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PREFACE

The Koongarra uranium ore deposit is located in the Alligator Rivers Region of the Northern
Territory of Australia. Many of the processes that have controlled the development of this natural
system are relevant to the performance assessment of radioactive waste repositories. An
Agreement was reached in 1987 by a number of agencies concerned with radioactive waste
disposal, to set up the International Alligator Rivers Analogue Project (ARAP) to study relevant
aspects of the hydrological and geochemical evolution of the site. The Project ran for five years.

The work was undertaken by ARAP through an Agreement sponsored by the OECD Nuclear
Energy Agency (NEA). The Agreement was signed by the following organisations: the Australian
Nuclear Science and Technology Organisation (ANSTO); the Japan Atomic Energy Research
Institute (JAERh; the Power Reactor and Nuclear Fuel Development Corporation of Japan (PNC);
the Swedish Nuclear Power Inspectorate (SKI); the UK Department of the Environment (UKDoE);
and the US Nuclear Regulatory Commission (USNRC). ANSTO was the managing participant.

This report is one of a series of 16 describing the work of the Project; these are listed below:
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EXECUTIVE SUMMARY

This volume forms part of a natural analogue study report on the migration of
radionuclides in the weathered zone at the Koongarra site in the Northern Territory
of Australia.

The unmined but intensively drilled Koongarra uranium deposit in the Northern
Territory of Australia has been studied to evaluate the processes and mechanisms
involved in the alteration of the primary uranium mineralisation and to model the
formation of the secondary uranium orezone and the dispersion fan. The work has
resulted in solid phase and groundwater databases, and hydrological data from
field and laboratory measurements. These are being used to test a range of
geochemical, hydrological and transport models.

The Koongarra uranium deposit is situated in the Alligator Rivers Uranium Province
of the Northern Territory of Australia, about 200 km east of Darwin. The uranium
ore is located in steeply dipping, physically anisotropic, quartz chlorite Cahill
Formation schists of early Proterozoic age and is near the base of a prominent
southeast-facing sandstone escarpment. The upper 25 m of the schist is
weathered. An upper clayey zone of intense weathering separates deeper partly
weathered schist from the overlying Quaternary sands, silts and ferricretes. Directly
to the northwest of the ore deposit, a major reverse fault, the Koongarra Fault, has
upfaulted the schist against the middle Proterozoic Kombolgie Sandstone.
Hydraulic properties of the fault zone have not been tested directly, but the fault
was previously considered to be a barrier or partial barrier to lateral flow of
groundwater. The site is currently undisturbed by mining, but the steel casings of
over 100 exploratory drillholes proved to be a source of noise in magnetic and
electrical surveys and the condition of the holes precluded the use of drillhole and
cross-hole geophysics in the site studies.

A number of different approaches have been made to characterise the site and to
try to understand: how groundwater has moved and is moving through the orezone
region; the source of the water - natural recharge or flow across the fault; how the
groundwater drains out of the site; whether fluid flow is through fractured or porous
media or both; and in particular, how this has influenced the transport of uranium
and the formation of a prominent dispersion fan.

Seasonal variations of water levels in about 60 wells at the site have been
monitored for periods exceeding 7 years. The levels show groundwater recharge in
the wet season and discharge in the rest of the year and have defined southerly
hydraulic gradients. Twelve full-scale aquifer pumping tests have also been carried
out. The resulting drawndown cones were elongated and generally oriented
subparallel with the Koongarra fault; the tests provided transmissivity, storativity
and the anisotropy measurements, but the results were thought to be largely
controlled by the unweathered bedrock.
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In the geophysical, petrophysical and structural program, the site was studied at
regional, field (local), lithological unit and core sample scales by geophysical,
geological, and, where appropriate, geotechnical techniques, to determine
lithologiCc.) and structural features relevant to ancient and current groundwater
flow. The initial focus of the study was the determination of the physical properties
of 306 core samples from 29 drillholes penetrating the various units. Dry bulk
density, apparent porosity, intrinsic permeability, galvanic (water saturated)
resistivity, ultrasonic compressional wave velocity and magnetic susceptibility
values were measured. Clear contrasts in mass properties were apparent in the
host lithologies: the clayey (upper) weathered zone had very low density, very high
porosity and very low permeability; the (lower) weathered and transition zones had
low density, high porosity and low-to-moderate matrix permeabilities; the deeper
unweathered schist zone had typical metasedimentary densities, low porosities and
very low permeabilities. These data together with the electrical, acoustic and
magnetic properties of the host and other lithologies provided useful controls on
the geophysical field data interpretation. The mass property data, used in
combination with the pumping test results, suggested that in restricted areas the
schists must be significantly fractured locally to impart permeabilities one or two
orders of magnitude beyond the laboratory rock-matrix results. The geophysical
data show that the region of the inferred fractures is the focus for subsurface fluid
flow in the unweathered bedrock to the south of the ore deposit.

Twelve kilometres of geophysical traverses were completed on the site. Magnetic,
gravity, radiometric, spontaneous potential (SP), electrical resistivity and
electromagnetic techniques were used to elicit lateral and vertical lithological
information, structural trends and discontinuities, and to infer hydrogeological
characteristics. The SP method, in particular, proved to be very informative; it was
employed to map potentials considered to be associated with subsurface water
flow. A geophysical interpretation clearly shows the main drainage, lithological and
structural features of the site. Groundwater flow is interpreted as moving to the
south. Orebody drainage in the weathered zone is thought to have occurred
mainly through the microfractured matrix and not through major fractures. This is in
contrast to the unweathered zone hydrogeology which is fracture-controlled. Very
shallow movement of dispersed radionuclides in the surface unconsolidated sands
is indicated by radiometric (gamma ray) results.

Field structural studies were integrated with a borehole television (BTV) mapping
program which was carried out over a total length of 469 m in 20 boreholes, to
identify geological features, such as the orientations of the schistosities, fracture
densities, (in situ) aperture widths and orientations. Locally, the results of the
borehole television measurements showed directional trends in the schistosity
similar to the geophysical trends and to the directions of the axes of the aquifer
test drawdown cones and this probably indicates that the aquifer tests were
dominated by fractures in the deeper unweathered zone. The major drainage
feature to the south of the orezone was identified. Regionally, the BTV study
identified the dominant schistosity and fracturing that can account for the main
trend of the dispersion fan. It was observed in the geotechnical and core studies
and in the BTV program that the site overall is moderately fractured with the
graphitic schist lithologies exhibiting the highest fracture densities.



The spatial contours of uranium concentration in the weathered zone show that
although high grade uranium concentrations can be seen to have migrated in the
weathered schist from the primary zone towards the southeast direction a more
extensive dispersion fan of uranium (non-oregrade but above background levels) is
detected towards the south of the orebody, about 300 m from the primary source.
The distribution is clearly similar to that identified from the groundwater chemistry
and the geophysical measurements, both of which suggest a present-day southerly
direction of flow from the ore zone.

The ARAP site characterisation studies appear to have successfully identified the
major features controlling groundwater flow at Koongarra. The results should prove
useful to workers studying the geological framework and factors affecting fluid
transport in other weathered sites.

VI



ACKNOWLEDGMENTS

Grateful acknowledgments are due to:

Denison Australia Pty Limited for site access, scientific and technical information
including data from the original Koongarra leaseholders;

Noranda Australia Ltd;

Department of Geology and Geophysics University of Sydney, for facilities;

Northern Territory Power and Water Authority (NTP&WA), for advice, field data and
support;

Australian Nuclear Science and Technology Organisation (Ansto), for funding and
management;

Japanese Atomic Energy Research Institute (JAERI), for funding and support;

Power Reactor and Fuel Development Corporation of Japan (PNC), for funding
and support;

Swedish Nuclear Power Inspectorate (SKI), for funding and support;

UK Department of the Environment (UKDoE), for funding and support;

US Nuclear Regulatory Commission (USNRC), for funding and support; US
Department of Energy (USDOE), for funding and support;

Central Research Institute of Electric Power Industry - Japan (CRIEPI), for funding
and support.

Special thanks are due to ANSTO's Mr Peter Duerden, ARAP Project Manager for
his unstinting enthusiasm and support and for the overall coordination,
encouragement and planning of the ARAP.

Ms D. Bond cheerfully and competently typed the manuscript through numerous
drafts. Ms Brenda Durie prepared many of the Figures herein.

Mr Phil Manning assisted very helpfully with field work and data reductions. We are
indebted to NTP&WA's Messrs Peter Jolly and Keith Martin for much useful advice
and generous field assistance.

VII



1 INTRODUCTION

1.1 The Koongarra Study

This volume presents the findings of a three year laboratory and field study of the
geophysics, petrophysics and structure of the Koongarra site. The site, with its
topography and grids, is shown in Figure 1.1 and a borehole plan is shown in
Figure 1.2. A typical cross section is illustrated schematically in Figure 1.3. An
aerial overview is presented as Figure 1.4.

Physical and structural characterisation has been addressed so that subsurface
transport could be understood and modelled. The site was studied at several
scales - the megascopic, macroscopic, mesoscopic and microscopic.

The megascopic or regional scale structural features of the near-Koongarra region
are presented in Section 2.1 where known major faulting, folding and fracturing are
documented and their relevance to the site inferred.

The macroscopic or field scale features of the site and its surrounds are discussed
in Section 2.2. Broad lithology and structure are described, and the possible role of
amphibolites as aquitards is investigated, in Section 2.3. The results of geophysical
field studies are presented in Section 6.

At the mesoscopic or lithological unit scale, the results of a detailed geotechnical
study of the complete core from one diamond drill hole are given in Section 3. The
detailed analysis of borehole TV images from 20 boreholes is presented in Section
4.

At the microscopic or smallest practical (core) scale, 306 core samples from 29
drill holes were tested in the Petrophysics Laboratory in the Department of
Geology and Geophysics, University of Sydney to determine their physical
properties. Density, porosity, permeability, magnetic susceptibility, electric resistivity
and acoustic velocity were measured on the suite of available core samples. These
results are given in Section 5.

Data from previous Koongarra site mining geophysical surveys in the 1970s and
1980s and data recorded in three field trips - August 1990, November 1990 and
August 1991 - are presented and analysed in Section 6 where inferences are
drawn about subsurface character and structure. The geophysical data included
magnetic, radiometric, electrical resistivity and spontaneous potential readings
taken at 20 m intervals over 17 traverse lines totalling 12 km in length.

This study's findings are synthesised and discussed in Section 7. Conclusions are
drawn in Section 8.

A physical study of Koongarra's materials and fabric cannot be expected to provide
a site model that will replicate completely and accurately the in situ conditions;
although the main features will have been mapped, the model will of necessity be



Figure 1.1 The Koongarra site showing the metric grid and topographic contours, with height in metres above mean sea level. The Kombolgie
Sandstone escarpment is shown in outline and by hatching. The orebodies are shown in plan view at the base of the weathered zone. The



Figure 1.2 Koongarra site showing the locations ot the exploration diamond drill and percussion boreholes. The diamond drill holes were inclined (50° to
the northwest; the percussion holes were drilled vertically. The original exploration grid, in feet, is shown.
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Figure 1.3 Cross-section of I'rthologies at Koongarra in the immediate vicinity of the No. 1 orebody, showing
the Proterozoic sequence, the weathered zone, and the Koongarra fault. The Koongarra fault lies at the
boundary between units B and G. Approximate boundaries of ore-grade uranium are also indicated.
Units A and B of the footwall block contain the Middle Proterozoic Kombolgie Formation. The upper part of
unit A is composed of the escarpment-forming bedded quartz sandstones of the Kombolgie Formation, which
show a gentle bedding dip of a few degrees to the southeast. These sandstone beds are conformably and
gradationally underlain by a quartz pebble conglomerate that forms the local base of the Middle Proterozoic
sequence. This conglomerate lies unconformably above Lower Proterozoic metamorphics and the position of
the boundary between the metamorphics and the conglomerate is derived from regional geological evidence.
Unit B contains areas of fault brecciated sandstones of the Kombolgie Formation, areas of bedded sandstone
that have been warped and drag folded by movement on the Koongarra Fault and blocks of schists
incorporated into the fault breccia
Units C to G of the hanging wall block are compositional subdivisions within the metamorphosed Lower
Proterozoic Cahill Formation. A dolomitic unit would occur below unit G in sections drawn to the southwest of
the orebody. In this cross-section however, the dolomitic unit has been cut out due to the position and shape
of the fault.
The orebody occurs throughout units G and F and in the lower sections of unit E. Below the weathered zone
the orebody contains primary uraninite, but within the weathered zone, the uranintte is replaced with uranium
phosphate. A zone of dispersed ore occurs within the weathered zone down dip of the orebody and consists
of secondary uranium minerals that have adhered to clays within the weathered zone. Unit G to the northwest
of the orebody has been largely replaced by secondary oxidative alteration that has been attributed either to
alteration cf the metamorphic rocks at the time of formation of the orebody or to a form of deeper weathering
in the zone adjacent to the Koongarra Fault.



simplified and partly hypothetical. A useful amount of Koongarra geo-data does
exist but only over a relatively small site area, 800 x 400 m, and to vertical depths
of about 150 m. These data were obtained mainly in the 1970s by Noranda
Australia Ltd, Australian Groundwater Consultants Pty Ltd, McMahon Burgess and
Yeates Pty Ltd and others in field mapping, geophysical and geotechnical
programs and core and sample logging of 120 inclined diamond drill holes, vertical
percussion holes and numerous shallow auger holes. Some of the data and most
of the materials are now unavailable; many of the drill holes are not accessible.
The weathered prifle, in particular, is poorly represented in data and materials, but
is the key zone in understanding the site. The site itself is heterogeneous and
anisotropic and while it was intensively drilled for economic evaluation of a mineral
resource it was not studied primarily with hydrogeological and geotechnical
concerns in mind so that not far from the orebodies the absence of subsurface
data is complete. The available data did supply very useful controls and
constraints in structural studies and geophysical interpretations, and data on the
available core materials did permit the determination of a range of physical
characteristics. However, it cannot be said that the site has been definitively
characterised at all practical scales in the time available for the research. Rather, it
can be stated that evidence obtained on the megascopic, mesoscopic,
macroscopic and microscopic scales indicates, with high probability, a structural
setting and physical character for the Koongarra site that should significantly assist
in understanding and modelling fluid flow in the subsurface.

1.2 Site Characterisation Studies and Koongarra

From the geoscientist's viewpoint a thorough study of a typical site would focus on
factors controlling groundwater location and motion, and would include a geological
review, structural mapping, petrophysical testing, ground and borehole geophysical
surveying and hydrogeological analysis. To date there appear to be no published
comprehensive investigations of the structural and physical characteristics of
uranium or heavy metal dispersion in natural analogue sites or of waste disposal
sites. Investigations of deeper sites are common, but wide ranging studies are not
often employed and there is a dearth of published material on them.

Come and Chapman (1989) reviewed progress on natural analogue programs
including: the Marysvale volcanic field site in Utah, U.S.A.; the Cigar Lake
sandstone-hosted uranium deposit in Saskatchewan, Canada; the caldera complex
Osamu Utsumi mine near Pocos de Caldas in Minas Gerais state, Brazil; the Tono
sandstone-hosted uranium deposits in southeastern Honshu, Japan; and the
Broubster limestone-hosted uraniferous mineralisation in Caithness, Scotland.
These sites have been subject to detailed hydrogeochemical and mineralogical
studies but apparently not to comprehensive geophysical and structural geology
investigations.

Waste disposal site studies have been carried out frequently in the northern
hemisphere. Soonawala et al (1990) discussed the characterisation of deep
plutonic rock masses. They demonstrated contrasts in key physical properties for
fractured and unfractured parts of the Lac du Bonnet granite batholith.



The STRIPA project in Sweden has been the subject of numerous reports since
1980 e.g. Olsson et al. (1988). The focus of interest at this granitic site is at 400 m
depth and the study has employed detailed borehole and crosshole geophysics,
core sampling and hydrogeological testing. Olsson et al. (1984) presented an
overview of Swedish geophysical studies of bedrock in granite-gneiss terrains at
Fjallveden, Gidea and Kamlunge and in migmatite terrain at Svartboberget.
Magnetic, electromagnetic, electrical and induced polarisation techniques were
employed to map lithological zones and to try to locate fracture zones over areas
of approximately 5 km2 and to depths of 700 m. Reconnaissance boreholes to a
depth of 800 m or more were drilled, cored and geophysically logged; the core was
examined petrophysicaliy for density, porosity, resistivity, induced polarisation and
magnetic properties. The results from the geological, surface and borehole
geophysical and hydrological investigations were integrated and used to build three
dimensional models of the sites.

The characterisation and monitoring of low-level radioactive waste repository sites
were reviewed by Kipp and Healy (1990). Site studies, including borehole and
surface geophysics, were regarded as essential in the understanding of repository
effectiveness so that reasonably confident predictions might be made about
meeting design criteria.

Wynn and Rosenboom (1987) outlined the use of regional geophysics in the
exploration stage for high-level nuclear waste repositories and noted the
applicability of detailed surface studies and borehole methods in the site
characterisation phase. The Yucca Mountain site in Nevada is located in a welded
tuff sequence with a 250 m deep water table (U.S. Department of Energy, 1988).
Regional gravity, magnetic and magnetotelluric geophysical studies preceded
proposed seismic reflection and refraction to map lithologies, faults and deep
structures. Extensive surface mapping, trenching and drilling programs were
envisaged.

A variety of geophysical and geological techniques have been applied to natural
analogue site and repository-site investigations. The particular topographic features
and geological nature of each site dictate the possible array of techniques that
may be used; the resources and time available to a study group limit the extent of
technique applications. Reported studies, including this one, have operated under
these constraints. However, the Koongarra analogue site study appears to be
unique: it deals with a very shallow dispersion in a highly weathered zone derived
from prominently foliated and anisotropic ancient metasediments; it employed an
integrated structural geological, petrophysical and geophysical approach; even
though only limited time was available for field work it had advantages in the
considerable amount of geological data and materials that were available; but
borehole access difficulties to the weathered and deeper zones and the
impossibility of applying downhole and crosshole geophysical measurements were
distinct disadvantages. Nevertheless, it is considered that the results of the
Koongarra study reported herein should prove instructive and illuminating to
workers in natural analogue programs and site characterisations.



2 THE STRUCTURAL AND LITHOLOGICAL SETTING CF THE KOONGARRA
OREBODY

Descriptions of the lithology and structure of the Koongarra region, in the Alligator
Rivers uranium province, are given by Needham (1988) and also by Snelling
(1990). Knowledge of the lithology and structure at several scales is important in
characterising the Koongarra site. The scales considered in this section are the
megascopic or regional and the macroscopic or prospect scales; in this way the
orebody's setting may be viewed in regional and local perspectives.

2.1 Megascale Features - The Regional Setting

The megastructural and broad scale lithologica! features of the Koongarra region
are depicted in Figure 2.1. Virtually nothing is known of the hydraulic
characteristics of the main faults that bound the Koongarra site.

The Koongarra, Ranger 1, Jabiluka 1 and 2 and Nabarlek uranium deposits of the
Alligator Rivers Uranium Field are hosted by the lower member of the Cahill
Formation, a unit within the northeastern-most part of the early Proterozoic Pine
Creek Geosyncline.

The major topographic features within the vicinity of Koongarra are determined by
the middle Proterozoic Kombolgie Sandstone of the Brockman Massif. This massif
is 20 km long by 8 km wide and is elongate in a northeast direction. The scalloped
western margin represents scarp retreat above the basal unconformity while the
eastern margin is sharply defined by reverse displacement on the east-dipping
northeast trending Koongarra Fault. The normally shallow southeast dipping beds
of the Kombolgie Sandstone become westerly dipping and are steepened by fault
drag against the Koongarra Fault. Some steepening of dip along the main Arnhem
Land Escarpment across the Koongarra Valley to the southeast of Koongarra may
also reflect a concealed northeast trending curved fault.

In the Koongarra region the older basement is overlain unconformably by two
major stratigraphic units within the Early Proterozoic Pine Creek sequence: the
Cahill Formation, divided into lower and upper members and the Nourlangie Schist.
The lower member of the Cahill Formation contains micaceous and
quartzofeldspathic schists, dolomite and magnesite carbonate rocks and
calc-silicates, graphitic schists and amphibolites (the latter peihaps partly being
metamorphosed Zamu Dolsrite sills). The presence of dolomite and magnesite
suggests an evaporative sedimentary fades. The upper member is more
quartzofeldspathic with quartzites, micaceous conglomerates and minor schist. The
Nourlangie Schist, which may overlie the Cahill Formation with a slight
unconformity, is predominantly pelitic with quartz-mica schist containing some
almandine, kyanite, staurolite and magnetite.

The Pine Creek sequence underwent a major erogenic cycle over the period 1870
to 1800 Ma involving major folding episodes, F1 to F4, and several later faulting
events (Needham, 1988). F1 folds are isoclinal with an axial plane schistosity
developed almost parallel to the bedding layering, and are only preserved within
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Figure 2.1 Regional setting of the Koongarra orebodies. Koongarra is 20 km
south of the local township of Jabiru, which itself is 220 km east of
Darwin. The Cahill 1:50,000 geology sheet covers the Koongarra
area.



the quartzofeldspathic units. F2 was also an isoclinal deformation that occurred
near the peak of prograde metamorphism and was responsible for the dominant
schistosity in the region. Tight 'folds in this schistosity define the F3 event which
also occurred at elevated metamorphic temperatures. F4 folds are more brittle
kink-like structures that occurred during retrograde metamorphism around
1800 Ma. During this event many of the prograde ferromagnesian minerals (biotite,
amphibole, garnet, staurolite) were reverted to iron-rich chlorite.

