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PREFACE 

The Koongarra uranium ore deposit is located in the Alligator R'hers Region of the Northern 
Territory of Australia. Many of the processes that have controlled the deElopment 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 witt radioaclive 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 fw five years. 

fhe work was undertaken by ARAP through an Agreement sponsored by the OEC3 Nuclear 
Energy Agency (NEA). The Agreement was signed by the following aganisations: the Australian 
Nuclear Science and Technology Organisation (ANSTO); the Japan Atomic Energy Research 
Institute (JAERI); 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 repMt is one of a series of 16 describing the work of the Project; these are listed below: 
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WECUlIVE SUMMARY 

Jhe Koongarra uranium deposit is 225 km east of Darwin, capital city of the 
Northern Territory, Aust-alia, in the area known as the Alligator Rivers Region. It is 
one of four major uranium deposits discovered in the region. 

In 1981 the US Nuclear Regulatory Commission (USNRCI began to sponsor 
research by the Australian Nuclear Science and Technology Organisation (ANSTO, 
then called the Australian Atomic Energy Commission) on aspects of all four 
uranium deposits in the region as natural analogues of radioactive waste 
repositories. As the USNRC-funded project progressed, efforts became almost 
entirely directed towards study of the Koongarra deposit, both because it has not 
yet been mined and so the ore is sti.8 in place, and because its No. 1 orebody 
comprises well-defined zones of primary, weathered primary and dispersion fan ore. 
Furthermore, results of extensive investigations by the mining companies, including 
hydrological data, and all the drill cores and samples, plus numerous vertical 
boreholes in and around the deposit, were also available. Thus the internationally 
sponsored Alligator Rivers Analogue Project (ARAP) focussed research on the 
dispersal of uranium from the wtathered primary ore in the weathered rock zone to 
form the dispersion fan ore as the natural analogue most suitable for validation of 
models for radionuclide transport. 

Discovered in July 1970, the Koongarra deposit was delineated by diamond and 
rotary percussion drilling between 1970 and 1973 and concluded to consist of two 
orebodies, designated as the Koongarra No. 1 and No. 2 orebodies. The host 
rocks to the mineralisation are schists of the Cahill Formauon, rocks that were once 
shales and siltstones deposited on the flanks of domes of older crystalline granitic 
rocks (the Nanambu Complex) about 2200 million years ago. Multiple severe 
folding accompanied the 550°-630'C heat and 5-8 kb pressure of metamorphism 
between 1870 and 1800 million years ago. Subsequent uplift, weathering and 
erosion produced a new land surface on which thick layers of sandstone (the 
Kombolgie Formation) were then deposited probably between 1690 and 1600 
million years ago. At Koongana the host Cahill schists which dip at 55' to the 
south-east are now in reverse faulted contact with the younger Kombolgie 
sandstone, which is below the schists. 

The uranium minera!'sation consists of uraninite veins and veinlets in crosscutting 
fractures and brecciated zones within a 50 m thick quartz-chlorite schist unit. 
Associated with the ore are minor volumes of sulfides, which include galena, 
chalcopyrite, bornite and pyrite, with rare grains of gold, clausthalite, gersdorffite- 
cobaltite and mackinawite. The orebodies consist of partially coalesang lenses that 
are elongated and dip at 55' broadly parallel to the reverse fault breccia which 
forms the footwall to the ore zone. The strongest mineralisation with grades in 
excess of l % U  over several meties are just below a distinctive sheared graphite- 
quartz-chlorite schist unit that forms the hanging wall to the ore. 

The No. 1 orebody is elongated over a distance of 450 m and persists to a depth of 
about 100 m. The width of the primary ore averages 30 m at the top of the 



unweathered schist, tapering out at the extremitiss. Secondary uranitim 
mineralisation in the weathered schist zone, derived from decomposition and 
leaching of former priman/ ore, is present from the surface down to the base of 
weathering at 25-30 m, and consists of urany! phosphate minerals, primarily 
saleeite. A tongue-like body of ore in the weathered schist has formed by the 
dispersion of uranium down-slope for about 80 m to the south-east - the 
dispersion fan ore. 

A distinct and extensive primary hydrothermal alteratior; halo has been observed 
about the mineralisation extending for up to 1.5 km from the ore. Uranium 
mineralisation is only present within the inner halo which extends to nearly 50 m 
from ore, and in which pervasive chlorite-dominant replacement of the schist fabric 
and removal of quartz has occurred. Consequently, chlorite (magnesium-rich) is the 
principal gangue mineral. The bulk rock geocclemistry reflects this alteration and is 
characterised by magnesium enrichment and silicon depletion. The primary ore is 
enriched in copper, lead, sulfur, arsenic and vanadium, while nickel and cobalt f om  
an enrichment halo about the deposit. 

