (rule of THUMB and Swenson

equation)
Borehole | Time | Estimated Yield | T (m/D) Ruleof | J (M/D)
name (s) (£/s) THUMB Swen§on
equation
BH5 39.00 1.40 7 79.40
BH8 65.00 0.90 4.5 47.64
BH12 45.00 1.20 6 68.81
BH15 9.00 4.50 22.5 344.06
BH16 | 48.00 1.10 5.5 64.51
BH14 26.00 1.90 9.5 119.10
BH17 3.00 11.20 56 1032.19
BH18 55.00 1.00 5 56.30

The estimated fracture transmissivity values calculated with the Swenson equation

are overestimated and seem unrealistic.

Constant pumping rate
On 13 September 2010, BH17 was pumped at a constant rate of 5.51/s for
210 minutes (3.5 hours), followed by a recovery (2 hours) measurement. The data

from this test were processed with the programme FC (developed by IGS) and the

results are shown below (Figure 7-26)
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Figure 7-26 PD17-Constant pumping (5.5 L/s) test result on Semi-log

The time drawdown on the log-log curve (Appendix B ) shows a slope between 1
and 0.5, characteristic of fracture storage for linear flow, followed by a very short
time period of bi-linear flow (slope between 0.25 and 1) before the flattening of the
curve. The derivative plot (Appendix B), clearly shows a dewatering of the fracture
(decrease of the derivative curve), followed by an effect of recharge boundary
(further decrease of the derivative curve). The dam at approximately 100 meters
downstream of PD17 could constitute this recharge boundary, or the reach of a
connected and more transmissive fracture zone (or fracture network) at some
distance from the borehole may also result of this behaviour. Analysis of the
derivative curve indicates a fracture position at 21.5 m (30 minutes from the
beginning of the test) from the top of casing. This fracture position needs to be
confirmed with other fracture detection method. The length of the pumping test is
of concern (less than four hours), since a longer test will sample more volume of
the aquifer system and therefore a better diagnostic of groundwater flow could be

inferred.

A transmissivity value may be determined with the Cooper-Jacob method by fitting
the curve at the transition between the linear part and the flat part of the semi-log

curve. This transmissivity value (20 m?/day) corresponds well with the one
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obtained from the recovery measurement (20.2 m?/day). The estimated
transmissivity value (based on relatively late time drawdown) is representative of
the entire aquifer-borehole system (Riemann 2002). It is indicated for the
determination of the sustainable yield of the borehole (management purposes).
Only knowledge of the fractures and fracture networks geometries could help to
determination accurately of how transmissive the aquifer system is. Accurate
flowing-fractures’ transmissities or fracture zone transmissivity determination from
a constant rate pumping test, requires the flowing section to be isolated (with

packers), and its responses to be collected from corresponding piozometers.

PD17- Cooper-Jacob : T=20.00 m2/Day and $=0.003

PO

Drawdown {m)

1 10 100 1000

Time (min)

Figure 7-27 PD17- Cooper-Jacob: T=20.00 m2/Day and $S=0.003
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Figure 7-28 PD17- T = 20.2 from Recovery: t' against rise of wl for sustainable yield.

Tracer tests

One ambient (SFEC) and two pumping (FFEC) tracer tests were conducted on
borehole PD17 to detect the locations of its main flow points and the intra-well flow
condition. The results of the data will be used to determine the groundwater flow
rate into the borehole at the main flow points. Salt was injected by moving a pouch
of known mass of sodium chloride (NaCl) up and down, until complete dilution of
the salt in the borehole was obtained. The amount of salt for each test was
calculated based on the natural salinity in the borehole water, which is assumed to
represent the natural condition in the aquifer surrounding the borehole. The method
of calculation was described previously in the section 6.2.2.