A number of faulting episodes have affected the region and the full history of these
has still to be worked out. There is little evidence for the existence of significant
fault scarps at the time of deposition of the Kombolgie Sandstone in the middle
Proterozoic, but many of the pre-Kombolgie fault zones were reactivated at later
times (eg. the Koongarra Fault). Several fault trends occur within the Koongarra
region and most faults appear to be vertical to steep dipping. Northwest trending
faults are common in the region, an example being the Nourlangie Fault, 8 km
west of Koongarra, Some of these faults also penetrate the Kombolgie Formation
and northwest trending joints and wide quartz-cemented fracture zones are
common in the Brockman Massif. However, it is difficult to demonstrate much
displacement on these faults. Some may be infilled with dolerite dykes. East-west
faults and lineaments are common in the Brockman Massif and in the basement.
The Ranger Fault can be traced over 70 km. The Sawcut Fault, 5 km south of
Koongarra, is a prominent structure with a vertical displacement of several hundred
metres. Several other east-west faults cut the Brockman Massif north of
Koongarra. A number of north-south fracture zones cut the Brockman Massif but
are less well-defined within the underlying metamorphic sequence. Northeast
trending faults are uncommon and the major one is the Koongarra Fault with its
curved shape and reverse displacement of between 200 and 600 m (Foy and
Pedersen, 1975). The influence of extensive fault features in the hydrogeology of
the region is not known but may be significant, especially at Koongarra, where the
reverse Koongarra Fault appears to play some role in lateral and vertical fluid flow.

2.2 Macroscale Features - Air Photo and Field Observations in the Koongarra
Area

Examination of the various sets of aerial photographs available for the Koongarra
area identified the need to make geological, structural and petrological
observations beyond the immediate confines of the Koongarra uranium deposit.
Such observations enable a more complete appreciation of the geological setting
of the ore body, and the weathering processes and groundwater movement that
affect the redistribution of the uranium and other weathering products. The aerial
photographic interpretation work revealed a number of features that have been
reported before (Foy & Pedersen, 1975; Needham, 1982; Snelling, 1990) as well
as several possible new features that required field checking, and this was done in
the middle of the dry season, August 7-9, 1990. Detailed remapping of the area
was not possible in this short visit. However, a number of key inspections were
made to check previously reported observations, to identify the nature of
subdivisions made in the aerial photographic interpretation and to collect typical
rock samples wherever possible.
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2.2.1 Rock exposures and surficial deposits

Case-hardened and silica-cemented quartz sandstones of the Kombolgie
Formation are well-exposed in cliffs and rocky prominences in that part of the
Brockman Massif north of the Koongarra Fault in the Koongarra area. Surficial
deposits over the Kombolgie Formation are virtually absent apart from pure quartz
sand being drained within stream channels. To the north-east of the orebody the
Koongarra Fault line is marked clearly by the first outcrops of Kombolgie Formation
sandstone both on the aerial photographs and in the field (Figure 2.2). To the west
of the orebody the first sandstone outcrops generally mark a retreat erosional
scarp that has receded to the north of the Koongarra Fault line. The fault here is
obscured by a shallow mantle of clean quartz sand outwash from the weathering
of the sandstone in the escarpment to the north. Because of the quartzose
composition it is difficult to gauge the oegree of weathering in the Kombolgie
Sandstone from surface exposures. The soft nature of many of the sandstones
beneath a case-hardened surface suggests that some reconstitution of grain
cement and grain boundaries has happened in weathering, and the rocks appear
to have appreciable grain boundary porosity.

The Koongarra Fault is not actually exposed (contrary to popular belief), although
Kombolgie Sandstone outcrops that approach very close to the projected position
of the fault line show a great amount of brecciation and quartz venation.

To the east and south of the Koongarra Fault line in the vicinity of the Koongarra
deposit, the older schists and gneisses of the Cahill Formation and the ore deposit
itself are eroded to a peneplained surface. This surface is mantled with a thin
veneer of surficial sediment, either outwash quartz sand from drainage of the
Kombolgie Sandstone or redistributed mud and sand derived from the underlying
Proterozoic metamorphic rocks. Natural in situ outcrops of the underlying
metamorphics are very rare, and are confined to actively eroding drainage
channels. A number of low and extremely weathered exposures were noted
beneath 1 -2 metre high banks and in the drainage channel of Koongarra Creek to
the southeast and south of the Koongarra orebody. These exposures proved to be
either coarse-grained mica schists or fine-grained altered amphibolitic rocks.
Weathered coarse mica schists and gneisses are also exposed in a short section
of gutter at the side of a vehicular track near the escarpment northeast of the main
orebody. The only other natural exposures are occasional barren milky vein-quartz
lenses up to 2 metres wide and 20 metres long forming the crest of low rises south
and east of Koongarra Creek.

Elsewhere there are only two natural indicators of the character of the underlying
rocks. One is the presence of small weathered floaters where the surface gradient
is a little steeper than usual, such as near the thicker quartz veins or in places
along a low rise at the edge of a wide clay-soil filled channel that may represent a
possible dyke intrusion to the south of the mapped area. The other is the nature of
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the soil itself where there is little cover of redistributed surficiai deposits. To the
south of Koongarra Creek a large fold defined by broad coloured soil bands can be
seen on the aerial photographs. The lighter bands are composed of pale sandy soil
that is derived from quartz-feldspar-mica schists, as demonstrated by weathered
outcrops of the schists in the bed of Koongarra Creek. Weathered outcrops of
altered amphibolitic rocks in Koongarra Creek can be related to the red heavier
clay soils that define the darker bands. Iron oxides formed from the weathering of
the amphibolitic rocks provide the red coloration of the soil, and in places in this
soil spherical iron oxide pisolites are found, although these are rarely so abundant
as to be cemented into a ferricrete horizon.

Dispersed angular fragments of vein quartz up to 50 mm across are persistently
present at the surface of most skeletal soils, particularly over the mica schist belts.
These suggest the presence of numerous smaller quartz veins in the schists, as
verified within fresh drill core. A persistent feature of these quartz fragments is the
presence of numerous intersecting fractures cemented by iron oxide minerals. This
indicates that a large amount of fracturing occurred during, or subsequent to, the
formation of the quartz veins and is an important indicator for the likely presence of
porosity and permeability in the metamorphic rock sequence. An examination of
drillcore indicated that strongly weathered rock persists for tens of metres below
the surface. This depth of weathering was no doubt promoted by the presence of
foliation and fractures throughout the metamorphic sequence.

2.2.2 Kombolgie Sandstone

The Kombolgie Sandstone is very well exposed to the north of the Koongarra Fault
line. This unit is a mature fine to medium-grained well-sorted quartz sandstone that
supports a sparse and skeletal vegetation. A well-defined area of denser and
different vegetation is seen to the east of the saddle crossed by the entrance road
to Koongarra, but the reason for this was not resolved. Planar bedding from
centimetres to tens of centimetres thick is a characteristic feature of this sequence.
Many of these bedding planes contain ripple marks with wavelengths ranging from
5 to 30 cm. Measurements on the orientation of bedding surfaces in the sandstone
exposures to the north of the Koongarra uranium deposit indicate a general
regional dip of 5-10 degrees to the southeast, although near the Koongarra Fault
the bedding has been uptilted to dip west, in places to steep angles, and folded
about an approximately cylindrical axis that lies within the fault plane and plunges
at a very low angle to the east (Figure 2.3). Cross-stratification is limited to a few
thicker units. Both ripple marks and cross-bedding structures are useful indicators
of the depositional current directions for this sequence. The environment of
deposition was presumably fluvial or tidal. In various parts of the sequence
examined, measurements were made on 13 current ripple and 5 cross-bedding
planes. These measurements indicated palaeocurrents directed towards the east
and northeast in the Koongarra area (Figures 2.4 and 2.5).

Some of the deeper diamond drill holes that explored the Koongarra deposit have
penetrated into the basal conglomeratic unit of the Kombolgie sequence. The top
of this conglomerate lies about 100 m beneath the surface trace of the Koongarra
Fault. The conglomerate is exposed at the surface at Nourlangie Rock, located at
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Figure 2.4 Rose diagram of palaeocurrent
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foresets for the Kombolgie Sandstone
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the southern end of the Mount Brockman massif, due to the overall easterly to
northeasterly dip of the sequence. In the drill core (DDH53) and at Nourlangie
Rock this unit is seen to be composed of milky vein quartz pebbles up to 5 cm
diameter that almost form a framework conglomerate with a quartz sand matrix,
containing infrequent wispy heavy mineral laminations. This unit can be mistaken
for a breccia.

The Kombolgie Sandstone is strongly deformed near the Koongarra Fault. This
deformation is expressed as local folding and uptilting of the sandstone beds, small
thrust faults and a general zone of brecciation that may be tens of metres wide in
some sections. The breccia was once an open channelway system with the
channels now filled by quartz crystal veins. These veins are characterised by
quartz crystals that have grown perpendicular to the vein walls. This structure is
very distinctive and in some examples open vughs have enabled the development
of perfect crystal faces and even doubly terminated quartz prisms. Most quartz
crystals have a milky white appearance, although some are clear to semi-clear.
Other localities, well within the sandstone massif, also reveal similar quartz-filled
veins that relate to major fault dislocations, such as in the Amethyst Valley to the
north of Koongarra where some amethystine quartz crystals occur.

Drilling, field and geotechnical observations suggest that although the Kombolgie
Formation is intensely jointed and fractured near the surface it is unlikely that
fractures and joints remain open much below the local base of weathering which is
at about 25 m depth. As the matrix of the Kombolgie Formation is tight
(petrophysics studies) it would seem likely that any source of Kombolgie water
would be shallow. The frequent occurrence of springs along the base of the
Kombolgie Sandstone escarpment further suggests that generally low
permeabilities should be ascribed to the Koongarra Reverse Fault.

2.2.3 Koongarra Fault

The Koongarra Fault was not seen to be exposed 'n the area examined, although
a close approximation of the fault surface trace can be determined by inspection of
aerial photographs and by tracing the edge of the sandstone outcrop on the
ground to the northeast of the deposit. To the north and to the west of the deposit
some degree of scarp retreat has obscured the actual location of the fault surface.
Here the presence of brecciation indicates proximity to the fault and the fault can
be pinned down, to some degree, using rock chip residues left adjacent to a
network of percussion drill holes. An outcrop of siliceous chert and quartzitic rock
immediately north of the eastern end of the main orebody, is interpreted here as a
silicified rock within the Koongarra Fault zone. At least some of this rock looks like
silicified Kombolgie Sandstone.

The broad surface trace of the Koongarra Fault is a curved feature which could be
interpreted as a curved fault surface. Alternatively the fault as a whole could be
made up of a number of relatively straight segments that intersect in an
anastomosing manner. Figure 2.3 illustrates that the bedding in the Kombolgie
Sandstone is upended and folded about an approximately cylindrical axis that lies
in the fault surface. This geometry supports the general notion that this fault has
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predominant dip-slip movement. As such, bends in this fault trace on the map, in
plan view, may not introduce great problems in displacement of the fault blocks.
On the other hand, bends in the fault trace seen in vertical section would create
difficulties for dip-slip movement. Tnis is a significant point because information
from the drill hole data suggests that there is some kind of bending of the fault
surface as seen in the vertical sections. For a dip-slip fault this bending must have
happened after the main displacement on the major fault. The two extreme views
about this bending are that it may be caused by folding of the main fault
(Johnston, 1984), or that the main fault has been cross-faulted (Foy & Pedersen,
1975; Snelling, 1990). Given the number of observed small fault structures in the
Kombolgie Sandstone to the north of Koongarra, it seems likely that cross-faulting
can adequately explain any large variations in the shape of the main Koongarra
Fault. The results of the borehole television investigation are relevant to this
problem (see Section 4).

2.2.4 Cahill Formation

As indicated above, the Cahill Formation shows very limited exposure in the area
examined. The only in situ outcrops were found in Koongarra Creek and a limited
gutter exposure to the northeast of the main orebody. Apart from the odd quartz
vein rock, these rocks were either coarse mica schists or finer weathered rocks of
amphibolitic origin, in accord with the major rock types recorded from the drill
holes. One feature that was unsuccessfully sought in the natural exposures was
the presence of a uniformly orientated penetrative metamorphic lineation. The
presence of such a lineation would have greatly facilitated the determination of the
three-dimensional orientation of other structures seen in sections of drill core. In
some of the natural exposures there was indication of a late stage of kink folding
that has disturbed earlier metamorphic fabrics. In addition, all weathered outcrops
display cross fractures that, along with the fractured surface quartz float, and the
visible fracturing in sections of the drill core, confirm the ubiquitous nature of
post-metamorphic fracturing in the bedrock of this region.

No field evidence was provided as to whether the altered amphibolites were
metamorphosed intrusions (sills) or foliated metabasalts. Further work needs to be
done on the textures of these rocks. The mica schists suggest that the
predominant sedimentary rock type in the area is a pelitic or psammopelitic unit
and this accords with the extensive denudation and peneplanation of the older rock
sequence.

In initial photointerpretations of the area it was thought that there could be a major
fault beneath the alluvial area just to the north of Koongarra Creek. No direct field
evidence for the fault was observed, but the major sliced-off fold structure seen on
the aerial photographs on the southern side of Koongarra Creek has been
confirmed with the available sparse outcrop. The proven sub-surface structure in
the drilled region about the orebody is discontinuous with this folded feature. The
postulated fault may have hydrogeological significance.

16



2.2.5 Discussion

The major aim of the investigation within the vicinity of the Koongarra deposit was
to carry out surface geological observations that mignt have a bearing on the
groundwater movement and weathering processes above the orebody. The
sandstone massif of the Kombolgie Formation with itc southeasterly dipping
bedding, well-jointed and faulted structure and inherent fracture porosity probably
acts as a reservoir for the steady migration of groundwater across the Koongarra
Fault and the orebody throughout the year. There are a number of surface
indications of an abundance of small fractures in the Cahill Formation and these
would facilitate the migration of grcundwater and the progress of deep weathering
in the area.

2.3 Lithology and Structure of the Koongarra Area

2.3.1 Lithological and structural setting of the deposits

The Koongarra uranium deposits are hosted by foliated metamorphic rocks that
have been lithologically correlated with the lower member of the Lower Proterozoic
Cahill Formation. The deposits lie close to the Koongarra Fault which has thrown
these older rocks up to the northwest against the Middle Proterozoic Kombolgie
Sandstone, a much younger unconformable unit. Arguments have been advanced
for this and other deposits in the Alligator Rivers uranium province to suggest that
the primary mineralisation was emplaced after the deposition of the Kombolgie
Sandstone (Maas, 1989). It has been claimed that some silicification of the
Kombolgie Sandstone has occurred across the Koongarra Fault adjacent to the
Koongarra deposits (Snelling, 1990). Such mineralisation is considered to be part
of the primary alteration halo surrounding the deposits, although evidence for the
alteration of the sandstone at Koongarra appears inconclusive.

The major unconformity between the complexly deformed and metamorphosed
Cahill schists and the relatively flat-lying Kombolgie Sandstone cannot be observed
in the immediate Koongarra area although it may have been penetrated by some
of the deeper drill holes near the deposits. However, excellent exposures of the
unconformity can be observed on the western erosional escarpment of the Mount
Brockman Massif, 3.5 and 4 km north and northwest of Koongarra respectively. At
these localities the unconformity is sharp and there is no evidence of weathering of
the underlying Cahill rocks before deposition of the overlying quartz sandstones
that contain few quartz pebbles. At Nourlangie Rock and beneath Koongarra, a
thick quartz pebble conglomerate forms a basal unit to the Kombolgie Sandstone,
suggesting that these areas were at a lower level than the unconformity exposures
referred to above, at the commencement of deposition of the Kombolgie sequence.

The lithology and structure immediately adjacent to the Koongarra deposits has
been studied not only by means of the meagre surface field observations and
some surface costeaning carried out during the initial exploration, but also using
information from 301 drill holes (Figure 2.6). In the present investigation there was
access to the original drill logs of these holes, the complete core of DDH53 and a
variety of selected samples from other holes, as well as material from some
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relatively shallow holes drilled during the progress of the current project. In the
current work, 20 vertical percussion holes have been successfully accessed using
borehole television (BTV) in the section in and immediately adjacent to, the
southwestern end of the main orebody. The BTV technique has proved to be
invaluable in connecting the scattered surface field observations with the structural
information still available for collection in the open drill holes, and has enabled the
development of a confident picture of the three-dimensional structure immediately
adjacent to, and southwest of, the main orebody.

Observations made on DDH53 core, in the BTV images and in ine few available
surface exposures indicate that most of the metamorphic rock units are schistose
and that this foliation is essentially parallel to lithological layering within the
sequence. This is to be expected in an area which is part of a structural province
where prograde metamorphism accompanied one or two early phases of isoclinal
folding of the Cahill lithological sequence (F1 and F2 of Needham, 1988). The
study of the orientation of schistosity surfaces at various levels in 20 vertical holes
using the BTV has provided evidence of a large F3 synform-antiform fold structure
to the south and southwest of the main orebody. This structure is illustrated
diagrammatically in the orthographic block diagram of Figure 2.7. The fold in the
schistosity is cylindroidal and has an average plunge of 12° to 73° (true) within the
investigated area, but the hinge line appears to be curved with a decreasing
plunge from about 18° near PH88 to about 5° near PH94. The fold has a
wavelength of about 400 m and an open to tight rounded style. The Koongarra
Fault bends near the main orebody to strike westsouthwest to become
approximately parallel to the axial surface of the synform.

The analysis of the percussion hole logs indicates that the quartz-chlorite schists
and the graphitic mica schists that host the orebodies in the sequence also follow
the course of this folded schistosity around the folds to the southwest of the main
orebody. This confirms the view that the schistosity that had texturally developed
near the peak of metamorphic temperatures was likely to be axial planar to earlier
isoclinal folds (probably F2).

2.3.2 Dolomitic unit

A number of percussion holes, 300-500 m to the southwest of the main orebody,
have intersected dolomitic marble at depth (for example, PH105, PH106 and
PH110-116). The area underlain by dolomite is sand-covered to a depth of 7-10 m
and the dolomite is deeply weathered and leached to clayey deposits to depths of
30 m or more. Drill holes PH105 and PH113 terminated in caves at about 25 m
depth. An outcrop of partially silicified dolomite was found near the channel of
Koongarra Creek, 650 m south of the southwest tip of the main orebody. A large
thickness of dolomite is indicated by the recorded thicknesses in the southwestern
percussion holes (up to 80 m) and by the large areal extent of the dolomite
occurrence. Towards the main orebody the dolomitic unit is overlain by
quartz-chlorite schists and the dolomite sinks to deeper levels as it plunges to the
east to form the core of the F3 antiform (Figure 2.7). Some isolated carbonate
blocks have been recorded in diamond drill holes penetrating into the Koongarra
Fault zone at depth, for example, DDH13 (110 m), DDH82 (105 m) and DDH4
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(120 m). These may be tectonic blocks detached from the main unit during the
fault displacement. Some drill holes to the northeast of the uranium deposits have
also penetrated carbonate rocks. This may suggest that the F3 fold hinge has
begun to plunge west here, and the dolomitic unit has begun to rise again towards
the surface.

Early company exploration and interpretation work was concentrated on the
structure of the area in the immediate vicinity of the ore deposits. The Noranda
interpretation invoked a series of steeply dipping cross faults to explain the
occurrence of dolomitic rocks along strike of the orebodies to the southwest. These
faults were projected across the Koongarra Fault from quartz-veined and
brecciated crush zones within the rugged outcrop of the Kombolgie Sandstone to
the northwest of the Koongarra site. The present mapping effort has not evoked
any evidence for cross-strike displacement of the main Koongarra Fault trace and
the distribution of lithological units within the Cahill Formation appears to be
adequately explained by the F3 folding now recognised. Diamond drill hole
intersections of the Koongarra Fault zone at depth, however, do suggest the
possibility of some cross faults that strike parallel to the Koongarra Fault.
Alternatively, irregularities in the Koongarra Fault orientation at depth may be the
result of late F4 kink folding that has been identified elsewhere in the Alligator
Rivers region, and may be associated with the intensive close-spaced fracturing
that seems to characterise the Koongarra area.

2.3.3 Lithological sequence at Koongarra

The picture that emerges at Koongarra is a lithological sequence that matches the
stratigraphic sequence claimed to characterise the lower member of the Cahill
Formation in other parts of the Alligator Rivers region (Needham, 1988). The
lowest unit is the dolomitic marble detected to the southwest of the main orebody.
This unit must be at least 80 m thick. In the lower sections of some holes (PH112,
PH116) tourmaline-bearing granitic rocks were intersected that may represent the
Nanambu Complex basement. Above the dolomite is a unit dominated by
quartz-chlorite schist which bends around the F3 folds to become the footwall of
the orebodies. This unit is estimated to be about 60 m thick.

The next units are graphitic quartz-chlorite schist and graphitic sulfide-bearing
muscovite-quartz schist that together are of the order of 30-40 m thick, and are
thought to influence the location of the uranium mineralisation. This unit in turn is
overlain by a garnet-mica-quartz schist, containing distinctive large garnet
porphyroblasts to several centimetres across that are largely retrogressed to
chlorite. The garnetiferous unit is of the order of 80 m thick and contains some
quartz-chlorite schist or amphibolitic layers. The uppermost unit at the Koongarra
site is a mica-quartz-feldspar schist containing some quartz-chlorite schist and
amphibolitic layers, and is at least 100 m thick.
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The original stratigraphic sequence can then be considered to have been a series
of bedded or layered units laid down on top of an ancient Archaean Nanambu
Complex granitic gneiss basement. The first unit consisted of a considerable
thickness of carbonate muds or algal deposits that were deposited in low relief
shallow shelf seas or tidal flats that at the time must have occupied a large tract of
the Alligator Rivers region. The thickness of the carbonate unit suggests a paucity
of terrigenous sand or silt input into the area at this time. Both dolomite and
magnesite are the major components of the unit and, by comparison with more
recent environments, an evaporitic facies has been suggested. The thick sequence
of quartz-chlorite schists that lie above the carbonate unit might be considered to
have been either magnesium-iron-aluminium-rich siliceous muds or the result of
degradation of extrusive basaltic products (flows, tuffs or sills). The uniformity of
texture and composition of these rocks favours the latter volcanic origin. The
foundering of continental crustai material and the development of deep fractures
able to tap mantle derived basaltic magma is a commonly observed scenario in the
early stages of formation of a sedimentary depository - in this case the Pine Creek
"Geosyncline". A scheme is suggested for the development of these quartz-chlorite
schists from an original basaltic parent below.