The Sm-Nd isotopic data on uraninite suggests a 1650-1550 million year age for 
the primary ore, consistent with the observation that ~ n e  mineralisation occupies the 
breccia zones generated by the post-Kombolgie reverse faulting. However, the 
secondary ore in the weathered zone appears to onJy have formed in !he last 3 
million years or less 

The Koongarra deposit today is covered by sandstone debris talus and eluvial sand, 
broken and washed down from an escarpment of Kombolgie sandstone just behind 
the deposit. Beneath these surficial deposits is the weathered schist zone which is 
separated from the unweathered schists beneath by a transitional zone. The 
natural ar~alogue that was the focus af ARAP is the formation of the dispersion fan 
from the weathered primary ore in the weathered schist. 

The Koongana mine reference g i d  coupled with elevations referenced to Australian 
Height Datum was used to locate all samples collected and analysed during ARAP. 
Core and crushed core samples were selected from the inclined diamond drill holes 
that were drilled on cross-sections 30.5 metres apart through tha No.7 orebody. At 
the south-western end of the orebody particularly and beyond, vertical percussion 
holes also provided drill chips for study. All company records on the holes, 
induding assay and geological data, were made available to the research effort. 
Some 32 of the vertical percussion holes were still open, allowing water sampling 
equipment to be lowered to desired depths and measurements of standing water 
levels. Additional monitoring holes for strategic samples and water sampling holes 
were also drilled by ARAP to fill in gaps in the sampling pattern and ensure a good 
coverage of the weathered schist zone, the site of the natural analogue. 
Subsequent volumes in this series report on the analytical and modelling results 
obtained from the large number of rock and water samples collected and various 
measurements made on samples, down holes and across the site. 
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1 INTRODUCTION 

1 .1 The Locational Setting 

The Koongarra uranium deposit lies 225 km east of the city of Darwin and 25 km 
south of the town of Jabiru at latitude 12'52'S, longitc~de 123'50'E in the Northern 
Territory of Australia (Figure 1.1). The geographical and geological area is known 
as the Alligator Rivers Region due to its being drained, and geographically 
dominated, by two major river systems - the South Alligator and East Alligator 
Rivers. The headwaters of tbese river systems are in the Arnhem Land Plateau, a 
rugged, elevated sandstone plateau which is deeply dissected by fractures and 
faults, and bounded by spectacular vertical cliffs or escarpments. 

Koongana is one of four major uranium deposits so far discovered in the region 
(Figure 1.1). The smallest deposit, Nabarlek, which had the highest ore grades, is 
now mined out, while Ranger with its two proven orebodies is currently a fully 
operational mining project. Both Jabiluka, the largest of the four deposits, and 
Koor?gana, ranked third, are still undeveloped awaiting Australian Government 
appioval. The four deposits are situated either in valleys between eroded outliers 
of the Amhem Land Plateau or on the edges of the lowland floodplains in the lower 
reaches of the major river systems, but are all adjacent to prominent sandstone 
escarpments (Figure 1.1). Koongarra, for example, lies in the valley between the 
main Arnhem Land Plateau and the Mt Brockman Massif outlier adjacent to the 
escarpment, the position of which along the south-eastern margin of Mt Brockman 
is controlled by a prominent fault. The Koongarra area is within the Alligator River 
1 :250000 (SD 53-1) and Cahill 1 :I00000 (5472) map sheets. 

Reserves in the Koongarra No. 1 orebody currently stand at 3.453 Mt of ore grading 
0.44% U,O, at a cutoff of 0.02% U308. Most of the uranium (94% of the 
mineralisation) is contained in 1.831 Mt of high grade ore, which averages 0.795% 
U,O, (cutoff grade 0.09% U30& 

1.2 Uranium Orebodies as Natural Analogues 

A major problem confronting the nuclear industry with the safe disposal of 
radioactive waste is to be able to predict before the waste is buried how the 
contained radionuclides will behavelmigrate in the surrounding natural environment 
in the long term. A useful approach is to study the cumulative effect of radionudide 
transport over geological time on systems which are acceptable analogws of 
radioactive waste repositories (Birchard and Alexander, 1583). Although no single 
system can adequately reflect dl the relevant properties down-gradient of a 
rebository, well-chosen analogues have features which can contribute to the basis 
of long-term prediction. Chapman, McKinley and Smellie (1984), and Airey and 
b~anovich (1986) deal with these issues and provide examples of useful natural 
analogues. 