For the ambient FEC logging, the natural groundwater average FEC at the site was
approximately 112.33 mS m™. The injection of salt took approximately two (2)
minutes. After injection of the tracer, the initial recorded fluid electrical conductivity
along the entire borehole ranged between 135.4 mS/m and 342.7 mS/m with an
average of 226.88 mS/m. FEC profiling was recorded unevenly at 30, 60, 90, 195,
240, 300, 360, and 1370 minutes after injection of the salt, with a rate of profiling
ranging between 0.26 and 0.35 m/min. At the end the test, the bulk dilution of the
tracer was about 72 % with a mean of 155 mS/m.
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Figure 7-29 Steady state FEC-based dilution logging at Paradys farm (Bloemfontein)

The ambient FEC profiling results show clearly three (03) main points with relative
high rate of dilution, indicative of flowing of water at 19.5m, 22m, and 24.5m as
measured from the top of the casing. The most significant zone is depicted at
19.5m followed by the point at 24.5m. The flowing point (21.50 m) suspected on
the derivative plot of the constant rate pumping test data, may be related to the
one depicted with the tracer test at 22m, or may be just the effect of the entire
flow zone between 19.5 m and 24.5 m. The symmetrical shape of the dip observed
on the time evolution concentration curves at 19.5m and 24.5m reveal that
groundwater flow through the borehole at these positions do not circulate into the

borehole, but are horizontal. But as time passing a slow widening of the dip
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observed at the position 22m may be due to a low vertical circulation of water from
this point to the point 24.5m where it exiting the borehole. The flattening of the
profile between the two points at t8 (late time: 22h50mn after tracer injection)

confirms the vertical circulation between the two points.

The two FFEC (2.32 L/min and 9.47 L/min) results confirm the existence of the
three main flow points in the borehole at their respective positions (19.5 m; 22 m;
24.5 m)as depicted in the SFEC test. This suggests that in either ambient or
pumping conditions, the bulk of water from the borehole is supplied firstly by the
flow point at 19.5 m followed the 24.5 m. By observing the response of the flow
point at 22 m under the two different pumping rates it can be seen that under very
low pumping rates this point may not be contributing significantly to groundwater

supply.
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Figure 7-30 Pumping FEC-based dilution logging (pumping rate: 2.36L/mn) at Paradys
farm (Bloemfontein)

150



FRACTURE CHARACTERISATION OF KAROO AQUIFERS 2010

PD17-FFEC-9.47 L/mNn ¢ (ms/m)

80 130 180 230
11 :

== |nitial
condition
(t0)

==t1(8mn)

=—de=12(13mn})

== t4(38mn}

=0—15(53mn)}

Figure 7-31 Pumping FEC-based dilution logging (pumping rate: 2.36L/mn) at Paradys
farm (Bloemfontein)

e Conceptual model
The conceptual model on which the semi-quantitative analysis of the data will be
based is illustrated by Figure 7-32
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17.5m

22 m

24.5m

45 m

Figure 7-32 Conceptual model of the borehole-aquifer system showing the main flow path

intersected at the mudstone-sill contact zone under the sill (Paradys farm, Bloemfontein)

e Data analysis

The collected data were converted into concentration profiles for a semi-
quantitative estimation of the groundwater flow along the borehole, with a special
focus on the main flow points that source groundwater for the studied well. The
estimated semi-quantitative values will be compared to weight the contribution of
each flow point to flow naturally or at different specific pumping rates. The Drostian

analytical solution was applied for that purpose.

Flow rates were estimated to range from between 0.28 m/day and 0.39 m/day at
the flow point locations but generally fluctuating below 0.1 m/day at other points
along the borehole. Figure 7-33 shows the estimated groundwater flow velocities at
the flow points’ positions with their respective estimated percentage of contribution.

The graph of the estimated values along the borehole is shown in Appendix C.
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Figure 7-33 Estimated groundwater velocity at different flow points (19.5m, 22m, and 24.5
m), applying Drostian analytical solution to SFEC profiling in borehole PD17
(Paradys farm, Bloemfontein).

The estimated flow velocity values confirm the point at 19.5 m as the main flow,
with 40 % of relative contribution to the total fast flow, followed by the point at
24.5 m, with 32 % of relative contribution to the total fast flow. The relative
contributions of the different flow points have been noticed to change under stress
conditions (pumping) and according to the rate of abstraction. This can be seen
clearly in Figure 7-34 and Figure 7-35. This result suggests that under high

pumping rates, the relative contributions of the flow points at 19.5 m and 22.5 m

may be closer to each other.
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Figure 7-34 Estimated groundwater velocity at different flow points (19.5 m, 22 m, and
24.5 m), applying Drostian analytical solution to FFEC profiling in borehole
PD17 at 2.32 L/min of pumping. (Paradys farm, Bloemfontein)
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Figure 7-35 Estimated groundwater velocity at different flow points (19.5 m, 22 m, and
24.5 m), applying Drostian analytical solution to FFEC profiling in borehole
PD17 at 9.47 L/min of pumping. (Paradys farm, Bloemfontein)
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Different aspects involved in fracture characterisation have been presented in the
present study, with special focus on Karoo aquifers. Valuable information on the
kinds of fractures that tend to form in the different geological settings of the main
Karoo and their commonly associated patterns has been documented from
laboratory and field investigations. This information is key and should help in
decision making when flowing fractures have to be identified, located and

quantitatively evaluated (geometry, flow and transport).