The following units of graphitic quartz-chlorite schist and graphitic muscovite-quartz
schist represent a progression into tuffaceous muds and more aluminous muds
following the initial phase of intense volcanic extrusion. The presence of graphite
may indicate a slowly precipitated contribution from organic matter that was not
overwhelmed by the influx of terrigenous mud. The overlying unit of
garnet-mica-quartz schist has a composition that is more typical of an aluminous
mudstone or siltstone and indicates an increasing contribution of terrigenous
material. The thick uppermost unit of mica-quartz-feldspar schist is a typical
product of terrigenous silts and sands that then came to dominate the depositional
environment of the region. At various levels within these upper units, layers of
quartz-chlorite schist or amphibolite may again represent the recurrence of basaltic
activity, either as basaltic flows or shallow intrusive sills. The fine-grained texture of
these rocks would seem to favour a fine-grained extrusive or shallow hypabyssal
primary volcanic rock.

2.3.4 Amphibolites and quartz-chlorite schists

Ferguson and Needham (1978) have described amphibolites from the Jabiru area
as being the metamorphosed equivalents of the Zamu Dolerite, a lower Proterozoic
preorogenic continental tholeiitic suite that was injected into the Pine Creek
Geosyncline sequence at certain preferred stratigraphic levels before the 1800 Ma
phase of regional metamorphism. The Zamu Dolerite suite generally occurs as
conformable intrusive tabular bodies, ranging from less than 1 to 300 m thick that
have been folded and metamorphosed along with the enclosing strata. The
regional metamorphism has converted the dolerites into amphibolites throughout
much of the South Alligator River region and the grade of metamorphism varies
from high amphibolite facies in the northeastern Oenpelli area, to medium
amphibolite facies in the Jabiru-Koongarra area, to lower grades to the west and
south. In the lower grade areas, such as Zamu Creek, relatively unaltered dolerites
are preserved.
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Ferguson and Needham (1978) demonstrated that the least altered dolerites have
a hypersthene-normative continental tholeiitic basaltic composition and that the
amphibolitic derivatives had a similar initial composition. They also recognised that
the amphibolites show partial or total replacement by quartz-chlorite rocks during
very low temperature retrograde metamorphism in certain restricted areas,
particularly in the vicinity of uranium mineralisation. Such replacement is
accompanied by a loss of the large weakly charged ions of calcium, sodium,
potassium, barium and strontium from the bulk chemistry.

Five specimens of amphibolite from various levels in inclined drill hole DDH98 were
available for petrological examination. Their main features are described in Table
2.1.

TABLE 2.1

PETROLOGY AND PETROPHYSICS OF DDH98 SAMPLES

Depth
(m)

84.9

91.0

94.7

108.1

112.9

Description

foliated amphibolite
(hornblende-plagioclase-quartz
schist)

altered amphibolite
(chlorite-plagioclase-quartz rock)

altered amphibolite
(chlorite-sericite-quartz rock)

foliated amphibolite
(hornblende-garnet-plagioclase-
quartz)

altered amphibolite
(chlorite-sericite-quartz rock)

Dry Bulk
Density*

9/cc

3.06
3.06

2.81
2.81

2.77
2.79

2.92
2.92

2.78
2.73

Mag. Vol.
Suscept.*
cgsxl O"6

(=Slx10'5)

112
121

59
67

68
64

96
387

69
69

Duplicate results from cylinders cut parallel and perpendicular to foliation
respectively.
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All samples show textural evidence of a medium-grained (0.2-2.0 mm) middle
amphibolite fades schistose ancestry. The least altered specimens (108.2 m and
137.8 m) preserve the high grade metamorphic mineralogical and textural features
of the middle amphibolite fades, and establish that few textural features of the
parent igneous (or tuffaceous?) rock have been preserved. The more altered
specimens (115.5 m, 120.4 m and 143.6 m) show textural features indicative of the
high grade metamorphic ancestry, but mineralogically these rocks have been
retrogressed to the lowest greenschist facies assemblage dominated by secondary
chlorite and sericite. Xenoblastic metamorphic quartz is the only high grade
metamorphic mineral to survive this retrogressive event.

The five specimens seem to be texturally and compositionally related. The high
grade metamorphic assemblage contains dominant deep green strongly pleochroic
hornblende and plagioclase (untwinned andesine) and lesser quartz and biotite
(pleochroic deep sepia brown to pale lemon), with minor iron oxide (ilmenite) and
apatite. Ilmenite is a common accessory component that may make up 1-2% of
both amphibolite samples and, as described by Ferguson and Needham (1978),
occurs as string-like aggregates up to 4 mm in length. In sections cut parallel to
the foliation these strings are sometimes seen to take the form of oval-shaped
rings and may be a mineralogical or textural remnant of the original igneous rock.
Specimen 137.8 m also contains minor xenoblastic garnet to 1.5 mm (probably
almandine) and larger plagioclase xenoblasts (to 2 mm). Ferguson and Needham
(1978) only recorded garnet-bearing amphibolites in the Oenpelli area.

In the more altered specimens the stumpy biotite flakes (to 2 mm) are partially or
totally pseudomorphed by green chlorite (pleochroic bright green to pale lemon),
and the hornblende (prismatic to 1 mm) is pseudomorphed by pale green chlorite
containing iron oxide and sphene dust. In the specimen from 120.4 m some
hornblende relicts are preserved in an advanced stage of alteration to chlorite, and
this observation confirms the belief that many of these altered chlorite-rich rocks
were once amphibolites before retrogression. Plagioclase (untwinned but weakly
zoned xenoblasts to 0.3 mm) has become clouded or totally replaced by
fine-grained sericite in these altered rocks.

The composition of these samples is not inconsistent with an original basaltic
igneous ancestry, but there are few textural features to give clues to the nature of
the original igneous parent rocks. The schistose textural features and lack of
twinning in the feldspar grains are indications of the maturity of the metamorphic
textures developed during the middle grade amphibolite facies metamorphic event
that initially affected these rocks. In the absence of epidote, prehnite, or any other
calcium-rich phase in these rocks, the retrogressive alteration event must have
involved the loss of calcium from the original amphibolite assemblages, but further
chemical investigations would need to be made to investigate any overall
compositional changes during retrogression.
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The amphibolites at Koongarra are intimately associated with quartz-chlorite rocks
of retrogressive origin and are considered here to occur as remnant lenses and
bands that have escaped the pervasive low grade retrogressive process.

Extensive amphibolite bands have been depicted on local geology maps at
Koongarra by Pedersen (1978) and Snelling (1990). The Northern Territory Power
and Water Authority considered that any amphibolites and their weathered
products would have exerted a major hydrogeological control on the site by
restricting fluid movement across strike, this argument being based on the
Authority's experience with the influence exerted by dolerites and amphibolites on
bore fields in the region. The origins, features and extent of amphibolite
occurrences are thus important considerations in characterising the Koongarra site.

A complete inspection of Noranda's drill logs was undertaken. The logs were
assessed with confidence as the Noranda log for DDH53 (for which complete core
is available) matched very well with subsequent University of Sydney inspections of
DDH53 core. These logs cover 120 inclined (50 degrees NW) diamond drill holes
and 181 vertical percussion drill holes. Of these 301 holes only 15 recorded
amphibolite in the vicinity of Orebody No. 1. These holes and the intersections of
amphibolite projected up dip to the surface are plotted in Figure 2.8 in which the
amphibolite-intersecting drill holes are marked with crosses. Up dip continuity has
been assumed, but this may not hold in many cases. Continuity along strike is very
conjectural, but the plotted occurrences in Figure 2.8 suggest sporadic
occurrences of amphibolite to the southeast and southwest of the orebody and
massive occurrences to the east of the northeastern tip of the orebody. The
amphibolites depicted in Figure 2.8 are far less extensive than formerly believed
and that the projected intersections from DDHs 50 and 98 lie within the dispersion
fan. Accordingly, it is considered that amphibolites do not have a significant
influence on southerly groundwater movements near the main orebody.

2.3.5 Discussion

The aim of this section has been to set the lithological and structural basis for the
characterisation of the Koongarra site. The extensive network of drill holes at the
site and the application of the BTV have enabled a unified and reliable picture of
the underground geology to be devised. Metamorphosed units within the lower
member of the Cahill Formation have been affected by map scale F3 folds at
Koongarra. The two orebodies that make up the Koongarra uranium deposit are
hosted by quartz-chlorite schists and graphitic quartz-mica-garnet schists of the
Cahill Formation that lie along a limb of the F3 structure. The Koongarra Fault is a
zone of reverse movement that brings the Cahill schists up into fault contact with
the unconformable Kombolgie Sandstone and forms the footwall of the ore
deposits. The primary mineralisation was accompanied by a great influx of
hydrothermal fluids that caused extensive alteration of the high temperature
metamorphic mineralogy of the Cahill schists to lower temperature retrogressive
mineral assemblages. A process is suggested whereby original basaltic or doleritic
units within the Cahill Formation, that had become amphibolites at the peak
conditions of metamorphism during the regional F2 deformation phase, were
retrogressed to the quartz-chlorite schists that host the ore deposits. Some isotopic
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data from earlier wo:- nat the mineralisation post-dated the
deposition of the Konfcas, 1987, 1989), and it has even been
proposed that the nates been derived by downward leaching
from the KombolgieSa:3i. The extent and penetrative nature of
the retrogressive alter?: :hists about the ore bodies, if caused
during mineralisation, irking a post-KomboIgie process.

The top of the No. 1 rounding metamorphic units have been
subjected to exposure r: =n economic uranium dispersion fan up
to 100 m wide has ber Jwater flow in the weathered zone that
extends 25-30 m belov.r.The occurrence at a depth of 25 m of
a thick dolomitic unit to:-site indicates the possibility of an easy
exit of groundwater fro- r. the present time or during extensive
periods of lowered se= stocene glaciation. The movement of
groundwater away frorcroosit along the hydrologica! gradient is
governed by fractures-id in the decomposed bedrock of the
weathered zone, as we tie weathered zone material. Fracture
analysis in the bedrock; DDH53 and using BTV images in other
holes, along with thesr^sical techniques has provided further
information.

3 FRACTURING ATOOSCOPIC EVIDENCE FROM A
DRILL CORE GEOTEC

Core from DDH53 to tr- of the Koongarra orebody was logged
geotechnically and insp-:% to identify fracturing. The core from
the hole is the only coir: available for inspection from any of the
120 angled diamond tr 3. The aim of the study was to try to
quantify the nature an: ng in this area and to endeavour to
ascertain the implication ,v of subsurface fluids, as the results of
laboratory tests can o- lix porosity (including microfracturing)
contribution to permeab •

The logging technique;' determination of the Rock Quality
Designation factor (RC'.-s rock quality or soundness from a
modified core recovery; pieces of core of length 10 cm or more
are measured. ROD is - core comprising lengths of 10 cm or
more expressed asaf;>ngth drilled. ROD analysis procedures
have been described t; •). Discussion on distinguishing natural
and induced fracturing r-ander et al (1990).

The inspection technique Dil-staining of polished rock specimens
to enhance the appeals to the naked eye and under the
microscope.



3.1 RQD Analysis

Rock Quality Designation (RQD) was determined by measuring the total cms of
sound core recovered in sticks over 10 cm length and dividing this figure by the
total cms in a drilled panel length. The drilled panel length considered was 76 cm
and the drilling techniques were assumed to be of good quality (otherwise RQD is
reduced).

Core breaks were registered by fractures, either natural or induced. Natural
fractures were valid core breaks for RQD determinations. Their recognition criteria
include smooth surfaces, coatings, and being oblique to the core axis. Induced
fractures were invalid core breaks and were ignored. Their criteria included hackly
surfaces that were clean and nearly at right angles to the core axis. Such fractures
may be induced by drilling, coring, or handling.

The results of the RQD analysis are summarised in Table 3.1 and Figure 3.1. The
RQD analysis clearly shows the extent of macrofracturing in DDH53 and the
relative soundness of the lithologies encountered even though RQD core analysis
may tend to overestimate the intensity of in situ fracturing.

The Kombolgie Sandstone has a good rock quality rating; it is inferred to be tight
at depth and to be the soundest of the lithologies. The quartz chlorite schists have
a poor rock quality rating which diminishes even further when graphitic
intercalations or beds occur in the sequence. The Koongarra Fault Zone and an
unnamed but significant fracture zone at 62.5 m have zero rock quality rating
indicating extensive macrofracturing. By definition the regolith, the weathered and
the transition zones, not being hard and sound, have zero RQD.

In the unweathered lithologies the RQD study corroborated the dominant
dip/foliation plane fracturing depicted in many Noranda cross sections; the extent
of cross fracturing (normal or subnormal to bedding and foliation) is finite but
minor. In the absence of oriented core or any identifiable lineations the attitude of
the cross-foliation fracturing cannot be quantified, but very limited field outcrop
evidence to the northeast of the orebody suggests that the cross fracturing is
vertical.

The implications of the DDH53 RQD macrofracturing analysis for the Koongarra
site in unweathered rock are:

i) extensive fracturing exists in the schist lithologies with a greater intensity in
the graphitic horizons;

ii) the deeper Kombolgie Sandstone appears to be sound and tight;

iii) major fracture zones other than the Koongarra Fault appear to exist in the
schists;
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iv) the more fractured zones would be expected to have enhanced hydraulic
conductivities;

v) cross-foliation fracturing does occur on a relatively minor scale;

vi) if the weathered zone inherited any fracture patterns it would be expected to
manifest somewhat enhanced hydraulic conductivities in such zones if they
are not in-filled with clay and debris.

TABLE 3.1

ROD ANALYSIS RESULTS, DDH53

Dominant Lithology

Regolith
Weathered Schists
Transition Zone
Mica-gn-py Qtz Chi Schist
Major Fracture (not incl Q vein)

Graphitic Intercalations
(Qtz Chi Sch)
Graphitic Qtz Chi Schist
Quartz Ch! Schist
Koongarra Fault
Kombolgie Sandstone

Core Length
(m)

0.0-6.1
6.1-24.4
24.4-30.5
30.5-62.5
62.5-70.1

70.1-93.0

93.0-114.3
114.3-167.6
167.6-179.9

179.9-188.7+

Depth
(m)

0.0-4.9
4.9-19.4
19.4-24.2
24.2-49.8
49.8-55.9

55.9-73.8

73.8-90.9
90.8-130.8
130.8-139.6
139.6-145.0

Average
RQD%

0
0
0
50
34

34

27
38
0

77

Geomechanics Classification:

ROD

0-25
25-50
50-75
75-90
90-100

Rock Quality

Very Poor
Poor
Fair
Good
Excellent

Groundwater inflow
(litre/min)

per 1 0 m tunnel Igth

>125 (flowing)
25-125 (dripping)
10-25 (wet)
<10 (damp)
0 (dry)

Uniaxial Compr.
Strength MPa

<25 (very weak)
25-50 (mod weak)
50-100 (mod strong)
100-250 (strong)
>250 (very strong)

SOUNDNESS OF KOONGARRA LITHOLOGIES (on basis of DDH53 analysis)

RQD: 77 50
Rock Type: Kombolgie> M-gn-py Qtz Chi Sch

38
>Qtz Chi Sch

34,27
> Graphitic
Schist
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3.2 Microfracturing

Seventy samples from DDH53 were selected to study the occurrence of
microfractures having widths typically between 10 and 100 microns. Artificially
polished surfaces were treated with penetrating oil and the visually enhanced
microcracks were then photographed. Forty-six crack thin-sections were made;
these had thicknesses of up to 90 microns (three times thicker than standard thin
sections). The hand specimen photographs and the crack section microscope
examination results were analysed and four parameters were used to describe the
microcracks - continuity, density (per cm2), pattern (intersections) and aperture
(crack width). Typically crack density varied between 0 and 8 per cm2; crack widths
were commonly 20 to 30 microns which exceed the nominal flow-threshold
crack-width of 10 microns. An inferred relative permeability index was calculated
based on the products of these four parameters; Table 3.2 presents the results of
this analysis with the relative estimates of microfracturing contributions to
permeability.

TABLE 3.2

MICROFRACTURE ANALYSIS, DDH53

Approx.
Inclined
Length

(m)

0.0-30.5

30.5-62.5

62.5-70.1

70.1-114.3

114.3-167.7

167.7-179.9

179.9-188.7

LJthoIogy

Weathered,
Transition Zones

Upper
Qtz.Chl.Schist

Upper Fault

Gr. Schists incl.
intercalated
Gr.Schist

Lower
Qtz.Chl.Schist

Koongarra Fault
Breccia

Kombolgie
Sandstone

Comments on
Cracks

Could not be
enhanced or
studied

Small,
discontinuous

Large, irreg.
clearly apparent

Large, reg.,
clearly apparent

Fine, discont.,
irreg.

Large, irreg.
clearly apparent

No microcracks
apparent

Number of
sectioned
samples

16

8

4

15

19

4

4

Relative
Micro

Permeability
Estimate

Low

Very high

High

Low

High

0
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Figure 3.1 Rock quality designation log of DDH53 at Koongarra. The analysis
was based on a detailed examination of diamond drill core.
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The fault zones and graphitic schists are estimated to have relatively high
microfracture permeability ratings with the quartz chlorite schists having a much
lower rating. The deeper Kombolgie Sandstone appears to be virtually devoid of
microcracks.

It should be noted that the materials used for laboratory permeability
determinations (discussed in Section 5) were cohesive and relatively sound. Many
of the materials subject to the fracture analysis could not be laboratory tested for
permeability owing to their condition. Accordingly the laboratory permeability results
should be regarded as minimum estimates of matrix permeabilities for the indicated
lithologies.

3.3 Discussion

The macro- and micro-fracturing studies indicate that fracturing, and presumably
permeability, are enhanced on large and small scales in the graphitic schists and
fault zones. It is expected that significant conduits for subsurface fluid flow should
exist in these zones. The weathered portions of these zones may manifest
enhanced hydraulic conductivities, but this would depend on the presence or
absence of alteration products. Cross foliation fracturing does occur and this
should permit some fluid flow normal to foliation and bedding strikes.

4 BOREHOLE TV INVESTIGATIONS IN THE KOONGARRA AREA

The Borehole Television (BTV) system contains a well logging probe with a built-in
miniature TV camera that can observe the inside wall of boreholes. BTV logging
has the capability to map the in situ orientations of fractures and faults and to
investigate the aperture width of fractures, features which are difficult to determine
from oriented core logging.

The aims of the BTV investigation were to map and characterise fractures in 22
boreholes around the southwest part of the No 1 orebody. The BTV logging can
provide geological as well as structural data; it may also permit inferences to be
drawn on groundwater flow.

4.1 Equipment

BTV equipment can be classified as two main types: an expanding type and a
non-expanding type. The expanding type can simultaneously obtain a magnified
image of the full borehole wall at one single time. Most BTV equipment currently in
use is of the expanding type. Three forms of expanded BTV have been developed
based on the use of a conical mirror, high speed scanning, and a mosaic image
(slow scanning).

The Koongarra study used the RAAX BIPS 300 (Borehole Image Processing
System 300), which is an expanding type with a conical mirror (Kamewada et al.,
1990). This system has a conical mirror to reflect a concentric circular image of the
whole of the surrounding borehole wall to a TV camera in the probe. The
outermost circle of the concentric circular image is sampled and digitally recorded
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on the CPU of a computer. The sampling time is synchronised to the rate at which
the probe is lowered. The digitised data is processed on-line and the concentric
circular image is converted into an expanded image which is shown on a VDU
monitor; the digital data are recorded onto magnetic tape in the field. This
particular type of BTV gives the fastest measurement rate (50 m/h) because the
equipment can obtain an entire image of the borehole wall without utilising
scanning. The measurement analysis procedure is shown in Figure 4.1.

4.2 Application

The Koongarra BTV logging program was planned for 22 boreholes and
successfully obtained data from 20 boreholes (Figure 4.1); no data was obtained
for C4 and C10, as both were collapsed below the casing. As a result of the BTV
logging, 931 fractures were surveyed in logging a total length of 469 m. The holes
logged were: C1 on Mine Grid Section 5804 mN; C2, C3, PH73, PH85, PH88 on
Section 5865 mN; PH61, C5, C6, M5 approximately on Section 5926 mN; C7, C8
on Section 5987 mN; M4 on Section 6048 mN; C9, PH58, PH94 approximately on
Section 6109 mN; and M1, M2, M3 on Section 6170 mN.

Fractures are defined by their orientations, continuities and aperture widths.
Following the field logging, fracture orientation and aperture analysis were carried
out in the laboratory. The term fracture is here broadly defined and includes joints
and faults (without veins) whose aperture size can be obtained from the BTV,
along with hair fractures (fractures which cannot be oriented because they are very
short and discontinuous).

Fractures were classified on the basis of being open or closed, continuity, and
aperture width. Three types are identified:

"Type 1" is closed and/or is a discontinuous fracture on the borehole wall; the
aperture is under 0.5 mm; the fracture may be non-planar.

"Type 2" is open and there is an almost continuous fracture on the borehole wall;
the aperture is under 0.5 mm.

"Type 3" is open and is a continuous fracture on the borehole wall; the aperture is
over 0.5 mm.

The resolution of the processed image is 0.5 mm compared to an actual image
resolution of 0.15 mm. The determined BTV aperture sizes should be regarded as
apparent and, while not necessarily absolutely accurate, the system should show
relative sizes quite well. The drilling process tends to expand the borehole wall
apertures and this leads to further uncertainty about the true aperture of an
undisturbed fracture.

The BTV also provides an opportunity to determine the in situ orientation of
lithological boundaries, rock fabric (schistosity or metamorphic layering) and veins
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Borehole Image 360 degrees image

DIP DIRECTION : A, angle from North clockwise, direction of down
dip azimuth (DDA); in this case, DDA is 000°
STRIKE: ±90°, in this instance, is 090°or 180°
DIP: tan'1 H/D. in this instance, dip is 45°
DIAMETER : D, distance B1 to B2, minimum width
±90° from point A
Note that the 'borehole image* is NOT the camera image, but an
Image of the outside view of the borehole.