Amongst the suitable natural analogues, uranium orebodies provide the opportunity 
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for direct measurement of the migration of relevant radionuclides that has occurred 
over geological time, thus enabling the reduction of uncertainties in ths prediction of 
long-term transport of these radionuclides. Uranium orebodies contain a wide 
range of radionuclides and heavy metals of direct interest, including actinides, 
radium isotopes, lead isotopes and rare earth elements, as well as ultra-low levels 
of significant transuranic elements (ngPu, n7Np) and fission products ( Y c ,  
The accessible timescales range from <1 year to sbout 500000 or more years, 
depending on the process being studied. As cranium series elements are 
ubiquitous and can be measured at very low levels, there is a possibility of 
transferring ififormation from the analogue to any proposed repository site. 

For these reasons the US Nuclear Regulatory Commission (USNRC) in 1981 began 
to sponsor research by the Australian Atomic Energy Commission (now the 
Australian Nuclear Science and Technology Organisation - ANSTO), with sub- 
contractors, on the four uranium deposits of the Alligator Rivers Region To ensure 
that generic rather than site-specific properties of uranium and radionuclides 
migration were being studied, ?he sites chosen for investigation included all four 
uranium deposits. The work involved both field and laboratory studies, the aims of 
which were under continuous review as the project progressed in response to the 
greater understanding of the scope and limitations of the natural analogue approach 
and the changing requirements of the potential users of the information being 
generated. The results of these research studies were reported by Airey et al. 
(1 982, 1984, 1985, 1986a), Airey (1 986), and Duerden et al. (1 988). 

However, as the USNRC-funded project progressed, efforts became almost entirely 
directed towards study of the Koongana deposit, due to a greater refinement in the 
aims of the natural aralogue study (in particular, me desirability to apply the results 
to the question of model validation), which required a much more detailed 
investigation of the geolo$ically most suitable site. Also, the Koongana deposit, 
being not mined as yet, is still in place and comprises well-defined zones of 
primary, weathered primarj and dispersion fan ore. The results of extensive 
investigations by the mining companies, including hydrological data, and all the drill 
cores and samples, plus numerous open vertical boreholes in and around the 
deposit, were all also available to the project's research effort. Thus a number of 
reports concentrated on Koongana (Airey et al., 1986b, 1987; Dusrden et al., 
1988) and specific aspects of the project (Airey. Go!ian and Lever, 1986). 
Additionally, beginning in 1986 a complementary collaborative study of colloids in 
groun* Nater at Koongarra was undertaken by ANSTO and Harwel! (UKAEA) staff 
funded by the UK Department of the Environment (Ivanolich et d., 1988). 

Even though there are two orebodies in the Koongana deposit, most attention has 
focussed on the No. 1 orebody, the shallower of the two and the subject of 
development plans and technical investigations by the mining company. Within the 
objectives of the nalural analogue studies the Koongana No. 1 orebody has proven 
to be most suitable for validation of models for radionuclide transport, there being 
potentially two analogu?~ because of its configuration. As previously stated, there 
are well-defined zones of primary, weathered primary and dispersion fan ore, and it 
is the processes of weathering of the primary ore to form the weathered primary 



ore, then the dispersal of uranium from the weathered primary ore to form the 
dispersion fan ore, which pravide the two potential analogues. A detailed 
description of the orebody follows and these processes and zones will be explained, 
but it is the latter of these two analogues, the dispersal of uranium from the 
weathered primary ore of the No. 1 orebody in the weathered rock zone to form the 
dispersion fan ore, that is the focus of this study. 

2 GEOLOGIC DESCRIPTICN 

2.1 Exploration History 

Exploration by Noranda Australia Ltd within the area commenced with an airkorne 
spectrometer survey in October 1 S69. Systematic ground exploration of anomalies 
led to the discovery of the Koongarra Uranium Deposit (Anomaly G) by geologist 
J.A. Climie in July 1970. He first located the centre of the radiometric anomaly that 
had been detected from the air by doing a ground radiometric survey, and to 
confirm that the source was uranium mineralisation he dug a pit at the point wtiere 
the count rate was highest (1300 cps;. At a depth of 3.4 metres the count rate had 
increased to 5300 cps and he found secondary uranium minerals in weathered 
schist. The area was reflown in NovemberlDecember 1970 when a magnetic as 
well as spectrometer survey was carned out. 