Whereas a fracture’s geological and physical characters describe the geometry of
the fracture, its location, and its general physical presentation, its hydraulic and
mass transport character control respectively the flow and mass transport
processes (behaviour) under natural or stressed conditions. Laboratory and field
studies of fracture properties, and geophysical, hydraulic and tracer testing can be
carried out to help determine these parameters. Each of these developed tools has

its own benefits and limitations.

Surface and underground based geophysical tools (single borehole, cross-borehole,
and channel) are designed for detecting heterogeneity and anisotropy in the
subsurface that may be associated with fractures, but they trace mainly the
fracture’s mechanics or electrical properties and not its geohydrological properties.
Hydraulic and tracer tests are designed to infer flow or transport properties from a
given response of the aquifer system to a perturbation (pumping or tracer), but the
inversion process may suggest different distributions of heterogeneity for the same

hydrological response and are restricted to small-scale field studies.

At the small scale (in a radius of approximately 150 m) a combination of the
fracture’s surface mapping, geophysical surveys or logs, and hydraulics and tracer
tests can provide an understanding of the possible locations and the hydrological
and mass transport properties of main flow paths in the subsurface. At a larger
scale, the resolution of the geophysical survey becomes problematic, hydraulics test
responses are no longer detectable, and tracer test lengths are not practicable.

Large-scale studies usually involve monitoring the response (spatial variation of
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groundwater age, and temporal variation of the heads) of the groundwater system
to natural perturbations (recharge and discharge) and long-term human
disturbances (water production, manmade chemical tracing) to characterise the

large-scale flow of groundwater.

The temporal and spatial variability of the fractures’ characters that control flow
and mass transport through transmissive fractures, require fracture
characterisation studies to be an iterative sequence of characterisation, scenario
testing, evaluation, and comparison. Modelling is a powerful approach for scenario
testing, whereas in situ fieldwork research facilities are important to evaluate the
accuracy of the characterisation results. Additional in situ facilities should be

developed in the Karoo aquifer system for fracture characterisation purposes.

Among the small-scale appropriated tools, the FEC-based techniques, mainly the
single-borehole based ones are found to be increasingly applicable for fracture
characterisation, particularly in Karoo aquifers where multiple available boreholes
are scarce and groundwater projects are constrained by lack of funding. This
technique is attractive in South Africa because of the simple and relatively cost-
effective equipment it involves. The FEC-based dilution technique (well dilution) has
been applied in two different fractured systems (bedding-plane fracturing and sill-
intrusion fracturing). The method is found to be efficient in the detection of flow
points and for the study of intra-borehole flow. In pumping conditions, the method
may also detect low transmissive flow points intersected by a borehole. The FEC
method, when well designed, may be used to classify intersected flowing fractures
in terms of relative contribution to the general flow, either in ambient conditions or

in stressed conditions.

With the FEC based dilution test data, out-flow points are difficult to be diagnosed.
Therefore out-flow points are assumed after trial and error, when attempting to
simulate concentration evolution in a borehole numerical code “"BORE II”. Also, the
code “"BORE II"” does not take into account density gradient along the borehole, and

does not yield unique parameters set up for matching of model and observed data.
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The adaptation of the analytical solution proposed by Drost, for calculating
intersected fractures’ groundwater velocity into the borehole, based on well dilution
test data certainly remains of concern due to non-ideal conditions of the test.
However, its application yields a semi-quantitative value that can be used as a first
estimation. There are two main points that need to be refined in the application of
dilution tests for accurate fracture flow velocity determination. Field procedures
need to be refined to ensure that a tracer is as well mixed as possible for
homogeneity in the borehole column water. An appropriate methodology also needs
to be developed to account for the mass circulation that may be associated with

density gradients in the well and with adjacent aquifer.