Figure 4.1
a (top)
b (bottom)

The location of the 20 BTV-logged boreholes.
_ , , The borehole image on the left is a hollow three-dimensional sketch of a section
of a cylindrical borehole, diameter D, showing a planar structure A-B1-B2 dipping 40° to 000° (due
north). The cardinal directions north (N) and west (W) are indicated at the top of the sketch.
The 360 degrees image on the right is a flat view of the inside of the borehole, cut and unwrapped
from the south pole, as seen in the continuous BTV images. The cardinal directions are inserted at
the top of the sketch. The dipping planar structure is seen as a sine curve with the amplitude of the
curve being related to the dip of the structure, and the lowest point of the curve recording the dip
direction.
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Figure 4.2 This figure shows a short section of the 360° BTV image spanning the boundary
between the weathered zone and the transition zone over the depth range 23.0-25.0 in borehole
M3. In the weathered zone the aluminosilicate components of the rock are converted to clay, and
iron occurs in the ferric state that causes the rusty colour of the clay zone. Structures and textures
inherited from the original rock may be traced as ghost features in the weathered zone. The
boundary between the weathered and transition zones, at about 23.7 m, is well defined within an
interval of 100-200 mm. Cracks and open fissures in the transition zone show signs of advanced
oxidation and clayey alteration, but the rock between these fissures may be preserved more or less
intact and may show the various mineralogical, structural and textural features of the unweathered
rock.
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or planar intrusions. Oxidation products forming on the walls of old boreholes can
obscure some structural features and may make the recognition of individual
lithologies difficult.

4.3 Results

Sections of the BTV logs from holes M3, PH58 and PH61 are shown in Figures 4.2
and 4.3. Hole M3 images part of the weathered zone; hole PH58 illustrates the
Cahill Formation schistosity; hole PH61 shows a section through the Koongarra
Fault breccia.

4.3.1 Lithologies

Extensive drilling has established that the Cahill Formation and the Kombolgie
Sandstone are separated by the Koongarra Fault zone. The Kombolgie Sandstone
is well-exposed as sandstones at the surface to the north of the fault trace, with a
unit of quartz pebble conglomerate occurring at depth. This conglomerate is
exposed as a basal unit of the Kombolgie Sandstone at Nourlangie Rock to the
west and unconformably overlies the metamorphic schists of the Cahill Formation.
Because of poor exposure of the Cahill Formation at the Koongarra cite, most
lithologies have been identified from core logging. The major lithologies are
quartz-chlorite schist, graphite-quartz-chlorite schist, graphite-mica-quartz schist,
garnet-mica-quartz schist, mica-quartz-feldspar schist, dolomite and amphibolite.
The rocks are highly schistose and lithological boundaries generally seem to be
parallel to the schistosity. Quartz and quartz-carbonate veins are common on all
scales and there is abundant evidence in the core records for various scales and
degrees of folding and fracturing of all units.

Borehole television (BTV) logging is not a particularly suitable method for
evaluating lithologies because BTV images are susceptible to the conditions of the
borehole, and hence, in this study, the designated lithologies are nominal because
the distribution of lithologies in the borehole is usually decided on the basis of the
core logs (logged by previous workers).

The holes examined by the BTV at Koongarra belong to the C, PH and M series of
vertical percussion holes from which continuous core is not available. An attempt
to designate the lithologies in these boreholes using the BTV imagery is
summarised in Table 4.1. The lithologies in boreholes C1, C3, PH85, PH87 and
PH88 and the interval 24 to 50 m in PH94 could not be ascribed because the walls
were covered in red materials, presumably iron hydroxides. These observations
might indicate the flow of oxidised groundwater at the depths encountered.

Quartz chlorite schists and "amphibolites" make up 64 percent of the designated
lithologies. The "amphibolites" are regarded as mainly retrograde quartz chlorite
schists with relic amphibolitic texture. Graphitic, feldspar and garnetiferous
quartz-schists account for 6, 7, and 11 percent respectively of the total logged
lengths. The bulk of the BTV data relates therefore to unweathered schists of the
Cahill Formation. The reverse fault breccia, the Kombolgie Sandstone and the
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Figure 4.3 Segments of 360° BTV image illustrating planar structural features.

a Section from 34.6-36.0 m in borehole M4. This section shows striking visual contrasts between
schistosity parallel lithological laminations and layering striking NE and dipping SE at about 45°.
The upper part of the section consists of muscovite-chlorite schist containing a schistosity parallel
quartz vein. The lower part of the section consists of well laminated and layered quartz-muscov'rte-
chlorite schist.

b Section from 41.3-43.0 m in borehole PH58. The dominant schistosity in this section of quartz-
chlorite schist dips at a moderate angle to the south. Two thin quartz veinlets are shown, the upper
one dipping steep east and the lower one dipping moderately north. Structural features down to 0.5
mm thick can be resolved in the BTV images.
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upper and lower weathered zones make up only 6 percent of the logging and
accordingly relatively little information can be interpreted from the BTV imagery for
these important units. It is interesting to note that in borehole M3 rock in the
intensely weathered zone is weathered right through the rock matrix. In the lower
weathered zone, the rock is only weathered along fractures and these are
apparently filled with clayey materials. In PH61 the reverse fault breccia was
encountered between 81.9 and 85.9 m suggesting a true thickness of 2 m, if the
Koongarra Fault dips at 55°SE at this location.

4.3.2 Schistosity orientations

Regional studies in the Alligator Rivers Region have demonstrated that the Cahill
Formation has undergone four overprinted episodes of folding over the period
1870-1800 Ma during the "Top End Orogeny" and before the deposition of the
overlying Kombolgie Sandstone. The Kombolgie Sandstone generally only shows
evidence of faulting and mild tiltino of the original bedding structure (Needham &
Stuart-Smith, 1976; 1980; Needham, 1988). In the first two folding episodes the
Cahill Formation was isoclinally folded, and during the second of these episodes
the dominant fabric and schistosity structure seen in most rocks of the region
developed at upper amphibolite fades metamorphic temperatures. The third and
fourth folding episodes occurred during declining temperatures following the peak
metamorphic conditions. These later folds deformed the earlier schistosity and may
show more brittle character and be associated with retrogressive metamorphic
reactions.

In the rare exposures at the Koongarra site, in the drill core examined and in the
BTV images, the commonly observed parallelism of the schistosity and the
lithological boundaries is a reflection of the isoclinal folding that characterises the
first two folding episodes in the Alligator Rivers district.

The schistosity fabric is one of the more obvious structures to be seen on the BTV
images and the orientation of the schistosity was determined every metre in the
logged holes in and around the southwestern part of the No. 1 orebody. All
schistosity measurements that were made during the BTV logging have been
plotted in equal area stereographic projection in Figure 4.4. The figure shows that
over the area examined the schistosity planes are fairly low dipping and have been
cylindroidally folded about a mean axis plunging 12° to 73° (true). Two prominent
maxima on the stereogram represent two predominant limbs; one striking ENE and
dipping 45° S and the other striking SSE and dipping 13° E.

The measured orientations of the schistosity were found to be particularly uniform
in each separate hole (Figure 4.5), although the mean orientation of the schistosity
varies from hole to hole in a systematic way. Thus, even with the limited number of
holes examined, a macroscopic fold structure in the schistosity fabric, consisting of
an easterly plunging synform-antiform pair, can be mapped out hole to hole (Figure
4.6). When examined more closely this fold structure is seen to have a curved
hinge line with a decreasing plunge to the east, plunging from about 18° near
PH88 to about 5° near PH94. This is a major contribution by the BTV logging to a
better understanding of the structure of the Koongarra site.
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TABLE 4.1

NOMINAL LITHOLOGY DISTRIBUTIONS IN BTV-LOGGED BOREHOLES

BORE WZ LWZ RFB QChS GrQChS GrMOS CMOS •Am' MQFS KS

HOLE (m) (m) (m) (m) (m) (m) (m) (m) (m) (m)

Fe

C1
C2
C3
C5

C6

C7

C8

C9

M1

M2

M3

M4

M5

PH58

PH61

PH73

PH85

PH87

PH88

PH94

192-393

182-27.0

213-27.1

23.0 -27.2 275-35.6

35.6 - 38 3 333- 39.7

37.1-383 22.4-37.1

292-31.7 26.0-292

31.7-392

223-49.4

36.0-43.9

16.1-23.7 23.7-25.4 27JO -292 25.4-27.0

33.4-34.1 292-33.4

35.4-37.4 34.1-35.4

37.4-392

31.1-363 26.1-31.1

36.3-37.4

27.0-283 283-39.6

25.1 - 293 293 - 359

35.9-463 463-483

483-50.9 50.9-643

643-69.0 69.0-732

732-743 743-79.6

79.6-83.4 83.4-89.4

81.9-85.9 33.0-81.9

14.9-842

85.9-945

53.6-575 50.0-53.6
70.4-75.6 575-70.4

X

X

X

X

(24.5-50.0)

WZ : Weathered Zone

LWZ : Lower Part of trw Weathered Zone

RFB : Reverse Fault Breccia

OChS :Ouartz-Chlorite Schist

GrQChS : Graphite-Quartz-Chlorte Schizt

GrMOS : Graphite-Mica-Quartz Schist

CMOS : Garnet-Mica-Quara Schist

'Am" : "Amphibolite" - retrograde chlorite rich rocks with amphibolitic texture

MQFS : Mica-Quartz-Feldspar Schist

KS : Kombolgie Sandstone

Fe : Borehole wall covered with iron hydroxide • lithology obscured
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KOONGARRA SCHISTOSITY

MN

Equal Area

N = 295 •—| C.I. = 1.0%/1% area

Equal area plot showing best fit great circle with fold axis plunging t2° to 077°M.

MN

Equal Area

Figure 4.4 Stereoplots - Koongarra schistosity. Showing all planes measured using BTV.
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KOONGARRA SCHISTOSITY

Cl SOHSSTOSJTY
MN

C2 SCHSTCSTfY
MN

Equal Angle

Mean plane 03&29E, n=1

C3 SCHISTOSITY
MN

Equal Angle

Mean plane 081/425(7* circle for 95% confidence)
Fold axis 27'115. profile plane 205/63W. n=2

C6 SCHISTOSITY
MN

Equal Angle

Mean plane 002/25E (5° circle lor 95% confidence)
Fold axis 17'140. profile plane 230/73N. n=16

Equal Angle

Mean plane 139/19W (8* cirde for 95% confidence)
Fold axis 19*240. profile plane 330/71 E.n=23

C5 SCHISTOSITY
MN

Equal Angle

Mean plane 059/505 (12° circle for 95% confidence)
Fold axis 15'071, profile plane 161/75W, n=9

C7 SCHISTOSITY
MN

Equal Angle

Mean plaro 092/70S . n=1

Figure 4.5a Schistosity in individual boreholes (stereoplots).
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KOONGARRA SCHISTOSITY

C8 SCHISTOSITY
UM

C9 SCHISTOSITY
MN

Equal Angle

Meanplane (MaOlS(14"ardelof 95%confidence)
Fold axis 28'169, profile plane 259/62N, n=15

M1 SCHISTOSITY
MN

Equal Angle

Mean plane 081/31S (20° Circle lor 95% confidence)
Fold axis 4'253, profile plane 343/86E. n=15

M4 SCHISTOSITY
MN

Equal Angle

Mean plane 062M9S (4" Circle lor 95% confidence)
Fold axis 45'122, prolile plane 212745W, n=20

Equal Angle

Mean plane 07&67S (11* circle for 95% confidence)
Fold axis 66'154, profile ptene 244^4N. n=10

M3 SCHISTOSITY
MN

Equal Angle

Mean plane 070/5BS (17° circle lor 95% confidence)
Fold axis 35-226. prolile plane 316/55E, n=13

MS SCHISTOSITY
MN

Equal Angle

Mean piano 335/7E (4° circle lor 95% confidence)
Fold axis 7'064. prolile plane 154/83W, n=11

Figure 4.5b Schistosity in individual boreholes (stereoplots).
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KOONGARRA SCHISTOSITY

PH58 SCHISTOSITY
UN

PH61 SCHISTOSITY
UN

Equal Angle Equal Angle

Mean plane 05*455 (3* cirde lor 95% confidence)
Fold axis 27'089. prolie plane 179/63W. n=54

Mean plane 077/2BS (5° circle tor 95% confidence)
Fold axis 19718. profile plane 308/71N. n=25

PH73 SCHISTOSITY
MN

PH85 SCHISTOSITY
MN

Equal Angle Equal Amjle

Mean plane 290/34N (7° circle lor 95% confidence)
axis 29'059, profile plane 149/61 W. n=43

Mean plane 298/26N (23« circle lor 95% confidence)
Fold axis 20'349. profile plane 079/70S. n=4

Fold

PH87 SCHISTOSITY
MN

PH88 SCHISTOSITY
MN

Equal Angle Equal Angle

Mean plane 1B5/12W (22° circle lor 95% confidence)

Fold axis 6'332. profile plane 062/84S. rt--2
Mean plane 34&18E (6° circle lor 95% confidence)
Fold axis 16'100, profile plane 190/74W, n=16

Figure 4.5c Schistosity in individual boreholes (stereopiots).
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KOONGARRA SCHISTOSITY

PH94 SCHISTOSITY
MN

TOTAL SCHISTOSITY
MN'

Equal Angle

Mean plane 035/15E (10" circle lor 95% confidence)
FoW axis 2 '208. profile plane 298/88N. n=15

TOTAL SCHISTOSITY CONTOURED
MN

Equal Area

C.I. - 2 slgma

MEAN SCHISTOSITY OF 19 HOLES
MN

Equal Angle

Mean plane 060/26S (14° circle lor 95% confidence)
Fold axis 1V083. profile plane 173/79W. n=19

Equal Angle

Mean plane 051/24S (4° circle lor 95% confidence)
Fold axis 12'077, proiae plane 167/78W. n=295

TOTAL SCHISTOSITY CONTOURED
MN

Equal Area

N - 295 C.I. - 2 algma

Mean plane 051/24S (4° circle lor 95% confidence)
Fold axis 12'077. prolile plane 167/78W. n=295

MEAN SCHISTOSITY OF 19 HOLES
MN

Equal Angle

Mean plane 06W26S (12° circle lor 95% confidence)
Fold axis 11'083, prolile plane 173/79W. n=19

Figure 4.5d Schistosity in individual boreholes (stereoplots).
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Borehole PH61 appears to have penetrated through the easterly dipping
Koongarra Fault zone at depth and the BTV observations indicate that the
schistosity flattens with depth as the fault zone is approached (Figure 4.7). A
similar result is noted in borehole M1 where the schistosity has a lower dip than in
the more southerly holes M2 and M3 on the same 6170 mN section. This lowering
of dip may be related to reverse movement drag within the hanging wall schists
near the fault plane, and would be complementary to the uptilting of beds in the
Kombolgie Sandstone on the footwall observed in outcrops north of the fault.

During the exploratory percussion drilling in the west of the Koongarra site
metamorphic carbonate rocks (dolomite-magnesite) were commonly intersected
beneath the weathering zone and this was originally explained by introducing
northerly or north-westerly trending cross-faults separating the carbonate rocks
from the orebody sequence. The establishment of a large fold structure to the
southwest of the No 1 orebody by the BTV logging obviates the need for such
postulated faults (refer to Figures 2.2 and 2.7). Further assessment of the drill
records indicates that the dolomitic unit plunges to the east beneath the logged
holes, and that the graphitic units associated with the orebody horizons also follow
around the shape of the large folds in schistosity defined by the BTV work. This
confirms that the lithological unit boundaries are seemingly parallel to the
measured schistosity and that these units are likely to also plunge with the folds in
schistosity.

No boreholes to the northeast of the No. 1 orebody were available for BTV logging,
but the record of carbonate at depth in some of the exploratory holes in this region
suggests that the orebodies may lie close to the saddle of a doubly plunging F3
fold system, a broad structural correlation that has also been suggested for other
uranium deposits in the region. Taking this structural picture into account, the
upward coarsening nature of the Cahill Formation lithological sequence, from
carbonate muds at the base to quartzofeldspathic sands at the top as outlined in
Section 2.3.3, becomes clear.

Another feature of Figure 4.6 that requires comment is that the mean trends of the
schistosity measured in boreholes M1, M2, M3 and C9, in particular, do not seem
to agree with the measurements made at the surface in costeans. This situation
may arise from the presence of small low easterly plunging parasitic folds in the
schistosity on the northern limb of the major fold structure. The stereograms
showing schistosity measurements made in M1 and M3 (Figure 4.5) suggest
cylindroidal folding about a low or non-plunging ENE trending axis on the scale of
the individual holes.
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Figure 4.6 Plan view of folds in BTV-interpreted schistosity.
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4.3.3 Fracture densities

The number of fractures and their densities in the various boreholes and lithologies
are shown in Tables 4.2 and 4.3. The overall average fracture density is 2.0/m,
and this is made up of: type 1 fractures, 0.9/m; type 2 fractures 0.8/m; and of type
3 fractures, 0.3/m. In the unweathered lithologies, excepting the reverse fault
breccia, the graphite-muscovite-quartz schist has far the highest fracture density
(4.0/m). However, only a small interval in C9 was available for measurement. On
the other hand, the muscovite-quartz-feldspar schist and the Kombolgie Sandstone
have clearly lower fracture densities than the others (1.0-1.5/m). The other
lithologies show fracture densities ranging from 2.0/m to 2.5/m.

The graphitic-quartz-chlorite schist has more discontinuous and/or non-planar
fractures than other unweathered lithologies. In the limited logged lengths of lower
weathered zone and the reverse fault breccia, the fractures are also mainly of the
discontinuous and/or non-plane type, and the weathered zone appears to be
argillaceous. The fractures in these lithologies could not be statistically evaluated in
terms of their orientation, aperture width or other characteristics because of lack of
definition using the BTV technique.

A study of the distributions of fracture densities in various holes with lithology and
depth showed no obvious correlation of fracture density with depth, and therefore
no evidence for erosional unloading effects. However, too few opportunities were
available to make observations on the weathered zones where any correlation
between fracture density and weathering might have been detected.

Fracture density appears to be more influenced by location than by lithology. The
study of individual holes indicates that distinct concentrations of fractures and sets
of similarly oriented fractures may occur at certain local intervals and reflect the
presence of more intensely fractured zones within the rock mass. In some cases
the more fractured zones may be correlated between two or more holes. Such
fractured zones may indicate faults within the sequence, but no further evidence of
such faults has been found in the present study (refer to Figure 4.14).

4.3.4 Fracture apertures

It is difficult to measure the width of a fracture aperture in situ. Aperture widths
measured by BTV tend to be larger than those estimated from hydrological tests
for two reasons: the apertures at the borehole wall may be wedged open during
drilling, and the observed aperture widths on a BTV image will be apparent widths
unless the fracture plane is perpendicular to the borehole wall. The latter effect can
be allowed for once the fracture orientation has been determined, but the former
effect is difficult to assess.
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TABLE 42

FRACTURE NUMBER AND DENSITY IN BTV-LOGGED HOLES

HOLE

C1

C2

C3

C5

C6

C7

C8

C9

M1

M2

M3

M4

MS

PH58

PHS1

PH73

PH85

PH87

PH88

PH94

TOTAL

LOGGING

INTERVAL

22.8-24.4

19.2-39.8

17.1-20.4

18.2-27.0

23.0-39.7

21.3-27.1

22.4-38.3

26.0-39.2

22.3-49.4

36.0-43.9

16.1-39.2

26.1-37.4

27.0 - 39.6

25.1 - 89.4

33.0 - 94.5

14.9-84.2

19.6-39.8

22.2 - 36.5

22.7-42.7

24.6-75.6

LOGGING

DISTANCE

(m)

1.6

20.6

33

8.8

16.7

5.8

15.9

132

27.1

7.9

23.1

11.3

12.6

64.3

61.5

69.3

202

14.3

20.0

51.0

468.5

Average:

NUMBER

TOTAL

10

49

10

17

17

11

25

24

52

17

60

34

14

160

163

144

28

35

23

38

931

1

7

19

4

12

9

7

8

11

25

4

19

16

9

85

78

76

9

9

12

24

443

TYPE

2

3

19

6

2

6

2

16

7

25

10

33

16

5

48

67

48

13

22

11

9

368

3

0

11

0

3

2

2

1

6

2

3

8

2

0

27

18

20

6

4

0

5

120

DENSITY (NUMBER/m)

TOTAL

6.3

2.4

3.0

1.9

1.0

1.9

1.6

1.8

1.9

22

2.6

3.0

1.1

2.5

2.7

2.1

1.4

2.4

1.2

0.7

2.0

1

4.4

0.9

12

1.4

0.5

12

0.5

0.8

0.9

0.5

0.8

1.4

0.7

1.3

1.3

1.1

0.4

0.6

0.6

0.5

0.9

TYPE

2

1.9

0.9

1.8

02

0.4

0.3

1.0

0.5

0.9

1.3

1.4

1.4

0.4

0.7

1.1

0.7

0.6

1.5

0.6

02

0.8

3

0.0

0.5

0.0

0.3

0.1

0.3

0.1

0.5

0.1

0.4

0.3

02

0.0

0.4

0.3

0.3

0.3

0.3

0.0

0.1

0.3
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TABLE 4.3

NUMBER OF FRACTURES AND DENSITY IN NOMINAL LrTHOLOGIES

NOMINAL

LITHOLOGY

WZ

LWZ

RFB

QChS

GrQChS

GrMOS

CMOS

"Am"

MQFS

KS

DISTANCE

(m)

7.60

1.70

4.00

165.90

22.50

2.50

46.00

97.60

27.30

8.60

NUMBER

TOTAL

2

4

10

384

44

10

100

213

27

13

1

2

0

3

187

23

2

48

100

17

7

TYPE

2

0

4

7

147

13

6

34

85

8

5

3

0

0

0

50

8

2

18

28

2

1

DENSITY (NUMBER /m)

TOTAL

026

2.35

250

2.31

1.96

4.00

Z17

2.18

0.99

1.51

1

026

0

0.75

1.13

1.02

0.80

1.04

1.02

0.62

0.81

TYPE

2

0

2.35

1.75

0.89

0.58

2.40

0.74

0.87

029

0.58

3

0

0

0

0.30

0.36

0.80

0.39

029

0.07

0.12

TABLE 4.4

APERTURE SIZE AND TOTAL WIDTH OF APERTURE PER METRE IN THE NOMINAL LITHOLOGIES

LITHOLOGY

WZ

LWZ

RFB

QChS

GrQChS

GrMQS

CMOS

"Am"

MQFS

KS

DISTANCE

(M)

7.60

1.70

4.00

165.90

22.50

£50

46.00

97.60

27.30

8.60

APERTURE (mm)

TOTAL

0

200

3.50

151.00

23.50

5.00

53.50

79.50

13.00

3.00

TYPE

2 3

0

200

3.50

73.50

6.50

3.00

17.00

42.50

4.00

250

0

0

0

77.50

17.00

2.00

36.50

37.00

9.00

0.50

TOTAL

TOTAL

0

1.18

0.88

0.91

1.04

2.00

1.16

0.81

0.48

0.35

APERTURE /m

TYPE

2

0

1.18

0.88

0.44

0.29

1.20

0.37

0.44

0.15

0.29

(mm/m)

3

0

0

0

0.47

0.76

0.80

0.79

0.38

0.33

0.06
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It is only possible to measure Type 3 fracture apertures because the resolution of
the BTV image is 0.5 mm. The poorly continuous Type 1 fractures are assumed to
have zero aperture, while the continuous Type 2 fractures are defined as having a
maximum width of 0.5 mm.