During the latter part of 1970 and most of 1971, an intensive program of field work 
was completes a1 the discovery. This involved detailed geological and radiometric 
mapping on the ground, costeaning, and auger, rotary/percussion and diamond 
drilling:- 

(ti) The surveying of a mine grid orientated 48' east of true north which had its 
origin as an arbitrary datum located approximately at latitude 12' 52' 02' 
south, longitude 132'47' 50" east (see Figure 2.1). The mine grid was laid out 
in feet, the then current Australian distance measurement unit. 

(b) The detailed geological mapping of approximately 160 acres (65 hectares). 

(c) A large number of costeans and trenches were dug within the ground 
radiometric anomaly area so as to determine the strike and dip of the host 
strata, and the extent of the mineralisation, before proceeding with an 
expensive drilling program. 

(d) Auger drilling of 184 holes totalling 1352.74 metres to complement the 
costeaning and trenching. 

(e) Rotary percussion drilling of 62 holes totalling 3856.7 metres. 

(0 Diamond drilling of 47 holes totalling 5372.87 metres. 

It was concluded that the deposit was of economic significance. Although it was 
not yet clear that there were two orebodies, stepout drilling along strike beyond the 
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The position and direction of the mine grid is also indicated. 



ground radiometric anomaly had intersected what is now the Nc. 2 orebody (which 
has no surface radiometric 'expression'). 

During 1972, diamond drilling on lines intermediate to those drilled in 1971 
confirmed the continuity of mineralisation and established the existence of the 
Koongarra No. 1 and No. 2 orebodies located between lines 9800N and 11300N, 
and 1 1300N and 1 1900N respectively. Thirty-six holes totalling 4872.1 metres were 
completed at the proposed mine area. Of these, twenty-eight holes totalling 
3288.84 metres were drilled in the canfirmatory program at the proposed open pit 
(the No.1 orebody), and a further eight holes totalling 1583.26 metres in the area 
just to the mine grid north (the No. 2 orebody). Percussion drilling to the mine grid 
north and south of Koongana established extension of the Koongarra Reverse 
Fault. 

An orientation Turam electromagnetic survey was also completed over the known 
mineralised zone during 1972. A strong Turam conductor axis appeared to coincide 
with the graphitic hanging wall unit associated with the mineralisation. A second. 
less conductive zone was located some 100-1 15 metres true south-east of and 
parallel to the former. Additionally, an orientation mercury vapour survey was 
carried out at Koongana, while a track etch radon program was briefly trialled in the 
area to the true south-west of the No. 1 orebody. 

During the 1973 field season fourteen diamond drill holes totalling 4508.78 metres 
were drilled, twelve of them to test for deep down-dip extensions of the Koongana 
orebod~es. The other two holes were designed to test for potential mineralisation 
immediately to the true north-east of the No. 2 orebody. In addition, five more 
vertical rotary percussion holes were drilled just to the true south-west of the No. 1 
orebody and a further nine percussion were drilled along strike to the true north- 
east, all holes designed to test the extensions of the fawurable Koongana host 
quartz-chlorite schist. 

During 1978 another ten cored holes and a number of vertical percussion holes 
were drilled in and around the orebodies, to assist with preparation of the 
Environmental Impact Statement (EIS) (Noranda Australia Limited, 1978). 
Investigations of some exploration techniques had also been undertaken (Pedersen, 
1978), including stream sediment geochemistry (Foy and Gingrich, 1977) and soil 
geochemistry (Snelling, 1984). 

In March 1980, the sale of the Koongarra project to Denison Mines Ltd of Canada 
was finalised, and the project placed in the hands of Denison's Australian 
subsidiary, Denison Australia Pty Ltd. The project was subsequently re-evaluated 
and redesigned in accord with changed concepts based on the latest technology. 

Since then more exploration techniques have been tested in the Koongarra 
environment. These include hydrogeochemical methods (Giblin and Snelling, 
1983), and sampling for lead isotopes in soils (Dickson, Gulson and Snelling, 1985, 
1987), helium (Gale, Butt and Snelling, 1986), and mercury (Carr, Wlmshurst and 
Ryall, 1 986). 



During 1987 a check was made on the potential for economic gold mineralisation at 
Koongarra. A review of early Noranda assays confirmed the potential, and a full 
scale fire assay program on existing drill core samples was undertaken. 

The Koongarra uranium deposit was first described in detail by Foy and Pedersen 
(1975), and subsequently in the Noranda Australia Ltd Environmental Impact 
Statement (Pedersen, 1978). Ewers and Ferguson (1 980) briefly described the 
mineralogy. The deposit has also been the subject of several university research 
theses (Tucker, 1975; Snelling, 1980a; Johnston, 1984; Wilde, 1988), resulting in 
a number of published papers (Snelling and Dickson, 1979; Dickson and Snelling, 
1980; Snelling, 1980b; W~lde, Wall and Bloom, 1985; W~lde, Memagh, Bloom and 
Hoflmann, 1989). Snelling (1990) provides the most recent comprehensive 
description of the deposit. 