New technologies (recirculation systems), have been developed to insure
homogeneity in the borehole column water, but they need to be simplified for
practical reasons and more importantly for economic reasons. Also, during these
tests, one has to insure that no pumping from the studied aquifer that might affect
the data is occurring, mainly when performing ambient logging. Such interference
may vyield inaccurate data, and therefore misunderstanding of the behaviour of the

aquifer system.
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APPENDIX A

Magnetic survey at Paradys farm

Traverse 3

Reading(nT)

40 80 120 160 200 240 280 3%0 360 400 440 480 520 560
Distance(m

Figure 0-1PD17- Magnetic survey at Paradys (traverse 3)
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Figure 0-2PD17- Magnetic survey at Paradys (traverse 4)
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APPENDIX B
Constant rate Pumping test at Paradys farm

PD17 . Log-log

E
c
S 10
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10
Time (min)

Figure 0-3PD17-Constant pumping (5.5L/S) test result on Log-log

— data (S)

\

Time (min)

Figure 0-4PD17-Constant pumping (5.5L/S) test result on Derivative plot (S’)
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APPENDIX C
Semi-quantitative estimated ground water velocity into PD17 under different

conditions

PD17-SFEC-Estimated Vd

Vd (m/D)

0.4 0.3 0.2 0.1

o

Depth (m)

Figure 0-5Estimated groundwater velocity along the PD17 in ambient condition, applying
Drostian analytical solution. (Paradys farm, Bloemfontein)
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PD17FFEC-Estimated Vd- (2.32 L/min)

Vvd (m/D)
0.4

o

m Vd (m/D)

Figure 0-6Estimated groundwater velocity along PD 17 at 2.32 L/min of pumping, applying
Drostian analytical solution. (Paradys farm, Bloemfontein)
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Estimatad (m/D

’ PD167FFEC-Est|ma/tze”d Vd: (9.47 L/nfin)

12.5
14.5
16.5
18.5
20.5
22.5
24.5
26.5
28.5
30.5
325
34.5
36.5
38.5
40.5

d (m/D)

Figure 0-7Estimated groundwater velocity along PD 17 at 9.47 L/min of pumping, applying
Drostian analytical solution. (Paradys farm, Bloemfontein)

Borehole Log - PD13

Depth [m] Locality - X: 26.20 Y:29.21 Z: 1409.00

Lithology Geology

0 —

0.00 - 6.00 CLAY and SAND:

6.00 - 9.00 MUDSTONE: Grey

9.00 - 18.00 MUDSTONE: Grey Silty

25 —

18.00 - 40.00 MUDSTONE: Brown

30 —

BE] —

40 —

Figure 0-8PD13 Brehole log
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APPENDIX D
BORE II attempts on OU7 and UP15
H¥MINCm) ¥MAX (m) DIAM{cm) iBORN
11.00 38,50 16. 50 49
QWL /min) HALPHA 'gw=FTow from below; HALPHA=hor. flow constriction
. 0000 2.500
#FEED_PTS VARIABLE_FLOWRATE_IDENTIFIER
3 999
DEPTH{m) qlL/min) c{g/L) TOChr) 0/ V_FLAG v Cm/day)
16.0 -000.10 0.0500 . Q000 0
22.0 000, 40 0. 0500 . Q000 1
22.0 -000. 40 0. 0500 . Q000 1
™aX(hr) FECMAX DIFFUSION_COEF. (m2,/5)
25 500.0 1E-05
RGAMMA REETA RALPHA 'FEC = RGAMMA + C*RBETA + C*C*RALPHA
. 0000 1. 000 . 1000E-07
ICOFLAG '1f 0, Cc0=0; If <0, read one CO; If =0,read ICOFLAG (X,C0) pairs
49
»{m) colg/L) l#entries is ICOFLAG
11 338.6
11.5 317.8
12 297
12.5 284,95
13 272.9
132.5 264.95
14 257
14.5 255.9
15 254, 8
15.5 254
16 253.2
16.5 251.865
17 250.1
17.5 251.25
18 252.4
18.5 252.85
19 253.32
19.5 253.05
20 252.8
20.5 249,11
21 245.4
21.5 244,95
22 244.5
22.5 278.5
23 312.5
23.5 348.2
24 383.90
24.5 406.45
25 429
25.5 433
26 437