Table 4.4 lists the aperture data for each lithology. The table suggests that the
weathered zone is exceptionally tight, while the most open lithology is the graphitic
muscovite-quartz schist. These results are subject to the fact that only short, and
possibly unrepresentative intervals, were measured in the intensely and partially
weathered zones, the reverse fault breccia, the graphitic quartz-chlorite schist and
the graphitic muscovite-quartz schist. The muscovite-quartz-feldspar schist and the
Kombolgie Sandstone are relatively tight rocks with aggregate aperture widths of
0.48 and 0.35 mm/m respectively. The other lithologies have similar aggregate
aperture widths averaging around 1.0 mm/m.

A consideration of the distribution of aperture widths with depth in the various
holes did not show any relationship between aperture width distribution and depth.

4.3.5 Fracture orientations and distribution

If a vertical borehole penetrates a body of rock containing randomly orientated
fractures the most commonly observed fractures would be horizontal, while the
chances of intersecting a vertical fracture would be very small if the average
distance between the fractures was considerably greater than the diameter of the
hole. A stereographic projection of poles of the observed fracture orientations
should be a centred symmetrical point maximum. In a real situation where
fractures are not randomly oriented there will be departures from this ideal point
maximum pattern.

Figure 4.8 shows a lower hemisphere equal area stereographic projection of the
poles of all fractures measured in the 20 holes examined by the BTV near the
western end of the No 1 orebody at Koongarra. While steeply dipping fractures
were rarely observed, there is a pronounced departure from the ideal symmetrical
pattern to be expected from a random orientation distribution. There are notably
few near horizontal fractures. The principal maximum in the northwest quadrant of
the projection reflects a predominance of fractures dipping at moderate angles to
the southeast that are approximately parallel to the Koongarra Fault. Other
subsidiary maxima in the plot outline two crossed girdles that pass through the
principal maximum.

Figure 4.9 shows stereograms for fractures from the whole area subdivided into
the three fracture types. Type 1 (discontinuous) and Type 2 (continuous) fractures
show remarkably similar patterns of pole distribution involving a broad weak
maximum in the northwest quadrant with emerging crossed girdle features. Type 3
fractures, having measurable apertures, show a marked strengthening of the
maximum in the northwest quadrant and lesser scattered indiscriminant maxima.
The stereographic projection of all vein poles indicates an even greater
strengthening of the maximum in the northwest quadrant suggesting that many
veins lie sub-parallel to the Koongarra Fault. Seen together, the stereographic plots
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of the four elements suggest a progression in pattern development from Type 1
fractures to Type 2 fractures, to Type 3 fractures, to the veins. Certainly the Type
3 fractures are most closely allied to the veins and it mcy be that some of these
more open fractures were carbonate veins that have dissolved in the groundwater
at the borehole walls since the time of drilling of the holes.

The two stereograms in Figure 4.10 show the result of a subdivision of all fractures
into eastern and western groups. The eastern group contains information from
boreholes lying close to and down dip of the No 1 orebody and the western group
contains information from boreholes off to the southwest. These stereograms
indicate two distinct orientation patterns: the eastern group show a pronounced
point maximum of poles in the northwest quadrant that coincides with the pole to
the Koongarra Fault plane, indicating a family of fractures parallel to the Koongarra
Fault; the western group contains few fractures parallel to the Koongarra Fault but
instead shows a near conical distribution of poles.

The further subdivision of the three fracture types and the veins into the eastern
and western groups (Figure 4.11) confirms the significant differences between the
orientation patterns of these two groups. For the eastern group a large proportion
of all types of fractures and veins are sub-parallel with the Koongarra Fault, while
the western group show a more dispersed orientation involving a sub-conical
distribution of poles. The western group of veins show a cylindroidal distribution of
poles, suggesting an easterly plunging fold axis and general conformity of the
veins with the schistosity at Koongarra. Remarkably few horizontal or near
horizontal fractures or veins were measured.

The significance of the fracture analysis in the present study is the concern that
open fractures may act as channelways for the movement of groundwater. Visible
proof of this is provided in the lower weathered zone where oxidation and
weathering processes begin along the fractures. For a body with interconnected
fractures the most favourable groundwater paths would be provided by the most
common intersection lines between fractures. These intersection lines have been
calculated for the various planar elements measured at the Koongarra site (Figure
4.12). Figure 4.12a shows the orientations of the intersection lines for all fractures,
fractures of types 1, 2 and 3, the veins, the schistosity, and drag folded beds in the
Kombolgie Sandstone adjacent to the Koongarra Fault. The veins and the
schistosity may be considered to be relatively tight structures, and the intersection
lines for the schistosity are really calculated fold axes rather than actual schistosity
intersections. The mean intersection lines for the fractures are sub-horizontal and
show a very confined ENE-WSW trend. When the intersection lines for the eastern
and western groups are calculated separately (Figure 4.12b), however, there
appears to be a fall of a few degrees to the southwest, and therefore a potential
for groundwater flow in this direction.
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KOONGARRA FRACTURES
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Figure 4.8 Lower hemisphere equal area stereographic plot of the 924 poles to all
fractures measured in the 20 vertical percussion holes at Koongarra.
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Figure 4 9s Slprpoplols All Type 1 fractures measured using the BTV technique Figure 4 9b Stereoplols • All Type 2 Iractures measured using the BTV technique
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Figure 4 9c Stereoplots • All Type 3 Iraclures measured using the BTV technique Figure 4 9d Stereoplots • All veins measured using the BTV technique



KOONGARRA FRACTURES

Eastern Group {C7, C8, C9,58.94, M4. M1. M2,
MN

Equal Area

N = 421 ' r— C.I. = 1.0%/1% area

Mean intersection of fractures shown with star plunging 4° to 234°M.

Western Group (C2, C3. 73, 85. 87, 88. C1, 61, C5, C6, M5)
MN

Equal Area

N = 503 -—| -^ C.I. = 1.0%/1% area

Mean intersection of fractures shown with star plunging 2° to 038°M.

Figure 4.10 Stereoplots - Koongarra fractures - east and west divisions.
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INTERSECTIONS OF PLANES
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Equal Area

Figure 4.12a Mean poles of intersection of fractures Type 1 ( F1,1°-233°), Type 2 (F2,
4°-228°), Type 3 (F3,5°-066°), total fractures (FT, 2°-231°). total veins (VT, 32°-096°),
schistosity (SF, 12°-077°) and fold axis in Kombolgie Sandstone near the Koongarra Fault
(FA, 5°-067°).

MN

Equal Area

Figure 4.12b Mean poles of intersection of fractures t\nd veins divided into eastern and
western groups: Fractures; Type 1 ( F1E, 1°-237°; F1W, 2°-035°), Type 2 (F2E, 7°-232°; F2W.
1°-218°), Type 3 (F3E, 10°-222°; F3W, 6°-293°). Veins (VE, 47°-108°; VW, 20°-116°)
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The fracture orientations within individual boreholes vary in a systematic way in
concordance with the orientation of the schistosity. Rgure 4.13 shows rose
diagrams of the fracture trends for individual boreholes. Three sub-areas can be
discerned. At the western end of the No 1 orebody (M1-M4, C8, C9, PH58) the
fractures show a prominent southwest trend. South of the orebody (M5, C6, PH85,
PH87, PH88, PH94) the prominent trend is north-south. To the southwest of the
orebody (C2, C3, C5, C7, PH61, PH73) the trends are variable. This pattern
generally agrees with that of the schistosity variation (Figure 4.6). Given a gentle
south to southeast dipping ground surface, the movement direction of groundwater
in the near surface zone is expected to be modified by the predominant schistosity
and fracture trends. The trend of the fractures also agrees with the draw-down
cones resulting from pumping tests in various boreholes (Morris, 1989; Marley,
1990), and it appears that the direction of groundwater flow is dependent on the
fracture directions.

The shape of the draw-down cones and the groundwater flow direction may also
be affected by variations in fracture intensity. Figure 4.14 shows the fracture
densities measured from each of the boreholes. An area of low fracture densities
is located south of the orebody, including boreholes C6, PH94, M5, PH85, PH88.
The average fracture densities of these boreholes are below 1.5/m.

The Koongarra Fault plane, as determined close to the BTV measurement site,
has been plotted in Figure 4.15. All calculated intersection lines for the various
measured planar elements from Figure 4.12a lie close to this plane, suggesting
that all these structures may be related to strain associated with movement on the-
Koongarra Fault. This view is supported by the facts that fracture densities are
greater nearer the Koongarra Fault and most fractures and veins nearer the fault
are sub-parallel to it.

When the schistosity and fracture orientations in each individual borehole are
compared it is apparent that the most common fractures are usually parallel to the
schistosity, with a second concentration of fractures with the same strike but with a
dip opposing that of the schistosity. This correlation suggests that the schistosity
has a strong influence on fracture orientation. The likelihood of various ages of
fractures, including fractures that already existed before the Koongarra Fault
appeared, remains an unsolved problem. It can be observed in the core of DDH53
that there are several generations of cross-cutting quartz and carbonate veins,
some being more folded than others. It is possible that some fractures, too, have
been folded along with the schistosity.

4.3.6 Fractures in the weathered zones

Most of the BTV observations were made in unweathered rock below the casings
that covered the weathered and transition zones, except in borehole M3 where an
interval from 16.1 m - 25.4 m was available for study. This depth section in M3
may not be typical of the whole site. Figure 4.2 illustrates the boundary between
the weathered and the partially weathered, lower weathered zone at a depth of

62



Figure 4.13 Rose diagrams of fracture trends from the BTV data.

I191©"

J3CXX-

Figure 4.14 Fracture densities in individual boreholes, data were derived from the
BTV logs.
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Figure 4.15 Stereogram showing the same intersection lines of fractures as Figure 4.12a,
with a great circle inserted representing the orientation of the Koongarra Fault (strike 060°,
dip 62° S) adjacent to the No 1 orebody.

about 24 m. The weathered zone is seen to be developed right through the rock to
produce clayey material with a banded structure pseudomorphing the original
schistosity. There are no visible fractures within the weathered zone.

In the upper part of the lower weathered zone the rock is weathered along many
non-planar and discontinuous fractures and some more continuous fractures are
filled with clayey materials. The discontinuous fractures appear to decrease in
number with depth in the lower weathered zone, while the continuous and more
open fractures increase in number with depth. Close to the boundary between the
lower weathered zone and the unweathered zone the density of the continuous
fractures is the greatest, suggesting that the lower section of the weathered zone
in borehole M3 may have the highest potential for groundwater conductivity.

4.3.7 Discussion

The fracture and aperture densities observed in the BTV deserve further comment.
The fractures appear generally to be tight or tend to tightness as 87 percent of the
fractures observed are Type 1 and 2. Only 13 percent of all fractures are Type 3,
but this could be quite significant for groundwater movement and some of the Type
2 variety may be important too.
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The bulk of the schist mass appears to have a fracture spacing of about two per
metre. In Brown's (1981) classification this would be regarded as moderately
spaced fracturing.

In a summary of published works on natural fracture widths Nelson (1985) reported
a range from 0.01 to 0.5 mm with most around 0.1 or 0.2 mm. It would appear that
the BTV can recognise but not resolve the most commonly occurring fracture sizes
with which significant permeabilities may be associated. Brown (1981) classes
openings less than 0.5 mm wide as "closed" features. However, various published
theoretical charts (e.g. Nelson, 1985) show that fracture apertures of 0.001, 0.01
and 0.1 mm correspond respectively to tight matrix, marginal flow and reasonable
flow conditions. Trimmer et al. (1980) demonstrated in a laboratory study that
fractured gabbro with apertures ranging from 0.01 to 0.04 mm gave rise to
permeabilities in the 10 to 100 md range. Snow (1968) in a study of fractures at
dam sites encompassing a variety of lithologies, including schists, calculated the
ranges of fracture openings and spacings. He estimated apertures ranging from
0.075 to 0.4 mm in the upper 9.1 m compared to a range of 0.05 to 0.1 mm in the
15 to 61 m depth zone; spacings exceeded 1.2 m at 1.5 m depth and ranged up to
4.3 m at 92 m depth. This diminution of spacing with depth is not apparent at
Koongarra. Snow's aperture sizes and spacings were calculated from in situ
permeability tests assuming parallel planar fracturing. He observed that neither
fracture spacings nor apertures were notably different from one rock type to
another.

In recognising Type 2 and 3 fracturing in the first few tens of metres of the
unweathered schist at Koongarra, the BTV has indicated that the Cahill Formation
is moderately fractured on a mesoscale and that there is a likelihood of significant
fracture permeability even although the finer commoner apertures cannot be
resolved.

It is also interesting to note the similarity in fracturing parameters for the quartz
chlorite schists and the "amphibolites"; this further indicates the essential affinity of
these two logged lithologies.

4.4 Conclusions

At Koongarra the BTV technique has demonstrated great potential for the
investigation of the in situ orientation of structural features in old percussion drill
holes. Lithological determinations have to be supported with the drilling logs, but
the orientation and width of visible structural features can be determined using the
BTV accurately and with confidence.

The weathered and lower weathered zones, the major zones of interest in this
project, were unfortunately only available for study in one borehole, so the
observations made need to be applied cautiously. However, the results have been
rewarding in the study of the deeper unweathered zone. The structure of the rock
mass to the south and southwest of the No. 1 orebody has been defined in some
detail. A large synform-antiform fold system in the schistosity and parallel
lithological boundaries has been identified, and a clearer explanation for the



occurrence of dolomitic rocks to the southwest of the orebody has emerged. The
study of fracturing using BTV has confirmed the drill log records indicating
increased fracturing nearer the Koongarra Fault. Measurements of fracture
orientations indicate a predominance of fractures orientated sub-parallel to the fault
near the fault and distinctly different patterns of orientation away from the fault.
Some fractures appear to be related to the orientation of the schistosity. In the
upper zones water transport may occur along suitable fractures but none were
delineated in the only hole (M3) studied. As water movement has occurred and
does still occur in the weathered zone presumably this takes place largely by
matrix flow.

The delineated fracturing indicates the likelihood of significant localised fracture
permeability in the unweathered schist, but on the basis of the BTV, little can be
said about likely permeabilities of the weathered zones.

5 PHYSICAL PROPERTIES OF KOONGARRA ROCK UNITS

The aims of the physical property testing were to obtain direct and indirect
information of the physical character and fabric of the subsurface materials
particularly of the weathered zone and its contrasts to other rock types.

At the microscopic or core scale a program of laboratory testing was undertaken
on 25 and 37 mm diameter cored samples to characterise physically the mass,
magnetic, electrical and acoustic properties of a range of cores from important
lithological units. There were 306 cores tested from 21 diamond drillholes and 8
cable tool drillholes. The samples were taken from the zones listed in Table 5.1.
The term "zone" refers not only to lithology but to the system which resulted in the
subdivision of zone A. The locations of the sampled drillholes are shown in Figure
5.1. It will be noted that most of the available samples came from the central and
south regions of the site. Samples from the highly weathered zone A have been
subdivided into two categories - A1 and A2. Zone A1 comprises a more recent set
of 150 mm diameter tube samples from 1988 vertical cable tool drilling in the M
and W hole program. Zone A1 samples are generally more argillaceous than the
A2 samples. The main clay mineral is kaolinite occurring as a minor fraction while
quartz, mica and other mineral fragments constitute the bulk of the material in the
highly weathered sections. Zone A2 comprises samples from an older set of intact
diamond drill cores from the early seventies exploration drilling. The A2 samples
have been exposed to aeration and oxidation conditions for a relatively long period.
The diamond drilling technique was not as successful in recovering the softer
kaolinitic materials so the samples are biased towards the more cohesive and
sounder rocks. The reverse fault breccia was encountered in some drillholes but at
the scale of sampling either pieces of Kombolgie Sandstone or Cahill Formation
were recovered, generally the former.
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Figure 5.1 Locations of earlier exploration (DDH) and later (W, M) assessment Koongarra
boreholes sampled for petrophysical testing.

TW3LE51
PETROPHYSICAL SAMPLING ZONES

ZONE

A

B

C

D

E

Llthology

highly weathered schists ol the Lower Proterozoic Cahill Formation
Al * M and W senes holes, lube samples

A2" diamond dnl hote samples

lower weathered iransitonar zone ol Cahill Formation

unweathered schists ol the Cahill Formation
C1 quartz-mca-chbrJe schists

C1a sfciied schists

C2 graphic scrtsts

C3 arrphboites

Middle Proterozoic Kombolgie Sandstone
(and some reverse fault breccia samples)

Quaternary lemcretes (magnetic tests only)

• Zone A1 sampling was earned out by cable tool drilling In 1988, and the
relatively Iresh material is more argillaceous Ihan the Zone A2 DDH materials Irom
the 1970's drilling program, whch also provided the Zone B, C, D materials
"Zone A2 sampling lavoured the more cohesive, consolidated materials : the
sampled materials may not be as representative as A1 .

Number ol
Samples

("6)

64

52

16

(129)
111

4

6

8

42

3

Total : 306
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There is other bias evident in the sampling. For the weathered zone the M and W
holes were located in the central and southeastern parts of the site while six of the
sampled diamond drillholes (# 50, 53, 74, 86, 107, 119) were located mainly to the
south. Most of the unweathered schist samples came from six diamond drillholes
(# 50, 53, 67, 86, 98, 119) located mainly to the south and southeast. The BTV
logging (Section 4) was undertaken in the central, west and far south parts of the
site with 53 percent of the logging carried out to the west and far south in regions
that were not petrophysically sampled.

5.1 Laboratory Techniques

The petrophysical measurements were carried out in the Petrophysics Laboratory,
University of Sydney, except for the mercury injection tests where nine samples
were measured in ANSTO's Advanced Materials Laboratory at Lucas Heights.

5.1.1 Mass properties

Density, porosity and permeability measurements were made according to
procedures outlined by Emerson (1990). Test cores of varying lengths averaging
about 50 mm, were cut, where possible, in directions parallel and perpendicular to
the sample core axes, ie. approximately normal and parallel to the foliation.

Mass properties provide information on: mineral and rock type and rock condition,
through the dry bulk density; void space, through the porosity; and matrix fluid
flow, through the permeability. Masses were measured on electronic balances
accurate to 0.01 g. Volumes were determined, after sample saturation, by
immersion using Archimedes Principle, or by mensuration in the case of poorly
cohesive materials. The porosities were determined by 100 psi (6895 kPa) helium
injection and/or water imbibition - vacuum saturation techniques for the apparent or
fluid accessible porosities. For the clayey materials total porosity values were
obtained by oven baking to 110°C. Some unsuccessful experiments were carried
out to determine the specific yield or effective flow porosities of the weathered
zone samples. Permeabilities were measured with the test cores circumferentially
clamped by a 100 psi (6895 kPa) pressured rubber sleeve while air at 20 psi
(137.9 kPa) was forced along the test cores' axes. This relatively high pressure
technique did not work well on the clayey semi consolidated weathered materials
with their slow transmission rates, so water was used as the fluid and the
circumferential pressure lessened considerably in larger specimens with 38 mm
diameter. Intrinsic permeabilities in darcy units have been cited in this study; 1
darcy = 0.84 m/d for water at 20°C.

The mercury injection technique measures the void volume characteristics of pores
in the 0.01 to 360 ^m range by injecting mercury in sequential pressure steps up
to 60,000 psi (413.7 MPa). A suite of nine samples was tested on ANSTO's
Micromeritics apparatus.
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Errors in mass-properties are due to mass, length, cross-sectional area and fluid
flux determinations. Overall, tor the consolidated rocks, the mass-property values
are considered to have an accuracy of better than one percent; accuracies would
be less for the easily deformed and abraded clayey specimens, especially in the
water permeameter tests where a figure of ten percent would be reasonable.

Air permeabilities may be reduced to water permeabilities by appropriate empirical
multiplication factors ranging usually from 0.1 to 0.9. The factors depend on the
amount of rock-fluid interaction and involve water salinity, amount, distribution,
mechanical stability and type of clay present (Amyx et al., 1960). At Koongarra up
to about 10 to 20 percent of relatively inert kaolinite may occur in the weathered
zone.

5.1.2 Magnetic properties

Magnetic volume susceptibilities were measured in cgs x 10"6 (S! x 10~5 approx.) on
a dual frequency Bartington susceptibility bridge operated at 430 Hz and 4.3 kHz.
The exact SI values may be obtained by multiplying the cgs values by 4n. As the
frequency dependence was generally negligible, less than one percent, the low
frequency susceptibility values have been cited. These are very accurate, being
calibrated on the diamagnetic response of water and the paramagnetic responses
of a range of calibration samples checked at other laboratories. Susceptibility is a
dynamic magnetic property; induced magnetisation magnitude in jiG (mA/m, SI)
may be obtained by multiplying the susceptibility by the intensity of the earth's field
(nominally 0.5 Gauss cgs; 50,000 nT, SI). The static magnetic property of natural
remanent magnetisation (NRM) was measured in a Molspin spinner magnetometer
which could be read to 0.1 piG (mA/m, SI).

Clark and Emerson (1991) have reviewed susceptibility and NRM ranges in rocks
and minerals and magnetisation measurement techniques.

5.1.3 Electrical properties

Complex electrical resistivity measurements were made from 0.1 Hz to 1 kHz and
up to 10 MHz using four and two electrode water bath techniques (Emerson,
1969). To minimise surface conduction, core samples were silicone potted, and
then vacuum saturated with a 63 ohm m (20°C) Mg(HC03)2 solution to
approximate the Koongarra groundwater chemistry. Resistivity, in ohm m, and
phase lag, in milliradians (1° = 17.45 mr) were measured at low current densities
(2 x 10-3 amp/ m2) using a computer driven Solartron 1250 Frequency Response
Analyser with very high (109 ohm) input impedance amplifiers, up to 1 kHz and
with HP 4274A and 4275A LCR Meters up to 100 kHz and 10 MHz respectively.
Samples were tested fully saturated with water; partial water saturations and dry
tests were not carried out.