2.2 Regional Geology 

The regional geology (see Figure 2.2) has been described in detail by Needharn 
and Stuart-Smith (1 980), and by Needham (1 982, 1984, 1988), while Hegge et al 
(1980) compared the similar geological settings of the four major uranium deposits 
of the Alligator Rivers Region - Ranger, Jabiluka, Koongarra and Nabarlek. 

The uranium mineralisation at Koongarra ocarrs in a layered sequence of Lower 
Proterozoic schists, rocks that were once shales and sibtones (deposited about 
2200 million years ago or My). Underneath the schists, and close to the uranium, 
are layers of dolomite, or metamorphosed limestone. These schist and dolomite 
layers (called the Cahill Formation) flank, and appear to have been deposited on 
the sides of a dome of crystalline Afchaean granitic rocks (called the Nanambu 
Complex), that are thus obviously the oldest rocks in the area (estimated to be over 
2500 My old), the nearest outcrop being 5 km to the north of Koongana (see Figure 
2.2 again). The shales, siltstones and limestones were metamorphosed or changed 
by heat and pressure to schists and dolomite between 1870 and 1800 My under 
temperature and pressure conditions of 550'-63OoC and 5 4  kb respectively. 
Muttiple severe folding accompanied metamorphism. 

The Cahill Formation has been divided into two members. The lower member is 
dominated by the thick basal dolomite, which has been intersected in driliing 
immediately to the south-west of Koongana (see Figure 2.1 again). The uranium 
mineralisation is associated with carbonaceous horizons within the immediately 
overlying chloritised quarh-mica (rfeldspar igamet) schists (originally shales). The 
lower member passes transitionally upwards into the more psammitic (silty and 
sandy) upper member, which is largely feldspathic schist and quartzite. 

A period of uplift, weathering and erosion over about 150 My followed, producing a 
new land surface on which thick layers of sandstone (the Kombolgie Formation) 
were then deposited (probably between 1690 and 1600 My), such that the tilted 
schist and dolomite layers are now at an angle to the overtylng flat-lying layers of 
sandstone. 
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2.3 Local Geology 

Owing to the folding over of the shales, siltstones and dolomite of the Cahill 
Formation during metamorphism and deformation, and the subsequent reverse 
faulting, the typical rock sequence encountered at Koongana (with true thicknesses 
perpendicular to the schistosity indicated) is (Figures 2.1, 2.3 and 2.4):- 

Hanging Wall - muscovite-biotite-quartz-feldspar schist (at least 180 m thick) 
(Above the - garnet-musco'Jite-biotite-quartz schist (90-1 00 m thick) 
Mineralised Zone) - sulfide-rich graphite-mica-quartz schist (about 25 m thick) 

- distinctive basal graphite-quartz-chlorite schist marker unit 
(5 to 8 m thick) 

Mineralised Zone - quartz-chloriie schist (rillite, garnet, sillimanite, muscovite) 
(50 m thick) 

Footwall (Below - reverse fault breccia (5 to 7 m thick) 
the Mineralised - sandstone of the Kombolgie Formation 
Zone) 

The uppermost muscovite-biotite-quartz-feldspar schist tends to be pale grey in 
colour and varies in composition from a quartz-biotite-muscovite schist to a 
feldspathic quartzite. Occasional large garnet grains have been chloritised, but 
otherwise any intense chloritic alteration is generally absent. 

The garnet-muscovite-biotite-quartz schist is grey-green in colour, evenly banded. 
and with individual muscovite and chiorite bands up to 1 cm thick parallel to the well 
defined schistosity. Garnets are common within well defined bands up to 20 an in 
width. Individual garnet grains are usually about 1 cm in diameter and are almost 
invariabty altered to, and sheathed in, chlorite and muscovite elongated parallel to 
the schistosity, giving the rock an augen(eye)-like appearance. In places, however, 
garnets are wholly replaced by chlorite. Areas with disseminated pr::e are 
common, the garnets in particular being frequently associated with increased pyrite 
content, but overall sulfide content is low (4%). Typical percmtage mineral 
compositions of this schist are listed in Table 2.1. 