Figure 0-9Example of BORE II input file set up for UO7
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Figure 0-100Example of BORE II data file set up for UO7

185

A B C D E F G
1 M ata ul7 txt
2 |FEC has been corected [for temp
3 |Depth in m FEC in micro Siemens  |per cm
4 [line 4
b line 5
6 [line ]
7 |line 7
8 |line 8
9 " 338.6 20 0 0 0 0 0
10 1.5 317.8 20 0 0 0 0 0
11 12 297 20 0 0 0 0 0
12 12.5 284 .95 20 0 0 0 0 0
13 13 2729 20 0 0 0 0 0
14 135 264 .95 20 0 0 0 0 0
156 14 25T 20 0 0 0 0 1
16 14.5 2REG 20 0 0 0 0 1
17 15 2548 20 0 0 0 0 1
18 16.5 254 20 0 0 0 0 1
19 16 2h3.2 20 0 0.001 0 0 1
20 16.5 251.65 20 0 0.001 0 0 2
21 17 25601 20 0 0.001 0 0 2
22 17.5 251.25 20 0 0.001 0 0 2
23 18 2h2 4 20 0 0.001 0 0 2
24 18.5 252 85 20 0 0.001 0 0 2
25 19 2h3.3 20 0 0.001 0 0 3
26 19.5 253.04 20 0 0.001 0 0 3
27 20 2h2 8 20 0 0.001 0 0 3
28 205 2451 20 0 0.001 0 0 3
29 21 245 4 20 0 0.001 0 0 3




FRACTURE CHARACTERISATION OF KAROO AQUIFERS

2010

¥MIN(m) ¥MAX(m) DIAM{cm) 1BORN

15.00 45,50 16,50 62

gw(L/min)  HALPHA 'Qw=fTow from below; HALPHA=hor. flow constriction
0.00 2.5

#FEED_PTS  VARIABLE_FLOWRATE_IDENTIFIER

2 949

DEFTH(M)  q (L/min)  c(g/L) T0(hr) Q/V_FLAG

19.0 .060 0.36 .0000 0 '1st 2 feed pts-hor. flow
24.0 013 0.36 . 0000 0 !final feed pt

m™ax(hr)  FECMAX DIFFUSION_COEF. (m2/s)

25.000 500. 5E-05

RGAMMA RBETA RALPHA 'FEC = RGAMMA + C*RBETA + C*C¥*RALPHA
. 0000 1,000 . 1000E-07 default values will be used|
ICOFLAG 'Tf 0, c0=0; If <0, read one C0; If >0,read ICOFLAG (X,C0) pairs

x(m) co(g/L) l#entries s ICOFLAG

15 224.86

15.5 224.4

16 224.5

16.5 222.5

17 228.2

17.5 229.8

18 239,86

18.5 236

19 237.2

19.5 284.5

20 309

20.5 326

21 337.6

21.5 322.2

22 292.4

22.5 268

23 246

23.5 218.5

24 214.2

24.5 212.86

25 209.8

25.5 212.1

26 214.5

26.5 214.5

27 215.1

27.5 215.3

28 215.3

28.5 215.6

29 215.3

29.5 214.8

30 214.8

Figure 0-11Example of BORE 1I input file set up for UP15
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Al [t
A B D E F G

1 I ata P15 txt
2 |FEC has been corrected  [for temp
3 |Depth in m FEC in micro Siemens |per cm
4 lline 4
5 line 5
6 |line B
¥ line 7
8 |line a
9 12.5 2632 20 0.017 0.017 ] 1 0
10 13.5 226.2 20 0.017 0.017 ] 1 1
11 14.5 227 20 0.017 0.018 ] 1 3
12 16.5 224 4 20 0.017 0.018 ] 1 5
13 16 2245 20 0.017 0.019 ] 1 B
14 16.5 2225 20 0.017 0.019 ] 1 7
15 17 228.2 20 0.017 0.019 ] 1 a
16 17.5 229.6 20 0.017 0.019 ] 1 9
17 18 239.6 20 0.017 n.02 ] 1 10
18 18.5 236 20 0.017 0.02 ] 1 11
19 19 2372 20 0.017 n.02 ] 1 12
20 19.5 2845 20 0.017 n.02 ] 1 13
21 20 309 20 0.017 0.021 ] 1 14
22 20.5 326 20 0.017 0.021 ] 1 15
23 21 3376 20 0.017 0.021 ] 1 16
24 21.5 3222 20 0.017 0.022 ] 1 17
25 22 292.4 20 0.017 0.022 1] 1 18
26 225 268 20 0.017 0.022 ] 1 19
27 23 246 20 0.017 0.022 1] 1 20
28 23.5 218.5 20 0.017 0.023 ] 1 21
29 241 214.2 20 0.017 0.023 1] 1 22