Errors in these tests vary with frequency. At the low frequencies the repeatability of
most measurements was better than ten percent; at the intermediate and high
frequencies the repeatabilities were better than five percent. Accuracy is assumed
to be quite good overall and any errors would be ascribed to temporal changes in
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the response of minerals manifesting redox or ion-exchange properties and to
incomplete saturation of the cores.

5.1.4 Acoustic measurements

Water saturated core samples were placed in a uniaxial press and a 5 kN force
applied parallel to the core axis to simulate in situ loading of about 0.025 MPa/m
and to close microcracks and fissures induced by sampling. Compressional wave
(P) velocities were measured by commercial 200 kHz and 500 kHz transducers,
one connected to a pulse generator transmitter and the other to an oscilloscope
receiver. Transit times were measured to a tenth of a microsecond and velocities
determined to an accuracy of better than five per cent by considering the core
length. The wavelengths of the impressed acoustic waves varied from 0.2 to 2.5
cm depending on specimen velocity. Ideally the diameter of a tested specimen
should exceed its length and the diameter should also exceed the wavelength to
obtain a good compressional wave signal. Although these conditions were not met
owing to the fixed geometry of the cores, velocity tests on large blocks of similar
materials from which 25 mm diameter cores were subsequently cut and tested did
not reveal any deleterious velocity effects due to core geometry. So the velocities
recorded for the Koongarra suite are regarded as reasonably accurate (better than
10%) and representative of the zones.

5.1.5 Relevance of results

Core tests on quite small volumes of material determine the matrix characteristics
of that material. Sufficient samples will permit the identification of heterogeneity
and anisotropy but only at the scale of the core. The core's "radius of investigation"
is quite small when compared to the radii of investigation of surface and
subsurface geophysical techniques and to the diameter of influence of dynamic
geotechnical methods such as pumping tests. Both the geophysical and the
geotechnical field tests sense the responses of large volumes or arrays of blocks
separated by discontinuities such as shears or joints; the core tests determine the
blocks' characteristics. Macrofracturing such as occurs in sheared and brecciated
zones cannot be adequately core-sampled for petrophysical testing, although ROD
analysis is possible. However, core data do provide detailed base information on
the bulk of the material sampled and do give an indication of the extent of
fracturing when considered with auxiliary geological, geophysical and geotechnical
data. For example a comparison of electrical or seismic field data with laboratory
resistivities or acoustic velocities can provide an estimate of in situ fracturing. Both
the electrical and acoustic measurements were carried out on fully water saturated
core samples. At Koongarra the water levels are at about 10 m depth near
Koongarra Fault and at about 5 m depth further to the southeast towards the end
of each year. After responding to the wet season rains the water rises to very near
the surface. The condition of 100 percent subsurface water saturation in the cores
will then be appropriate in the geophysical interpretation given that the first few
metres of sands and scree were not sampled for petrophysical study.
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There is very little infoimation available about specific yield - the important part of
total porosity in hydraulic studies. In this study it was necessary to make empirical
estimates of yield.

5.2 Experimental Results

The laboratory petrophysical data are summarised in Table 5.2 where averages
and ranges of values are presented. Histograms of physical property values are
given in Rgures 5.2, 5.3, 5.4, 5.5, 5.6, 5.14 for density, porosity, permeability,
magnetic susceptibility, electrical resistivity and acoustic velocity. Complex
resistivity spectra for some samples from the A1, A2, B, C and D zones are
presented in Figures 5.7 to 5.13.

5.3 Discussion of Results

The set of 306 samples was tested from 29 drill holes out of the total of 301 major
holes drilled at Koongarra. The volume of sampled material was quite small (tens
or hundreds of cm3) compared to the subsurface volume being investigated.
Nevertheless, the coverage and spread of data are considered reasonably
representative of the matrix materials in the four main subsurface zones - A, B, C
and D.

5.3.1 Density

Mean dry bulk densities of 1.61, 2.21, 2.48, 2.72, 2.72, 2.97, 2.61 g/cm3 (Vm3)
have been determined for the A1, A2, B, C1, C2, C3 and D zones respectively.
The dry bulk densities are distinctive for the weathered and unweathered zone
lithologies.

The very low density of the clayey zone A1 is a consequence of weathering,
alteration and very high porosity; the intermediate densities of the A2 and B zones
are due to weathering and high porosities.

The densities in the C zones are typical of low porosity schists having the
mineralogy encountered at Koongarra; the amphibolites reflect the more mafic
mineralogy; and the Kombolgie Sandstone values typify its quartz composition and
low porosity and the effects of silicification. The reverse fault breccia (Zone D)
samples have, as expected, an average density similar to the Kombolgie
Sandstone. In the Kombolgie Sandstone group the lower densities were obtained
from shallow-depth weathered specimens and the higher densities from deeper
samples. These sampled materials are micro-fractured and represent
macrofracture infill material - not the whole fracture zone. Only a small number of
graphitic schists were available; their average densities are similar to the other
schists indicating minor amounts of relatively low density graphite (2.2 g/cm3).
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TABLE 52
SUMMARY OF PHYSICAL PROPERTY RESULTS

ZONE

A1 av
r

(Weath. n
M.W) s

A2 av
r

(Wealh. n
DDH) s

B av
r

(Lower n
Wealh.) s

C1 av
r

(Qtz-chl n
m'casch. ) s

C1(a) av
r

(si!ic.) n

C2 av
r

( Graphitic n
sen.)
C3 av

r
( Amphib. ) n

D av
r

( Komb. Ss. ) n
s

Bulk
Density
g/cc*

1.95
1.60-2.43

55
021

221
1.62-2.55

44
020

2.48
2.14-2.79

15
021

2.72
2.07 - 2.98

105
0.09

2,63
2.60 - 2.64

4

2.70
2.65 - 2.76

6

2.97
2.88 - 3.06

8

2.61
2.40 - 2.69

39
0.06

Porosity
%
••

34.0
18.4-40.5

6

16.1
4.4-38.4

33
4.1

7.7
0.4-16.3

12
5.6

1B
<0.1 - 7.8

103
15

0.6
0.3-1.1

4

OB
02-1.1

6

0.7

0.1-22
8

2.1
0.1 - 82

39
2.0

Permeability
rnd
«<••

1147
1-8708 (jid)

40
1785

612
2.0- 536.8

35
983

52
0.8-39.9

10
122

0.3
<0.1-2.0

95
0.4

02
<0.1-03

4

0.6
05-0.7

2

02
<0.1-05

8

0.9
<0.1 - 122

38
1.0

Resistivity
Qm

53
14-177

16
42

127
16-719

19
156

112
46-208

6

5943
50-122370

57
17624

32391
4020 - 99060

4

736
31-3230

6

117837
8333 - 517503

7

6823
252 - 75834

30
14992

Velocity
m/s

1582
779 - 2202

23
425

2283
1163-3433

19
699

2963
1838-5105

7

4894
2895-6125

32
1088

5726

1

4660
3947 - 5079

3

5444
4921 - 6554

4

4466
2516-6105

15
966

Mag k
10M5 cgs
= SI 10*-5

21
12-62

33
14

30
13-50
33

6

47
23-63

11
12

47
11-104

76
20

4
<1-7

4

36
33-39

2

145

76-387
7

3
<1-12

28
3

" For A1 wet bulk densities are cited; all other densities are dry bulk.
"* Porosities are apparent except for A1 , where total porosities are cited.
*** A1 water permeabilities are in microdarcys, all others are air permeabilities in millidarcys.
av : mean value ; r : range ; n : number of samples ; s : standard deviation.
Resistivities measured galvanically at 1 kHz on saturated specimens.
P-wave velocities measured at 500 kHz under uniaxial load
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In the natural state at Koongarra most of the rocks are water saturated. The wet
bulk densities of the A1 A2 and B zones would increase to approximately 1.95
2.35 and 2.45 g/cc respectively; these densities still present a significant contrast
to fresh schists. A bedrock traverse from the Kombolgie Sandstone to Koongarra
Creek would encounter lithologies ranging from siliceous sandstone through a
sequence of quartz schists with intercalated amphibolites that changed from
chloritic to graphitic to micaceous to feldspathic in character. These lithologies
have nominal zero porosity densities in the 2.60 to 3.00 g/cc range. The spread of
densities in each group is due to variations in porosity and constituent mineralogy
with the presence of more mafic, denser minerals extending the range of values on
the higher side. The rocks in the Koongarra Suite and their condition or soundness
appear to be well characterised by density.

5.3.2 Porosity

In the Cahill Formation sequence the apparent, or fluid accessible, porosities
decrease with depth. The A1 zone has an average total porosity of 34%, its
apparent porosity is estimated to be about one third of this. Weathering of the
Cahill lithologies has produced quite high average porosities of 34, 16, 12 percent
for Zones A1, A2 and B respectively. The porosities diminish markedly to quite low,
but still finite, values in the unweathered sequence - averaging under two percent.
The tightness of the unweathered rocks contrasts markedly with the weathered
zone porosities, which are capable of holding much larger quantities of fluid. The
Kombolgie Sandstone porosities too are weathering dependent, ranging up to 8.2
percent for the near surface samples.

The "drainable" effective porosities or specific yields, can only be estimated at this
stage. A consensus view of ARAP investigators is that the apparent porosities are
probably relatively indicative of a likely upper bound to the effective porosities.
Specific yield is only important at the elevation of the water table which occurs in
the top of Zone A.

The mercury injection porosimetry results are given in Table 5.3 for nine samples.
For zones A2, B, C and D the porosities are similar to those in Table 5.2; for zone
A1 the mercury data suggest low to moderate apparent porosities in the 6 to 13
percent range. The A1 materials appear to have larger pores with smoother walls
than the other materials. The weathered zone materials have distinctly larger
median pore diameters and pore surface areas than the schists and sandstone.

5.3.3 Intrinsic permeability

Permeabilities are quite low, with averages in the miltidarcy range for all zones. In
the unweathered rocks, inspections of the samples suggested that intergranular
void contributions to permeability appear to be absent or minor and that foliation
planes and microcracks are the fluid pathways. The permeabilities cited are
essentially rock matrix or "background" quantities; the fluid flow effects of large
fractures cannot be measured on small cores, so the permeabilities may be
regarded as a lower bound with any macrofracturing in the rock units increasing
the local permeability beyond that of the matrix.
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TABLE 53
MERCURY INJECTION POROSIMETRY RESULTS

ZONE

A1

A2

B

C

D

Drillhole

M1

M3

53

107

119

74

50

50

117

Vertical
Depth

m

8

15

6

23

22

20

51

109

61

Median pore
diameter

urn

19.41

10125

127

127

0.31

0.42

0.02

0.06

0.11

Pore
area

sqm/g

4.62

4.02

721

734

8.41

734

230

3.03

258

Porosity
(Hg)
%

6.0

125

12.7

29.6

16.7

11.3

1.7

2.7

3.7

Dry Bulk
Density

g/cc

157

1.76

Z40

1.83

231

Z41

2.64

2.64

257

The A1 weathered zone has a very low average permeability (1.1 md) despite its
high total porosity and moderate apparent porosity. It is hydraulically tight. The A2
weathered and lower weathered/transitional (B) zones have relatively high average
permeabilities (61 and 35 md), which contrast with the unweathered Cahill
Formation Kombolgie Sandstone permeabilities - all less than 1 md.

The matrix permeabilities of unweathered rock displayed quite strong anisotropy,
with permeabilities measured along the foliation directions being around four or five
times greater than values normal to the foliation. A small number of visibly cracked
cores, in the highly weathered and transition zones, gave permeabilities in the
hundreds of millidarcies range; this could be very significant in fluid transport.

The air permeabilities determined in this study for zones A2, B, C, D and E need
to be adjusted for the Klinkenberg (Amyx et a!., 1960) effect before they can be
applied to quantitative liquid flux estimates. It is likely that in the 1 to 100 md range
given here, water permeabilities would be about 70% of the air permeabilities;
vtder 1 md the liquid permeabilities could be about 50 to 60% of the air

74



permeabilities. If there is significant rock-water interaction these figures could be
further reduced.

The permeabilities probably give a reasonable qualitative ranking of specific yields
as the flow of fluid depends on the existence of an effective porosity network. It
would appear that the rock matrix of the weathered (A2) and transition (B) zones is
capable of containing and transporting subsurface fluids.

5.3.4 Magnetisation

The magnetic volume susceptibilities are all quite low in the scale of geological
materials. The Kombolgie Sandstone has extremely low values and the
amphibolites have relatively high values. The magnetic effects are due to very
minor amounts of ferrimagnetic minerals such as maghemite in the weathered
zones and ilmenite in the unweathered zones and/or to paramagnetic effects of
iron-rich silicates in all lithologies. The amphibolites, Kombolgie Sandstone, the
weathered and unweathered Cahill schists form four recognisable groups based on
magnetic susceptibility responses. The ferricretes have susceptibilities similar to
the amphibolites.

The schist susceptibilities in zones B and C are similar indicating that weathering
has not altered the magnetic mineralogy in the lower weathered zone.

Remanent magnetisations were very low (under 1 n,G; mA/ S1) in all zones except
for the amphibolites and ferricretes. The amphibolites1 NRMs were low (10 to
200 jxG); the ferricretes1 NRMs were moderate to high (up to 4000 ^G). The
resultant magnetisation of a rock unit is the vector sum of the induced and NRM
components. It is clear that overall the surficial ferricretes have by far the highest
magnetisations. The amphibolites1 magnetisations, while low in absolute terms, are
considerably greater than the schists and sandstones.

5.3.5 Electrical resistivity

The samples' measured resistivities depended on: water saturation, water salinity,
interconnected porosity (including microfracturing at core scale), porosity
distribution, temperature and conductive or ion-exchangeable mineral content. If
saturation, salinity and temperature were to be regarded as constant then
resistivity variations would be mainly due to the amount and type of porosity if
conductive or reactive mineral contents are ignored. The resistivity ranges are in
the moderate category for the weathered materials and in the high category for the
unweathered schists. As a group, the resistivities lie in the middle of the usual
ranges of geological materials. A consideration of the low porosities of the Cahill
Formation rocks, the freshness of the saturant and the resistivity values, suggests
that porewall surface conduction effects may have diminished the influence of the
high resistivity pore water. For the Kombolgie Sandstones the resistivities are high
and may have been somewhat higher if fresher northwestern-type water (with
about half the Cahill Formations' groundwater salinity) had been used to vacuum
saturate the specimens.
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A general model emerges from considering the resistivity data: a layer of
moderately conductive weathered material overlying resistive unweathered
lithologies and both of which are flanked to the northwest by resistive surface and
subsurface Kombolgie Sandstone.

Primary or secondary ore specimens were not available for testing. The primary
sparsely mineralised ore contains about 5 percent by volume sulfides and minor
volumes of uranium oxide. Altered primary ore at depth contains minor volumes of
uranyl silicates and secondary weathered zone ore contains minor volumes of
uranyl phosphates. The effects of these minerals on the magnitudes of resistivities
is not known, but is considered likely to be minor. In mining feasibility studies an
average ore density was determined to be 2.7 g/cm3 (t/m3) which indicates a low
level of heavy metal mineralisation (A. Snelling, pers. comm.). The average grade
of the deposit is 0.44% U3O8 with a cutoff level of 0.02% U3O8.

Water saturation has a dominant effect on resistivity values. The surface sands
were not tested, but it is estimated that in the dry state their resistivities would be
cf the order of tens of thousands of ohm metres. The averaged laboratory
measurements indicate the matrix saturated resistivities likely to be encountered,
however, the in situ resistivities could be subject to fracturing effects which cannot
be measured in the laboratory. Fracture zones would lower resistivities
substantially in wet rock. For example, using Parkhomenka's (1967) formula for
water saturated chaotically fractured rock and assuming a fracture porosity of two
percent in unweathered Cahill Schist with a matrix or block resistivity of 6000 ohm
it can be shown that the fractured zone's resistivity would be about 2650 ohm m.
A fracture porosity 0.1 percent would result in a resistivity of about 5650 ohm m.

The graphitic schist zone, C2, is highly anisotropic with across-the-fo!iation
resistivities up to 3230 ohm m (in samples with visible graphite), and
along-the-foliation resistivities as low as 31 ohm m - an anisotropy of over 100:1.
The other schists display anisotropies of up to 7:1. The sheared graphitic hanging
wall unit is up to 10m thick and in places is almost pure graphite. The densities of
the electrically tested samples indicated only minor amounts of graphite and this
occurs along the foliation. The overall along-foliation resistivity of the graphitic unit
is probably much less than the minimum 31 ohm m measured.

The surface clayey A1 zone has resistivities ranging from 14 to 177 ohm m and an
average resistivity of 53 ohm m. These values are less than the nominal 63 ohm m
(20°C) groundwater resistivity and point to surface conduction effects enhancing
conductivity in these materials.

The resistivities appear to characterise groups of zones quite well. The weathered
zones (A1, A2, B) are quite conductive and so too are the graphitic schists (C2)
along their foliations. The other zones are resistive, especially the silicified schists
and the amphibolites. The reverse fault breccia specimens averaged 1475 ohm m,
a result which is significantly lower than those for the Kombolgie Sandstone and
Gahill Formation schists owing to the high microfracturing porosities in the
breccias.
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Selected complex resistivity spectra are presented in Figures 5.7 to 5.12. The
spectra have been slightly smoothed to clarify visually the individual responses.
Resistivity magnitude and voltage phase lag are shown as 0.1 Hz to 10 MHz
frequency scans at low current densities of the order of 10"3 A/m2.

With the exception of the graphitic samples all the zones show flat resistivity
spectra up to the dielectric transition at high frequencies. They manifest small
phase angles at the lower frequencies with phase angle gradually increasing as
the samples turn into dielectrics at higher frequencies. The responses generally
typify barren rocks, i.e. those devoid of reactive sulfide, oxide or clay (e.g.
smectite) minerals. The electrical response of such rocks is due to physical, not
chemical, interaction between the bulk of the porewater and the rock matrix. Such
physical interactions include precipitation, speciation, hydroxylation of silica(te) pore
surfaces and surface sorption of ions, where ions sheathed by oriented water
molecules interact electrically with charged mineral surfaces. Samples from zone
A1 do show some electrochemical character where small phase peaks, due to
cation exchange reactions of clays, can be seen at around 100 Hz. These
materials also turn quite rapidly into dielectrics at frequencies above 100 kHz.

The responses of the graphitic rocks are distinctive, as can be seen in Figures
5.11 and 5.13. The inclined resistivity spectra and high phase angles, virtually
independent of frequency at low to intermediate frequencies, characterise these
graphitic rocks which manifest a typical graphite electrochemical (redox) response.
The phase plots indicate a change to dielectric response at the higher frequencies.
Three of the DDH50 samples in Figure 5.11 have quite high resistivities owing to:
very sparse graphite content, e.g. 332' (101.2 m) - geologically classed as chlorite
schist; tight pore structures; and foliation/anisotropy effects. The graphitic schists'
non-linear effects are evident in Figure 5.13 where resistivity and phase diminish
with an increase in current density.

5.3.6 Velocity

Compressional ultrasonic (P) wave velocities are quite diagnostic of rock
soundness or condition because velocity depends on the mineral constituents, their
aggregation and the extent of voids and/or fracturing. The Koongarra P wave
velocities are shown in Figure 5.14. The very weathered clayey zone A1 has the
lowest average velocity of 1582 m/s; the amphibolites recorded the highest
average velocity, 5444 m/s, and a single measurement on silicified schist gave
5726 m/s. The unweathered schist C1 zone has an average value of 4894 m/s.
The A2 (weathered) and B (transition) zones have low average velocities of 2283
and 2963 m/s respectively. The Kombolgie Sandstone averages 4466 m/s. The
velocities do not clearly differentiate the unweathered schists from the Kombolgie
Sandstone. The spread of velocities is quite large from very low to high and the
mean values appear to be indicative of zones A1, A2, B and the general class of
unweathered rocks.
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The velocities reflect rock matrix composition and rock condition with tighter
tougher rocks having the higher velocities even within each zone-type. Given the
only minor variation of P wave velocity with frequency, it could be assumed that
these velocities would be a guide to expected in situ seismic or borehole ultrasonic
measurements that might be obtained in the field. Fracturing or faulting could lower
the velocities substantially.

Velocity (Vp, m/s) and unconfined compressive strength oc (MPa) are very
approximately related empirically : oc = Vp3; and this relationship tends to
overestimate the strength of metamorphics such as the Cahill Formation. Most of
the materials tested have compressive strengths in the weak to strong range as
indicated by the spread of velocities. None of the rock types appear to be very
strong and overall the classification would be medium strength. This suggests the
likelihood of fracture zones of varying degrees in the Koongarra lithologies, given
the assumed action of sufficient stresses over geological time, and supports the
RQD and BTV analyses.

5.3.7 Physical property characteristics

Table 5.4 provides a summary of possibly diagnostic features based on the
physical property tests. It can be seen that the A zones are quite distinct when
compared to the unweathered schists and to the Kombolgie Sandstone, but they
are not very distinct from each other. The unweathered schists and the Kombolgie
Sandstone have similar electrical and acoustic properties; the amphibolites are
distinguished by their density, resistivity, velocity and magnetic susceptibility; the
Kombolgie Sandstone has a very low magnetic susceptibility and this is a salient
feature.
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DBD range (g/cc, l/mA3)

Figure 5.2 Ranges of dry bulk density, Koongarra samples.

Pa range %
Figure 5.3 Ranges of porosity values, Koongarra samples.