The sulfide-rich graphite-mica-quartz schist is similar to the gamet-muscovite-biotite- 
qua* schist above it, except that garnet is not so prevalent and disseminated 
pyrite is common. Also, there are graphitic bands within this schist, the graphite 
usually occurring as thin films on schistosity planes. 

At the base of the sulfide-rich graphite-mica-quartz schist is a distinctive graphite- 
quartz-chlorite schist that because of its position immediately adjacent to the 
mineralised zone below, and because it is easily identified, acts as a market unit. It 
ranges in width between 1 m and 10 m, but is generally 5 to 8 m thick. tt is 
normally highly sheared with contorted fold structures and brecciation. Thin bands 
of graphite parallel the schistosity and often coat shear surfaces. Composition of 
this schist varies from almost pure graphite to inter-mixtures of quartz, chlorite 
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TABLE 2.1 

TYPICAL PERCENTAGE MINERAL COMPOSITIONS (MODAL) OF THE 
GARNET-MUSCOVITE-BIOTITE-QUARTZ SCHIST 

and graphite, with highly variable quantities of pyrite and traces of other sulfides, 
notably chalcopyrite and galena. Some typical percentage mineral compositions 
are listed in Table 2.2. 

TABLE 2.2 

TYPICAL PERCENTAGE MINERAL COMPOSITIONS (MODAL) OF THE 
GRAPHITE-QUARTZ-CHLORITE SCHIST 

The quartz-chlorite schist that hosts most of the mineralisation is normally light grey 
in colour and finely banded with a well defined schistosity. The typical rock 
comprises thin alternating bands of quartz and chlorite with some quartz grains. 
while muscovite is often present as veneers on schistosity surfaces. Locally there 
has been massive replacement of virtually the entire rock by chlorite. Elsewhere 



small 'blobs' of chlorite up to 5 mm in diameter are common, usually representing 
replacement of garnets. Other minerals such as apatite, sillimanite and ilmenite are 
present in trace amounts that can only be detected with a microscope. Typical 
percentage mineral compositions are listed in Table 2.3. 

TABLE 2.3 

TYPICAL PERCENTAGE MINERAL COMPOSITIONS (MODAL) 
OF M E  QUARTZ-CHLORITE SCHIST 

The reverse fautt breccia has been formed along the contact where the older Cahill 
Formation schists have been thrust over down-faulted Kombolgie Formation 
sandstone. Rock textures vary from coarse angular fragments of schist andfor 
sandstone through to almost completely pulverised rock flour, often heavily hematite 
stained. In a few places small fragments of dolomite have also been found in the 
fault breccia, perhaps suggesting that this fautt movement which produced the 
breccia zone may have been dose to, or along, the boundary between the Cahill 
Formation schists and dolomite. The Kombolgie Formation sandstone just below 
the fault zone is frequentty highly silicifisd and hematite stained, sometimes with 
fractures infilled by chlorite. The schist just above is broken and fragmented or 
highly contorted, and is often very siliceous or heavily chloritised with strong 
hematite staining. 

The Kombolgie Formation outcrops as a prominent scarp to the Mount Brockman 
Massif immediately north of the orebodies and comprises indurated, slightly 
micaceous, quartz sandstone of variable grain size. Further to the west along the 
scarp edge, quartz cobble conglomerate that is lower down in the Kombolgie 
Formation succession has been exposed, and several of the deeper drill holes at 
Koongarra terminated in that rock type. 

Within the schist units of the hanging wall, several layers of amphibolite up to 15 m 
thick, probably repeated due to folding, have been intersected in a number of drill 
holes, particularly to the north-east of the No. 1 orebody and above the No. 2 
orebody, and to a lesser extent above the south-western half of the No.1 orebody. 
In Figure 2.3 some of these drill hole ~ntersections of interpreted amphibolite are 
shown as semi-continuous layers, both conformably to and cross-cutting the 



schistosity, although it is possible that the intersections may only represent lenses 
or pods that have survived retrogressive metamorphism and hydrothermal 
alteration. Bands of altered amphibolite are also tentatively recognisable on textural 
grounds within the quartz-chlorite schist. Where recognisable, the amphibolites are 
finely foliated and dark green because chlorite has largely replaced the parent 
amphiboles. The whole-rock chemistry of all these amphibolites, though changed 
by alteration, does suggest that they were originally tholeiitic dolerite or basalt 
(rocks that cooled from molten magma or lava). 

In the course of ARAP site investigations, the possibility that weathering of these 
amphibolites in the schist sequence may have produced a low conductivity barrier 
to groundwater flow was suggested. Consequently, further field studies on the 
amphibolites were undertaken (see Volume 4 of this series). 