Figure 0-12Example of BORE II data file set up for UP15
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BOREHOLE PROFILE ':

Field: dotted ~ Model: solid

Depth (m)

DIALOG

No. x : Press ENTER to continue

(m) (I
124.000 .1500E-02 .1000E-01
219.000  .1000E-01 .1000E-01
3.00000 .0000  .0000
4.00000  .0000  .0000
5.00000 .0000 .0000

Figure 0-13Example of BORE 1I results simulation for UP15
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APPENDIX E
WATER QUALITY AT PARADYS

Site - EC TDS Ca Mg Na K PALK
Name (mS/m) | (mg/®) | (mge) | (mge) | (mg®) | (mgd) | (mege)
BH1 7,51 89 625 67 26 76 8,74 0
Bh3 743 9% 671 86 42 52 236 0
Site MALK 1 SO, NOs Al Fe Mn NH,
Name (mg/e) (mg/e) (mg/e) (mg/e) (mg/e) (mg/e) (mg/e) (mg/e)
BH1 288 70 33 12,45 <0,004 0,012 0,002 0,30
BH3 274 88 113 2,86 0,010 0,023 0,005 0,020

Site As cd Cu Pb Zn Ercoli ozl
coliforms SAR

Name (mg/e) (mg/e) (mg/e) (mg/e) (mg/e) (mg/e) (mg/®)
BH1 <0,006 | <0,001 0,008 <0,015 0,009 <1 2 1,997
BH3 <0,006 | <0,001 0,008 <0,015 0,010 <1 >200,5 1,149
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Fractures are mechanical ruptures in rocks, form by stress (lithostatic, tectonic, and
thermal stresses and high fluid pressures) concentrations around flaws,
heterogeneities, and physical discontinuities at a variety of scales. In groundwater
reservoirs, mainly in those formed within relatively less permeable or hard rocks,
connected fractures may form privileged conduits for fluid flow and solute through
the rock, and therefore needs to be located and quantitatively (geometry,
permeability, and ability to transport solute) appreciated for a better understanding
of water flow and mass transport processes in the subsurface. Many techniques
have been adapted from petroleum applications to address these issues and are
reviewed in the present study with after an overview on geological and geo-
mechanical features that evolve fracturing.

Very few existing tools are cost-effective and easy to be performed on the field. The
FEC (Fluid Electrical Conductivity) based techniques; mainly the single borehole
based ones involve often, relatively cost effective equipments and are simple. The
present study focus also on the applicability of “Flowing Fluid Electrical conductivity
logging” (Tsang et al., 1990; Doughty et al., 2005) and the FEC based dilution test
(well dilution) for fracture characterization in the Karoo aquifer. The FFEC is found
to be a promising technique for local fracture characterization, mainly in
contamination studies (investigation and scenario testing), like in mine
environments; and is recommended to be experienced in South-Africa, particularly
in the meta-sediments of the Karoo environment. The FEC based dilution test (well
dilution) is gaining interest in fracture characterization in South Africa (Mohr
Samuel and van Biljon Willem., 2009; Lasher Candice et al., 2009) and has been
assessed on two experimental fields in the Karoo Aquifer. The technique is found to
constitute a powerful tool for detection of flowing fractures and for qualitative
interpretation. The Drost et al (1968) analytical solution suggested for the analysis
of the test data (Cook et al., 2001a; Love et al., 2002) have been applied and
yielded semi-quantitative values that can be used as first estimation of the
groundwater velocity from flowing points into the studied boreholes. However, due

to non ideal condition, refinements are still needed mainly for the field procedure
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and for the consideration of the mass circulation that may be associated with
density gradient along the borehole.
Key words: Karoo, fractures, Characteristics, Electrical conductivity, Tracer

concentration, dilution.
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