79



Permeability Histogram
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Figure 5.4 Ranges of permeability, Koongarra samples.
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Figure 5.5 Ranges of magnetic susceptibilities, Koongarra samples.
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Resistivity Histogram
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Figure 5.6 Ranges of resistivity values up to 10 000 ohm m only, Koongarra
samples.
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Complex Resistivity Studies

core samples vacuum saturated with
Ug(HCO3>z solution P» =63*2 TO. 20" C

curves smoothed to remove minor discontinuities

data points: 3 steps/decade of frequency
(not shown) ie. 0.1.0.2.0.4.1.2.4.10—Hz

curves are labelled with: drill hole no..depth
along hole (ft.m).and (H) or (V) to show
sample drilled parallel (H) or normal (V)
to foliation

Vertical Scales:

P resistivity Qm 20°C

Mj.Jmtl

phase lag milliradian ---
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CLAYEY SAMPLES FROM
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~
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Figures 5.7 (top) and 5.8 (bottom) Resistivity and phase spectra for samples from the A1
and A2 zones - weathered Cahill Formation.
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Complex Resistivity Studies

core samples vacuum saturated with
Mg(HCO3)2 solution Pv. =63 Om. 2O°C

curves smoothed to remove minor discontinuities

data points: 3 steps/decade of frequency
(not shown) ie. 0.1.0.2.0.4.1,2.4.10_.Hz

curves are labelled with: drill hole no..depth
along hole (ft.m).and (H) or (V) to show
sample drilled parallel (H) or normal (V)
to foliation

Vertical Scales:

P resistivity Qm 20°C

phase lag milliradian

TRANSITION ZONE
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B
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Figures 5.9 (top) and 5.10 (bottom) Resistivity and phase spectra for the incipiently
weathered Cahill Formation transition zone and unweathered Cahill Formation samples.
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Complex Resistivity Studies

coie samples vacuum saturated with
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curves smoothed to remove minor discontinuities
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Figures 5.11 (top) and 5.12 (bottom) Resistivity and phase spectra for Cahill Formation
graphitic schists and Kombolgie Sandstone samples.
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Figure 5.14 Range of ultrasonic P wave velocity in Koongarra samples.
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5.4 Cross Plots

Cross plots of density vs magnetic susceptibility, density vs porosity, porosity vs
permeability, resistivity vs porosity, velocity vs porosity and velocity vs density, are
presented in Figures 5.15 to 5.20 respectively. In Figure 5.16 the zero porosity
intercept from the outer envelopes of the plotted points indicates constituent
minerals ranging in composition from siliceous (2.65 g/cc) to chloritic/amphibolitic
(3.00 g/cc). Correlations can be seen between porosity and permeability, and
between velocity and density. Inverse correlations can be seen between: density
and porosity, resistivity and porosity, velocity and porosity. Fields in the plots of
density and susceptibility correlate well the various subsurface zones (Figure 5.15).
Permeability is poorly correlated inversely with density (in the A1 and A2 zones)
and permeability and density are uncorrelated in the unweathered schists. Cross
plots of resistivity and velocity against permeability are presented in Figures 5.29
and 5.30 (refer to Section 7).

5.5 Depth Dependence

Density, porosity, permeability, resistivity velocity and magnetic susceptibility values
are plotted as a function of depth in Figures 5.21 to 5.26. Overall there are:
irregular broad and gradual increases of density and velocity with depth in the
weathered and transition zones and then little variation with depth; a very broad
trend of decreasing porosity and permeability with depth; broad increases in
resistivity with depth but in a scattered fashion in the shallower zones. The
magnetic susceptibility values, except for the Kombolgie Sandstone, tend to
increase with depth.

The depth plots generally show that the shallower weathered zones can be
differentiated from the deeper unweathered schists and sandstone by their lower
densities, velocities and resistivities and their higher porosities and permeabilities.

Figure 5.27 contains a plot of the physical properties versus depth for holes W7 (5
to 18 m) and DDH50 (8 to 50 m). These holes are not in the same location;
DDH50 is about 200 m south of the central part of the orebody and W7 is 75 m
further to the southeast, but the depth trends are instructive and highlight the
observations made above. The shaliow part of DDH50 contains a pod of relatively
high density and low porosity representing a relatively unweathered pod of rock
existing at shallow depth. Such perched pods or irregularities in the weathering
profile are apparently not uncommon throughout the weathered section at
Koongarra.
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TABLE 5.4

PHYSICAL PROPERTY CHARACTERISTICS

ZONE

Al

A2

B

C

0

E

Llthology

relatively dayey

highly weathered

Cahill Formation Schists

relatively sandy

highly weathered

Cahill Formation Sc! lists

tower weathered

"transitional1 schists

Cahill Formation Schists

C1 quartz-chbrite-

m'ca schists

C2 graph'it'c schists

C3 amphibolies

Kombolgie Sandstone

Ferricretes

Possible

Characteristic

Physical Features

bwest density,

esistivrty and velocity

low density, resistivity,

velocity ; maximum

effective voids : relatively

high matrix porosity and

matrix permeability for the

weathered materials

ntermediate (in properties)

between highly

weathered and

unwealhered schists

high resistivity and

velocity (but similar

to Kombolgie Ss)

tow resistivity (compared

toother

unwealhered schists)

electrical anisolropy,

electrochemical

character of complex

resistivity response

highest density, resistivity.

velocity, magnetic suscept

very tow magnetic

susceptbility;

high resistivity and

velocity (but similar

to buk of Cahill Fm.)

high resultant

magnetisation

Indicative Physical Properties

Density

(wet bulk)

g/cc (approx)

2.0

2.2 -2.5

Z6

2.7

27

3.0

2.6

Electrical

Resistivity

ohm m (approx)

20-50

50-150

100-200

6000

700

10000

7000

Pwave

Velocity

m/s (approx)

1600

2300

3000

4900

4600

5500

4500

magnetic susceptibility and remanence
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Density vs Magnetic Susceptibility
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Porosity vs Matrix Permeability
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Porosity vs P-Wave Velocity
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Density vs Depth
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Figure 5.21 The relationship of the Koongarra samples' dry bulk densities with depth.
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Matrix Permeability vs Depth
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5.6 Comments on the Weathered Zone

A study was made of available materials from borehole W7 in an endeavour to
understand better the physical characteristics of the weathered zone. The results
are presented in Table 5.5. This shows a section degrading upwards from the
lower weathered zone, where the materials are relatively sandy and intact and
weathering is moderate and foliation clearly recognisable, to the upper weathered
zone where the altered materials are more argillaceous, weathering is extreme and
foliation has been obliterated. A patch of extreme weathering was noted at 11.3 m.
Lateral and vertical irregularities in weathering are probably common, leading to
heterogeneity in hydraulic conductivity. Broadly, a pattern can be seen involving
extreme through intense to moderate weathering with depth. The top parts are
more clayey and the bottom parts sandier comprising disaggregated quartz, mica
and other grains with clay and iron oxide coatings. The resistivities appear to
reflect the clayiness - the more clay the lower the resistivity. The velocities and
densities generally are higher in the sandier moderately weathered sections at
depth. The material from 18.2 m was particularly interesting - this was a very
plastic material with disaggregated but virtually unweathered quartz and mica
grains smeared with very fine grained clayey material amounting to only about ten
percent by volume, but sufficient to lower the strength significantly.

A useful depiction of generalised rock and soil profiles at Koongarra was provided
in an unpublished geotechnical report on a proposed tailings dam and evaporation
pond areas (sited on Cahill Fm. and amphibolite) about 2 km SE of the orebody.
The complexity of the near surface lithologies and the superimposed tilted
schistose fabric in the weathered zone were illustrated. Further evidence comes
from unpublished auger hole sections which run parallel to the orebody but are
offset about 300 m to the southeast; these sections show mainly clayey sands but
not clay layers at depth. There are pervading developments of mainly kaolinitic
clay in the sandy/silty extremely weathered materials. The clay minerals are
essentially minor fractions which gradually decrease with depth. The clayey zones
develop mainly in the upper part of the weathered bedrock but their distribution
can be erratic with considerable vertical and lateral change. The petrophysics
results show an overall increase of permeability (diminution of clay) with depth, but
high permeability sections are found flanked by clayey zones in the shallower
depths. The plot of density vs depth shows considerable scatter in the shallow
zones (Figure 5.21) indicating the erratic nature of the weathering process.
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TABLE 5.5
LOGOFBORBHOLEW7

Sample
Depth

m

5.3 I

6.1 J

7.1

8.0]
> •

8.1 J

10.1

11.3

13.0]

142 J

15.0-

16.0 '

17.0 -*

182

Material

soft, yellow brown
clayey, line grain size
-0.1 mm -W-

verysoft,
black Fe oxides

qtz, mica fragments
0.1 to 0.2mm, white
blebs day, yellow -
brown grain coatings

qtz, degraded mica
fragments
~1 mm grainsize

fine grain size mica,
qtz fragments, day
iron oxides

qtz, degraded mica
~0.3mm grainsize
yellow grain coatings

disaggregated "rotten"
qtz mica schist
~1 mm grainsize
yeltow-brown grain
coatings

plastic weak disagg.
qtz mica schist
-1 mm grainsize
minor day fraction
coats and lubricates
grains

Schistose
Fabric

obliterated

obliterated

vestigial

refc

relic

refc

vestigial

relic

relic

dear
foliation

dear
foliation
dear

foliation

dear
foliation

Degree of
Weathering

extreme

extreme

extreme

hi*

high

high

extreme

hgh

high

moderate

moderate

moderate

moderate

Density
(Wet Bulk)

g/cc

135

139

137

1.71

2.01

2.12

158

1.75

1.96

2.15

2.17

225

2.19

Electrical
Resistivity
(sat) 1kHz

ohm m

25

14

21

19

48

17

28

104

84

177

71

P-Wave
Velocity
500 kHz

m/s

1740

1769

1446

1984

1834

1634

1792

1903

2125

2194

1842
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Figure 5.28 is an expanded plot of matrix permeability versus depth in the 5 to
25 m depth range for A1, A2, B zones. The A1 water permeabilities have not been
converted to the equivalent air permeabilities. This plot clearly shows the overall
very low permeability for the bulk of the weathered zone. It also indicates local
zones of increased permeability in the section and a generally higher permeability
at the base of the bulk of the weathered zone and in the transition zone.

This depth plot i& quite similar to that obtained from the 1987 in situ pumping tests
in the Cahill Formation weathered zone two km southeast of the orebody. These
tests would have tapped any significant open fracturing which the BTV analysis
suggested was absent. It is considered therefore that matrix permeability can
account for the bulk of the weathered zone fluid transport.

The transition zone at the weathering front is regarded as a zone of limited
thickness (two or three metres or less) which has enhanced permeability, but the
petrophysics data showed that sections of the upper weathered zone have matrix
permeabilities exceeding those of the transition zone. This may be due to the
irregularity and varying degrees of the weathering process and to the smaller
number of transition zone samples that were tested. A visual study of lower
weathered/transition zone cores did not show the development of intergranular
voids that are a feature of shallower materials.

However, it does appear that permeability is enhanced in the transition zone. The
in situ pressure tests to the southeast showed an overall trend for permeability to
increase with depth especially in the zone within 5 m of fresh rock where values of
100 to 250 md were recorded. It is reasonable to expect a similar profile in the
Cahill Formation nearer the orebody. Microfracturing associated with mineral
breakdown and extant macrofracturing combined with the matrix permeability may
be operating mechanisms in the transition zone.

The weathered zone has inherited the steeply dipping Cahill Formation foliation.
This has been destroyed in the upper weathered zone and preserved to varying
degrees in the lower weathered zone. Anisotropy of physical properties is not
marked in the lower weathered zone - permeabilities tend to be greater by about
two to one when measured along the foliation in the A2 zone, and resistivities tend
to be less. However, permeabilities in the A1 zone did not show any marked
anisotropy, presumably owing to the destruction of the fabric in the upper section
and to the effects of clay and/or lack of sensitivity of the measurements in the
lower section of the weathered zone.

5.7 A Cahill Formation Permeability Model

!n constructing a permeability model, consideration has been given to evidence
from the ROD analysis, the BTV imagery and interpretation, the laboratory
petrophysics test results, core inspection and pumping tests at the Koongarra site.
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Matrix Permeability vs Resistivity
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TABLE 5.6
SCHEVATJC GENERAUSED PERUEAEJLITY MODEL OF THE CAH5LL FORMATION

Depth

(m)

5_

water
table

10_

15

20_

25_

Cahili Fm

Material
I

sands, scree

il
extremely
weathered
relatively

argillaceous

III
highly
weathered
and altered

IV
moderately

weathered
(disaggregated)

V

incipiently
weathered

VI
fresh schist
(tight matrix,
anisotropic,

variably
fractured)

Fabric

obliterated

re Be

preserved

intact

foliation

intact

Approx
Wet bulk
Density

g/cc

2.0

2.0

22.

2.5

2.6

2.7

Layers I, IV, V are aquifers
Layers II and III are aquitards

Layer VI is an aquiclude unless
significantly fractured in the 25 - 100m

depth range

Approx
Apparent
Porosity

%

35

9

(total
porosity

34)

10

20

8

1

Est.
Effective

Porosity

%

30

1

2

5

5

0

(slight,
if

fractured)

Effective porosity is
equivalent to the

specific yield

Matrix

Permeability

very high.
several darcys

very low
~1md

(isotropic?)

low
-1 - 10md

(slightly
anisotropic)

moderate
~50md

tends to

increase to
-lOOmdwith

depth
(anisotropic)

Icw.Smd
(anisotropic)

very low

0.5md
(anisotropic)

Fracture

Permeability

-

very tow

low
(ffled

fractures)

low
(filled

fractures)

inferred

moderate
10-200md
(anisotropic)

ranges from

low (few md)

to high (several
darcys)

depending on

location,
lithology, depth

and direction
(anisotropic)

1 darcy = 0.84m/d ;
= 10A-5m/s=10A-3cm/s

1md = 10A-3 darcys
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Matrix permeability appears to be the dominant mechanism for fluid movement in
the weathered zones down to about 23 m. The permeability arises from
intergranular void space and is generally low with localised enhancements
occurring especially in the lower part of the weathered zone.

In the unweathered rocks fracturing provides significant permeability. The fracturing
depends on lithology with the ROD analysis demonstrating that the graphitic
schists are relatively highly fractured. The fracturing depends on location with the
BTV showing variations in fracture density on the site, with greater fracture
densities to the southwest, south and southeast. The open type 2 fractures
generally have moderate spacings, but the more important type 3 fractures are
widely spaced.

If theoretical charts plotting permeability as a function of aperture spacing and
width are considered for plane parallel fractures (e.g. Nelson, 1985) then in the
weathered zone any likely combination of aperture width and spacings, e.g. 0.01 to
0.1 mm apertures spaced at two per metre, leads to very low permeabilities, under
1 md. In the unweathered zone, if type 3 fractures are considered with spacings of
one in three metres and aperture widths of 0.5 mm, then permeabilities of the
order oMd may be expected when there is a development and continuity of type 3
fractures. Permeabilities of the order of 10 to 100 md could be expected from the
development and continuity of type 2 fractures with spacings of two per metre and
0.1 mm aperture widths. Orthogonal or other sets of fracturing, fracture variation
with lithoiogy and location would undoubtedly lead to more complications in the
model. However, it is clear that bedrock fracture permeability may be reasonably
inferred and that it is variable but significant.

Table 5.6 is a schematic illustration of the above ideas.

5.8 Discussion - The Petrophysics of Zones A to E

The extensive program of core testing has demonstrated clearly the distinctive
petrophysical character of the heterogeneous and anisotropic Koongarra
lithologies:

i) Zone A1 sampled the argillaceous and other parts of the weathered section
but not at all depths and it has a low density, high total porosity, moderate
apparent porosity, very low permeability, medium resistivity and low velocity;

ii) Zone A2, sampled the sounder parts of the highly weathered schist and it has
a low/medium density, moderate apparent porosity, low permeability, medium
resistivity and low velocity;

iii) Zone B, the transition layer, has a medium density, low apparent porosity,
inferred moderate permeability, high resistivity and low velocity;
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iv) Zones C1, C2 and C3, comprising the schists, have medium densities, very
low apparent porosities, very low matrix permeabilities, generally very high
resistivities (showing marked anisotropy in the graphitic horizons) and
medium velocities;

v) Zone C4, amphibolite (quite infrequently encountered), has a high density,
very low porosity, very low matrix permeabilities, extremely high resistivity and
high velocities;

vi) Zone D, Kombolgie Sandstone, has a medium density, low apparent porosity,
variable matrix permeability depending on weathering - but generally quite
low, very high resistivity and medium velocity;

vii) the reverse fault breccia proved to be a melange of lithologies and could not
be sampled satisfactorily;

viii) Zone E, the surficial ferricretes have a distinctly high magnetisation compared
to the other rocks.

The magnetic susceptibility cross plot against density defines overlapping zones,
with lower density fresh rocks correlating with lower susceptibilities in most cases.

Given the clear evidence from the BTV study that macro-fracturing in the bedrock
does exist, and presuming that it might continue into the upper zones, it is
interesting to consider the petrophysics results. The only way in which the deeper
zones could hold significant quantities of water is by extensive fracturing.
Significant fracturing and its interconnectivity should have expression as a
decrease in both in situ resistivity and velocity. The shallower zones have a high
intrinsic water bearing capacity. It is clear that the physical condition of the middle
to lower weathered zones would be more conducive to matrix fluid flow than the
unweathered zones.

The petrophysics and other evidence points to the dominance of matrix
permeability in the weathered zone and the importance of fracturing in the
unweathered schists as fluid transport mechanisms.

The prediction of matrix permeability from the measured resistivities and velocities
cannot be achieved with any degree of accuracy as the cross plots in Figures 5.29
and 5.30 show. However, there is a broad trend from the higher to lower
resistivities and velocities as permeability increases. Fresh rock and weathered
rock plot to the left and right respectively in both figures. The argillaceous zone A1
velocity-permeability plot points group together in a cluster to the lower left. The A2
zone forms the right hand end of the main trends in both Figures 5.29 and 5.30.
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6 GEOPHYSICAL FIELD STUDIES

Properties determined by geophysical methods are not uniquely related to
geohydrological features, but can be assessed with the hydrogeology in mind.
Three brief geophysical field programs were undertaken to locate, define and
evaluate any anomalies related to the subsurface geology and structure. Some
data were available from previous investigations and these were incorporated into
the geophysical site assessment. A very limited amount of Bureau of Mineral
Resources regional information was available and this too was considered.

The geophysical field work was earned out with the assistance of the Northern
Territory Power and Water Authority in August and October-November 1990 and in
August 1991. Magnetic, self potential (SP), radiometric, electrical resistivity and
electromagnetic data were collected usually at 20 m station intervals from 17
traverse lines, 12 km in total length mainly in the grid area bounded by 5000 mN to
6700 mN and 3050 mE to 3350 mE. Further magnetic traverses were laid out in
August 1991 and on areas to the southeast of Koongarra Creek in November
1991; this added several km to the magnetic coverage. Field problems
encountered included noise from the borehole casings affecting the magnetic and
SP readings, and the Kombolgie Sandstone scarp restricting coverage to the
northwest. It was not possible to undertake any cross-hole seismic or electrical
measurements owing to the condition of the boreholes. Field seismic reflection and
refraction traverses, potentially indicated as very useful by the laboratory velocity
study, were not able to be carried out owing to logistic and time limitations.

6.1 Regional Geophysics

The Bureau of Mineral Resources regional data comprised 1:100,000 preliminary
total magnetic intensity contours and total count radiometric profiles compiled from
1972 airborne data collected at 150m altitude on flight lines 1.5 km apart and
11 km grid Bouguer gravity contours. Data were also available from a single
experimental magnetic and electromagnetic southwest-northwest traverse line
flown across Koongarra at 120 m altitude by Geoterrex Pty Ltd (1990). The
radiometric gamma count profiles were not informative and not easily interpreted in
structural terms owing to weathering and alluviation effects.

The regional magnetics delineate quite well the broad structure including the
disposition of the Cahill Formation owing to its amphibolitic bands and trace
ferrimagnetic mineral content. The Koongarra area appears to be flat magnetically
but magnetic features (amphibolites?) are indicated to the west and southeast. A
100 gamma (nT.SI) magnetic high 600 m to the west of orebody No. 1 was
detected in Geoterrex traverse No. 102. Some of the amphibolites encountered in
the BMR's Koongarra drilling traverse (across the Koongarra valley, 5 km northeast
of Koongarra) register on the BMR contours and on Geoterrex traverse No. 101
flown near there.
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The regional gravity contours reflect mainly major crusta! structure and are not
readily interpretable. A gradient of 1.4 mgals (14 urns"2) per km to the southeast is
observed at Koongarra.

6.2 Geophysical Data from the Koongarra Field Traverses

6.2.1 Magnetics

Contours of total magnetic intensity are presented in Figure 6.1 a. The data are
presented at 20 gamma (nT) intervals and cover the orebody area and a region to
the southeast beyond Koongarra Creek. These smoothed low band pass contours
are from filtered profile data that originally contained many noise spikes caused by
borehole casings and ferrous litter in the southwest part of the survey area - the
geological component of data from this section is dubious as noise effects still
remain and probably dominate the picture. This is unfortunate ss the magnetic
noise would have obscured any indications of amphibolite horizons.

A magnetic zoning interpretation is given in Figure 6.1 b where interpreted zones A
to G are shown as generally conformable to the strike of the Cahil! Formation.

Zones A1 and A2 are featureless areas corresponding to the Kombolgie
Sandstone and western Cahill Formation respectively. Zone B is dubious and may
correlate with expected edge effect anomalies expected from the upthrust,
relatively magnetically susceptible, Cahill Formation against the Kombolgie
Sandstone i.e. coinciding with the Koongarra Fault Zone.

Zone C and its interpreted cross trends are distinguished by anomalies of the order
of 100 gammas (nT, SI) some or all of which may contain borehole effects.
However, the positive cross trend does correspond to the position of an SP
anomaly and to an increase in weathered zone thickness and thus it may reflect
the occurrence of ferrimagnetic mineral phases generated by weathering
processes in the subsurface.

Further to the southeast, zone D is an ill defined low amplitude disrupted trend
whose northwestern boundary appears to coincide with the feldspar schist
boundary.

Zone F, roughly along Koongarra Creek, is a pronounced linear feature with
anomalies of the order of hundreds of gammas. This prominent feature is flanked
by a broad low amplitude zone E to the northwest and to an amorphous zone G to
the southeast.