Pegmatites, composed of coarse grains of quartz, sericitised feldspar, muscovite, 
chlorite, and occasionally accessory tourmaline, form thin veins to 10 cm width 
which cut the schists. In the mineralised zone these pegmatites are largely 
obliterated by alteration. 

Some well banded siliceous (microcrystalline quartz) lenses up to 5 m thick, and 
commonty brecciated (fragmented), are present in the quartz-chlorite schists of the 
mineralised zone, normally 10 to 20 m below the distinctive graphitic schist unit. 
Along the elongation of the strata (or strike) 750 m to tne north-east, drilling has 
intersected dolomite lenses in the same stratigraphic position, and so these 
siliceous lenses in the m~rreralised zone have been interpreted as silicified dolomite. 

To the south-west of the No.1 orebody, and to a lesser extent north-east of the 
No. 2 orebody, dolomite has been intersected in a number of drill holes. It is a 
massive grey-white to pink rock whose precise extent and ttricknesses are still 
unknown. In some drill holes it was interbedded with schist as an integral part of 
the schist sequence, while in o*ers only dolomite was intersected. The only known 
outcrops of what is now siliafied dolomite in the area are in Koongarra Creek and 
adjacent to its south bank. These, plus the interpreted extent of the dolomite in the 
subsurface, are shown on Figure 2.1. 

2.4 Structure 

Multiple deformation (folding. fracturing and faulting) accompanied the mineralogical 
changes during metamorphism of the original sediments. Johnston (1984) 
suggested that it was the second deformation event in a series which was 
responsible for the dominant metamorphic layering (foliation) of the schist sequence 
at Koongarra, which strikes north-east and dips at 55' to the south-east. 

The dominant structural feature at Koongarra is the reverse fault system that bends 
north-east along almost the entire south-east side of the Mount Brockman outlier of 
the Kombolgie Formation, and dips at about 60' south-east, subparallel to the 
dominant foliation and rock-type boundaries. Tne fault system extends 70 m into 
the schists above and about 100 m into the sandstone below. Individual faun 



surfaces are defined by breccia~ (rocks made up of broken rock and mineral 
fragments), and brecciation (crushing and fragmentation of the rocks) is most 
intense at the sandstone-schist interface, where the breccia is generally 5 to 7 m 
thick but can exceed 15 m. Many parallel and subparallel fault structures of a few 
metres width occur in the mineralised zone above the main reverse fault breccia, 
and persist well into the sulfide-rich graphite-mica-quartz schist of the hanging wall. 
The distinctive graphite-quartz-chlorite schist marker unit itseH is one such strucbre, 
slickensides (scratches and grooves) therein being evidence of shearing. Total 
vertical displacement along the reverse fault has been estimated to be a rinimum 
of 50 m, possibly 100-200 m, but maybe up to 600 m. 

Several north-west trending subvertical faults oansect both the Kombolgie 
Formation and the adjacent ore zones, where only minor displacement can be 
interpreted fro~n diamqnd orill intersections. Some minor offsetting of the reverse 
fault breccia along low angle f;rults has also been interpreted from drill core. 
Further investigations of folding, faulting and fracturiig in the Koongarra area and 
the host schists are reported in Volume 4 of this series. 

2.5 Distribution of the Mineralisation 

Within the schist layers, probably within 100 m above the dolomite, the uranium ore 
occurs in two distinct but clearly related bodies, separated by about 100 m of 
banen schists (see Figure 2.3). Both orebodies are elongated and d ~ p  at 55' 
broadly parallel to the reverse fauK (the Koongarre Reverse Fault), the movement 
along which has reversed the normal sequence of strata by bringing the overlying 
younger sandstone down underneath the older tilted schist layers (see Figure 2.4). 
This fault zone forms the lower boundary (or footwall) to the uranium ore zone. The 
primary mineralisation is largely confined to a schist layer consisting almost 
exclusively of grains and flakes of the minerals quartz and chlorite (quartz-chlonte 
sch~st) ~mmediately above the fault zone, and a thin layer of similar schist that also 
contams large amounts of graphite forms a distinctive upper boundary or hanging 
wall untt (see Figure 2.4). At the northern end of the Na. 1 orebody, and in the 
No. 2 orebody, mineralisation persists into the overty~ng schists that contain 
graph~te. garnet and mica, as well as quartz and chlorite. 