It is considered that Zones E and F may indicate the presence of steeply dipping
amphibolite bands of varying degrees of thickness and freshness lying in the Cahill
Formation. Amphibolites are generally regarded as aquicludes or aquitards in this
region. These interpreted amphibolites may exert some influence on the hydraulics
of the Koongarra-site groundwater regime. However, it is possible that ferricretes
may be responsible for some of the anomalies.
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6.2.2 Gravity

Bouguer gravity data collected by Geoterrex (1982) along 9 lines from 5621 mN to
7023 mN (2943 to 3484 mE) were contoured and revealed a 2 milligal (20 urns"1)
linear gradient to the southeast (stronger than the BMR regional) which when
removed from the data, produced the residual gravity contours shown in Figure
6.2a. These are interpreted in Figure 6.2b as indicating a central belt of relatively
high density, with an anomaly of 0.1 to 0.15 milligals. This corresponds to the
central Cahill Formation schist sequence and is flanked to the northwest by
relatively low density Kombolgie Sandstone and to the southeast by feldspar
schists having lower density than the bulk of the Cahill Formation. Variations in the
overburden nature or thickness may also contribute to the gravity picture. More
gravity coverage to the southeast would be necessary to clarify this. !n the
southern corner there is a suggestion of a gravity high, which may correspond with
the interpreted magnetic body in this location. The Cahill gravity contours constrict
and kink along 6109 mN and this maps an important structural flexure in country
rock near the orebody's southeastern tip from which a local gravity high may trend
northwards, but this is uncertain owing to the sparseness of data. The identified
structural feature corresponds to the fold identified in the BTV data analysis (see
Figure 2.7).

Although the gravity data are sparse and the sequence is known to change along
strike owing to structure, an attempt at two-dimensional modelling along Section
6200 mN is presented in Figure 6,3. The gravity interpretation of the residual
Bouguer anomaly broadly shows the steeply southeast dipping schist sequences
abutting the reverse fault zone and Kom.bolgie Sandstone to the northwest. The
central belt of unweathered schists has been ascribed a slightly higher density
(2.77 g/cc) than the flanking chloritic and feldspathic units. The central belt
probably contains intercalated amphibolites and gametiferous bands. An increase
in the weathered zone thickness is interpreted over and around the fault zone,
which itself is intermediate in density between the Kombolgie Sandstone and Cahill
Formation densities, as would be expected from the sandstone/schist fault zone
compositions. The interpreted relatively low density weathered fault zone might
imply some macroporosity development and the possibility of some cross fault
permeability. The interpretation was not forced to provide a better fit and too much
detail, owing to the sparse nature of the original data. However, it is clear that the
gravity interpretation is broadly in accord with the known geology and this suggests
that detailed gravity would be a useful investigation tool in similar weathered sites.

6.2.3 Radiometric

The total count scintillometer was operated in the window 0.5 to 3.0 Mev. Data as
gamma-ray cps contours are shown in Figure 6.4a. The radiometric technique
senses gamma-ray emission from the first half-metre of the subsurface and the
recorded counts are completely dependent on very near surface conditions - in situ
weathered material or transported alluvium.
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(per second) presented as contours (top); contours of chemically determined uranium concentrations at
shallow depths at Koongarra are shown below.
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A total count rate of about 10 to 20 cps provides the background for quite intense
count rates over and to one side of the orebody. Counts in excess of 2000 per
second occur over the fan of dispersed uranyl phosphates where pinching and
splitting of the main anomaly is apparent The contours clearly illustrate the shallow
"movement" of radionuclides over a broad front to the south and southeast with a
prominent excursion along 6100 mN and also a subtle extension to the south
through 5900 mN, 3300 mE.

Selected contours of assayed uranium ppm concentrations at below-surface
depths of approximately 3 and 18m are given in Figure 6.4b. It is apparent that
the spread of gamma radiation contours is in accord broadly with the assay data
except for the 100 cps lobe along 6100 mN which may be due to recent very near
surface flushing or drill hole debris.

6.2.4 Self potential (SP)

The SP method is based on the measurement of naturally occurring subsurface
electrical potentials. The technique involved establishing a base potential station, in
the eastern part of the site and recording ground potential variations encountered
by a moving electrode connected to the base by wire through a very high input
impedance millivoltmeter. The method, reviewed by Corwin (1990), has a shallow
depth of investigation, about 15 to 20 m, and it responds to electrochemical
phenomena associated with sulfidic, graphitic orebodies and/or electrofiltration
currents generated by subsurface lateral and/or vertical fluid flow consequent upon
a pressure gradient. The flow of water in the body of a medium will not generate
electrofiltration anomalies unless flow occurs parallel to a geological boundary with
differing effective zeta potentials on either side.

The SP survey was run to try to map natural electrofiltration or streaming potentials
associated with subsurface water flow. In addition to any streaming potentials
present it was expected to encounter electrochemical or sulfide potentials
associated with the Koongarra ore zone and concentration or diffusion potentials
associated with the differing salinities of groundwater units. Difficulties were
encountered with spikey electrochemical anomalies from steel bore casings and
overall base-level shifts presumed due to telluric currents. Many lines were
repeated several times to improve signal to noise ratio. The data were smoothed
to remove high frequency noise. The Koongarra fault scarp and the difficult dry
Kombolgie Sandstone terrain effectively terminated the traverse lines to the
northwest so that lateral coverage was inhibited in this direction unlike the
southeast region where adequate lateral coverage was obtained on the flat sandy
terrain.

The SP millivolt contours from August 1991 (after the wet season) are presented in
Figure 6.5 where prominent negative anomalies of the order of minus 60 to minus
100 mv can be seen over the orebody and the main dispersion fan. Negative and
positive and generally low amplitude features occur around or emanating from the
main negative anomaly belt which itself is considered to be associated with the
hanging wall graphitic unit. This is known to protrude into the weathered zone and
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to suboutcrop at a depth of between 10 and 15m. The SP anomaly is situated on
the down dip side of the dipping graphitic band. It is possible that mineral
processes occurring in the main dispersion fan may be associated with the SP
anomaly.

Away from the orebody the SP anomalies are considered to be due to
electrofiltration potentials with positive zones indicating water sources or upwellings
or neutral areas and negative zones indicating seepages along shears, faults,
contacts or channels. Given that the SP technique has only a shallow depth of
investigation it would appear that the bulk of the responses away from the orebody
reflect dynamic weathered zone hydrogeology. The Kombolgie Sandstone on the
northwest side of the Koongarra Fault shows up a positive zone. Part of the SP
responses may be due to Nernst potentials acting through lithological membranes
as a result of differences in chemistry and salinity of formation waters.

Distinct interpreted electrofiltration trends of about -10 to -20 mV are seen to the
southeast along 6270 rr»N and to the south off the orebody's southwestern tip. This
southerly trend agrees well with the uranium concentration contours in Figure 6.4b
suggesting that the radionuclides have been dispersed by groundwater. The
southerly SP zone overlaps a relatively highly transmissive bedrock zone
established by pumping tests around 5900 mN, 3300 mE.

It is interesting to note that a very similar SP picture was obtained from the survey
in November 1990 (at the end of the dry season) but the November data do not
show the lobe to the southeast along 6270 mN, (broken contours in Figure 6.5
denote this feature). If this is a reliable feature (and there is some doubt) then
presumably it has a shallow source and is active only during higher groundwater
levels. Evidence from drill logs suggests that along 6270 mN a depression occurs
in the bedrock, thus thickening the weathered profile.

The SP method is basically a shallow penetration technique mapping features
mainly in the weathered zone. It is suggested that the negative excursions (away
from the orebody) indicate permeable matrix channels along which waters move.
Permeable sections need not necessarily be faults but could take the form of
horizontal channels of limited lateral dimensions in the weathered zone.

6.2.5 Electrical resistivity soundings

Electrical resistivity soundings at several locations on the Cahill Formation were
carried out by Australian Groundwater Consultants (1979) in their geotechnical
studies. Generally, very high resistivity surface (sand) layers were noted to depths
of around 5 m and very high resistivities were interpreted for deep rock at depths
in excess of 20 m. These resistivities were of the order of many thousands of ohm
metres. Intermediate depth layers had interpreted resistivities of the order of tens
to hundreds of ohm metres. The intermediate depth layers correspond to
weathered Cahill and Kombolgie units; the deeper rocks correspond to
unweathered Cahill and Kombolgie units. The weathered Kombolgie Sandstone
appeared to have somewhat higher resistivities than the weathered Cahill schists.

112



The very high interpreted bedrock resistivities do not suggest pervasive fracture
development.

6.2.6 Electrical resistivity profiling

In the DC electrical resistivity profiling traverses (Kunetz, 1966) Wenner arrays
were run along 3104 and 3200 mE and 6050, 6105, 6170, 6230, 6290 mN with 20,
40, 80 m spacings giving very approximate penetration depths of 10, 21, 42 m
respectively; pole-dipole arrays were also run with 20, 40, 60 m spacings giving
very approximate penetration depths of 10, 19, 27 m respectively. Apparent
resistivity sections are shown in Figures 6.6 and 6.7.

The estimated effective depths of investigation are from Edwards (1977). The
sections presented in Figures 6.6 and 6.7 are longitudinal and cross sections along
3200 mE and 6170 mN respectively. The contoured data plots are pseudosections
of apparent resistivity and are not meant to represent a true depth section of
electrical resistivity. The depth scales indicated are nominal effective penetration
depths.

Deep penetration (about 85 m) gradient array data were available from the
Australian Groundwater Consultants' (1979) investigations; their apparent resistivity
contours are presented in Figure 6.8.

The apparent resistivity section and plan data show clearly: the horizontal layering
of resistivities with depth in the weathered zone with a suggestion of a local
increase in weathering at the southwest end of the pole-dipole longitudinal section
(Figure 6.6); the lateral change in resistivities from high resistivity (dry) Kombolgie
Sandstone to low resistivity weathered Cahill Formation from northwest to
southeast (Figure 6.7); the resistive electrical character of the deeper Cahill
Formation (Figures 6.8 and 6.9) where the major fold to the southwest of the
orebody is manifest as a flexure and discontinuity in the resistivity data; this was
corroborated by the geotechnical pumping test trends.

The resistivity field studies indicate very high resistivities to the northwest for the
Kombolgie Sandstone, medium resistivities for the Cahill Formation weathered
zone (as inferred from the shallower penetrating arrays), and high resistivity
bedrock at depth (from the deeper penetrating arrays). The resistivities, indicated
and inferred, are generally in accord with those determined in the laboratory study
when allowance is made for the effects of the very high resistivities of the dry, thin
top-most sandy/scree Cahill cover and the dryness of the upper elevated unit of
Kombolgie Sandstone during the field seasons (after or before but not during the
monsoonal wet period).

Broadly, the resistivity data indicate the presence of high resistivity zones to the
northwest through the Kombolgie Sandstone. The Cahill Formation at shallow
depths is weathered and relatively conductive; below the weathered zone it is a
banded but generally high resistivity unit. Off the southwestern tip of the orebody
low resistivity zones trend to the south suggesting a shear or fracture zone and the
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GRADIENT ARRAY RESISTIVITY SURVEY (AGC. 1979)

Apparent Resistivity contours, ohm m

Figure 6.8 Gradient array apparent resistivity contours (AGC, 1979 data) reflecting deeper electrical structure at Koongarra.
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gravity delineated flexure is quite dear on the deep resistivity data. The
manifestation of the ore and main fan is not clear because of the Kombolgie -
weathered Cahill lateral transition effect and the probable lack of significant
resistivity contrasts. Only the deep investigation gradient array identified the main
graphitic zone as a low resistivity band shifted down dip from the graphitic zone's
suboutcrop position. The main lithologies, fracture and structural information may
be inferred from the resistivity data.

6.2.7 Electromagnetic traverses

A Geonics EM34-3 dual coil electromagnetic system was operated at 1.6 kHz
induction frequency with the transmitting and receiving coils separated by 20 m
and configured into horizontal dipole and vertical dipole modes with 15 and 30 m,
respectively, approximate investigation depths. The recorded apparent
conductivities along the transverses were inverted to resistivities and contoured;
the vertical dipole plan data are shown in Figure 6.10.

30

EM 34-3 SURVEY KOONGARRA
HORIZONTAL COIL - VERTICAL

DIPOLE 20m spacing
Coraourx d Apparent

Resistrvity ohm m

Figure 6.10 Contours of apparent resistivity from surface electromagnetic
traverses using a Geonics EM 34-3 system in vertical dipole mode.
The contours reflect the shallower electrical features at Koongarra.

117



The contours embody information down to about 30 m and their pattern suggests
higher resistivities to the east and south east, indicating Cahill schist bedrock
influence in these data. The edge of the Kombolgie Sandstone appears as a high
resistivity feature to the northwest. Elsewhere to the south relatively low resistivities
trend in a belt that correlates quite well with the BTV and SP data and the gradient
array resistivity interpretation. The low resistivity EM data are interpreted as
reflecting a continuation or preservation of a bedrock fracture zone into the
weathered zone where it is manifest as a porous wet channel.

6.3 Geophysical Interpretation - Uncertainties

Applied geophysics is concerned with the location, definition, enhancement and
evaluation of anomalies. Anomalies are perturbations in natural (e.g. magnetic) or
induced (e.g. electromagnetic) fields that generally may be interpreted in geological
terms as the deviations from background response. The anomalies arise from local
and deep physical property contrasts embodied in geological features with
particular depths, sizes (volumes) and geometries.

An anomaly from a causative body (or bodies) constitutes a signal of the form
(Ward and Rogers, 1967):

A = (IF) (SF) (PPF) (GF)

where A = anomaly

IF = inducing field, i.e. the acting force

SF = size factor, i.e. the active volume which may be the whole volume in the
case of gravity or magnetics but in the case of electromagnetics only the area
of the conductive parts of the body normal to an inducing field,

PPF = physical property factor, i.e. the contrast,

GF = geometric factor which includes shape and depth of burial and which
has an inverse effect on the anomaly magnitude.

There are many difficulties associated with geophysical interpretations. From the
above equation it can be seen that the dependent variable is the anomaly and that
there are a larger number of independent variables in the absence of auxiliary
geological, geophysical, petrophysical and drillhole control. Traditional interpretation
problems include: survey technique (location, sensor orientation errors), anomaly
detectability, fundamental ambiguity (an infinity of solutions in potential field
analysis), residual isolation of local from regional effects, resolution (separation of
anomalies) and terrain noise (comprising geological and topographic noise).

In most cases these problems can be overcome, especially when there are
reasonable geological and physical property constraints available to experienced
interpreters. However, even in the most favourable cases it must be stressed that
the interpretations are not geological pictures but are given in terms of causative
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bodies with physical property contrasts, which then need to be tied in realistically,
but often indistinctly to the lithological and structural settings. This can be very
difficult because the relationships may be subtle and not clear; or they can be
quite complex. The process is sometimes called an art, but really it is a science as
it requires understanding and by its systematic approach and by independent
checks on its utility it does contribute to the body of formulated geoscience
knowledge.

In the case of Koongarra site there is a good subsurface geological control and
reasonable petrophysical backup so the interpretations can be regarded with some
confidence. Such confidence may not be translated to other site studies unless
auxiliary data are available. However, some such data are usually available and
this should ensure the useful application of geophysical techniques in geological
settings similar to Koongarra.

7 DATA SYNTHESIS AND DISCUSSION

At the regional or megascopic scale the main structural elements have been
identified by geological and geophysical means - largely from the work of others.
The location of major structures and lithotypes is important for the viewing of a
field site in its megatectonic setting. Major structures and contacts, especially
faults, could be relevant to the hydrogeology of a site. At Koongarra the study of
the Koongarra Fault has not shed much light on its role. Nevertheless, the location
if not the evaluation, of major features at least allows empirical observations and
conjecture as to their possible importance. At Koongarra it would appear that the
Koongarra Fault has some type of role, probably as a leaky aquitard, in the
groundwater flow regime.

At the field or mesoscopic scale the utility of careful geological observation has
been demonstrated by the analysis of the Kombolgie Sandstone, by the discovery
of in situ fracturing orientations, by the definition of the Koongarra Fault, and by
the recognition of major features which tie in well with the geophysical
interpretations. This information provides constraints or insights for hydrogeological
assessment, particularly the analysis which demonstrated the likely absence of
amphibolitic aquicludes close to the orebody.

The geophysical field study concentrated on the weathered zone (at shallower
depths under 25 m) where the important site processes are thought to be taking
place. The structure of deeply weathered ancient metamorphics can be
gradational, subtle, tortuous and variable and not at all like the ideal planes and
blocks depicted as geological interpretation models in geophysics text books. The
site was assessed by broad-filter qualitative geophysics to locate and define
important weathered and bedrock units and structure.

A qualitative interpretation of the geophysical data is presented as a composite
plan in Figure 7.1. The geophysical data, when considered together, provide
information on the basic structure and lithological units at Koongarra. The known
geological and structural elements have been identified and insight has been
obtained into likely structural features that are important in fluid flow.
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Figure 7.1 Composite interpretation plan at Koongarra site - the interpretations are
integrated, qualitative assessments of the various geophysical responses.

The geophysical field study identified the Koongarra Fault as a major curved
discontinuity, and it delineated the extent of the exposure of the Kombolgie
Sandstone. It also provided information on the weathered Cahiil Formation, and
established the presence of the unweathered Cahill Formation and its fabric at
depth. It indicated a change in bedrock lithology and/or depth to bedrock towards
Koongarra Creek, and inferred the existence of a major flexure and cross strike
features that may be important hydrogeologically. The results of laboratory
petrophysical study corroborated the physical characteristics of field units, and
assisted in the interpretation of the field data, and also indicated the need to
identify fracturing in the field.

The geophysical study has shown magnetic units to the southeast and the
Kombolgie unit to the northwest flanking a central Cahill unit whose relatively low
resistivity in shallow layers increases with depth. At the southwestern end of the
orebody the Cahill unit is folded; fractures have permitted fluid flow in a southerly
direction and this appears to drain the region around the orebody. To the
southeast of the central part of the orebody SP anomaly suggests the possibility of
minor and intermittent fluid channelling. The region to the northwest across the
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Koongarra Fault may be a source of water for lateral flow into tire Cahi!l, bt,t this
could not be inferred from the geophysics. Little information could be obtained on
the detailed characteristics of the reverse fault breccia zone in the programs
undertaken.

Further quantitative studies are warranted to model the subsurface units in terms
of their geometry, depth and physical property contrasts for which very good
control exists. In this way the site assessment may be refined and perhaps the
major unknowns - the detailed character of the Koongarra Fault and its lateral
hydraulic interaction - may be revealed. It should be noted too that the casing
conditions of the many drillholes precluded cross hole electrical and acoustic
tomography - an indispensable technique for fracture and lithology studies in sites
with open uncased boreholes.

At the macroscopic scale, the geotechnical study indicated the proneness of the
Koongarra Cahill lithologies to fracture and the tightness of the Kombolgie
Sandstone at depth precluding it playing any major role in the regional
hydrogeology and thus casting serious doubt on the concept of deeply circulating
groundwaters to the northwest emerging under and up the fault.

The borehole imaging (BTV) program illustrated concordant and discordant
bedrock fracture and schistosity patterns and indicated the range of fracture
intensity in the bedrock. The site is moderately but variably fractured and the mode
of fracturing permits groundwater flow to the southwest. A major fold structure was
defined to the southwest of the orebody and an associated cross-fault appears to
act as a southerly conduit for groundwater flow probably towards a dolomitic sink.

At the core or microscopic scale, the extensive petrophysical study provided
definitive data on the rock matrix physical properties, identified important contrasts,
illustrated the need for fracture identification and assisted in the interpretation of
the field survey data.

Investigations at all four scales have given a comprehensive lithological, structural
and physical picture of the Koongarra site and provided a framework for the
hydrogeological and hydrological studies. It is evident that site characterisation
work should commence early in a project so that the requisite information may be
provided in advance to the fluid flow modellers.

8 CONCLUSIONS

The physical and structural characterisation of the Koongarra site considered
features ranging from small to large scale, in an endeavour to better understand
the factors involved in fluid movement and radionuclide migration.

The site is set in an area of major ancient faults transecting Precambrian units.
The regional hydrogeological role, if any, of these faults has not been studied
except for the Koongarra Reverse Fault which flanks the site to the northwest.
There is no direct evidence that this fault, its breccia or its related splay fractures
have an enhanced permeability; indirect evidence sugsests that waters stored in
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the upper jointed part of the Komboigie Sandstone may access the Cahrii
Formation through local breaches in the fault zone.

The petrophysics study of the Cahill Formation established that: the weathered
zone is heterogeneous and has a high porosity, an erratically distributed but overall
moderate matrix permeability in the lower part and characteristic electrical
resistivities in the medium range; the anisotropic bedrock has a low porosity, low
matrix permeability and a high electrical resistivity that is quite directional
dependent in the graphitic units. Significant fluid movement in the unweathered
Cahill can only be by fracture flow; fluid movement in the weathered zone operates
mainly through the matrix permeability - there being no direct evidence of effective
fracturing except in the lower weathered transitional zone.

A consideration of the geotechnical and BTV data and the field observations
indicates moderate bedrock fracturing over the entire site with the graphitic units
having the most abundant fractures. These graphitic units have a characteristic
complex resistivity signature. Fracturing tends to be discontinuous at the macro-
and micro-scales but some zones in the unweathered bedrock exhibit continuity
and enhanced permeability.

The geophysical and geological fieldwork (including borehole core logging) showed
that the site itself is a folded, faulted, variably fractured Precambrian psammitic
and pelitic schist sequence with a quasi-horizontal weathered zone superimposed
on the steeply dipping rock fabric. The site is flanked by a high resistivity younger
sandstone unit to the northwest and by a magnetic amphibolite/ferricrete sequence
to the far southeast. The data interpretations elicited the essential structural and
broad lithological elements. Gravity, magnetic and electrical laboratory and field
studies confirmed a broad folded fractured sequence of dipping layered host rocks,
weathered in their upper parts and trending in a southwest-northeast direction.
Qualitatively interpreted anomalies indicated the trend of the main groundwater
movement to the south where dolomites are thought to act as a sink. These
drainage features have SP, resistivity and radiometric expression. The roles of the
Komboigie Sandstone as a source of water and the Koongarra Fault as a barrier or
otherwise were not established owing to the lack of sufficient samples for testing
and also on account of the difficulty of geophysical access over the site's rugged
escarpment.
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