The more south-westerly of the two orebodies, the No. 1 orebody (Figure 2.3), is 
elongated over a distance of 450 m and persists to a depth of about 100 m. 
Secondary uranium mineralisation, derived from decomposition and leaching of the 
primary mineralised zone, is present from the surface down to the base of 
weathering over some 25-30 m and forms a tongue-like body of ore-grade material 
dispersed down-slope for about 80 m to the south-east. There is also some 
dispersion of secondary uranium mineralisation withir! the main fault zone. In cross- 
section the primary ore zone consists of a series of partially coalescing lenses that 
have the appearance of being stratabound, that is, they are conhned within and 
parallel to the host schist layer (see Figure 2.4). The width of the primary ore zone 
averages 30 m at the top of the unweathered schist, tapering out at the extremities 
of the elongation, and down dip to about 100 m below surface. The strongest 
mineralisation, with most assay values in excess of 1% uranium, is over a thickness 



of several metres just below the graphite-bearing hanging wall schist layer. This 
high grade ore is persistent both along the elongation and down dip. However, 
mineralisation of varying grades occurs down through the host schist layer and 
a l o n ~  minor fractures. Closer to the footwall fault breccia (crushed rock) zone the 
ore is of lower grade, is more sporadic, and tends to fade more rapidly with depm. 
Figure 2.5 depicts the three dimensional geometry of the No. 1 orebody based on 
four cross-sections. 

Figure 2.5 The three dimensional geometry of Ihe Koongerra No. 1 orebody bssed on mine gnd 
sections 5987 mN. 6109 mN. 6231 mN and 6353 mN. 

In the No. 2 orebody, the mineralisation is elongated over a distance of about 
100 m (see Figure 2.3) and persists down dip at 55' to at least 250 m. Because 
the top of the commercial grade mineralisation is at 50 m depth. no secondary 
uranium mineralisation has been identified in the weathered schists. R cross- 
section the ore zone tends to be oval in shape, narrow at the top, thickening with 
depth and then thinning again, and is made up of a series of partially coalescing 
lenses. Ore grades are generalty lower than in the No. 1 orebody, but the 
mineralisation is present over greater widths. The hanging wall graphitic schist unit 
is less well developed and seems to have exerted a lesser degree of control on 
mineralisation, which also persists up into the hanging wall sctrists. However, the 
No. 2 orebody has not yet been as thoroughly investigated. 



2.6 Hydrothermal Alteration 

A distinct and extensive primary alteration halo has been observed about the 
mineralisation at Koongana, which extends for up to 1.5 km from the ore in a 
direction perpendicular to the reverse fault zone. An inner and an outer halo have 
been identified (Figure 2.4). The outer zone is manifested by the pseudomorphous 
(look-alike) replacement of certain metamorphic minerals, while the inner zone 
involves pervasive chlorite-dominant replacement of the metamorphic rock fabric, 
and removal of quartz. 

Outer halo alteration is most extensively developed in the schists that were 
originalty shales. Biotite is replaced by chloriite, rutile and quartz, while feldspar is 
replaced by sericite. Metamorphic muscovite, garnet, tourmaline, magnetite, pyrite 
and apatite were preserved. Less than 200 m from the orebody, hornblende in 
amphibolite is replaced by chlorite and phengitic mica. Rare epidote, calcite and 
quartz veins have been observed in this zone, and these are associated with 
albitisation (Na-enrichment) of pre-existing plagioclase. Another feature of the outer 
halo is silicification, which occurred in fault planes and within the Kombolgie 
Formation sandstone. Silicification in the sandstone is best developed adjacent to 
the reverse fault, but may also occur in layers parallel to bedding. Association of 
this outer halo alteration with mineralisation is demonstrated by the apparent 
symmetrical distribution of this alteration about the deposit. 

In the inner alteration zone, less than 50 m from the ore, the metamorphic rock 
fabric is disrupted, and quartz is replaced by pervasive chlorite and phengitic mica, 
and garnet by chlorite. Relict metamorphic minerals, mainly muscovitic mica, 
preserve the foliation (metamorphic layering). Quartz remains as rounded to ovoid 
grains 'floating' in a conspicuousty finer matrix of chlorite. Coarse chlorite after 
biotite may also be preserved. Uranium mineralisation is only present where this 
alteration has taken place. 

Chlorite thus occurs ubiquitously throughout the unweathered host rocks at 
Koongarra, in proximity to the ore due to hydrothermal alteration, but also more 
generally due to retrogression of tt?e schists. Chlorite is found replacing most 
metamorphic minerals, as cementing and fracturetbreccia filling material and veins, 
and as groundmass (Ewers and Ferguson, 1980; Snelling 1980a). Consequently, 
both the compositions of the chlorite and the distribution of the different 
ccmpositions are very variable (see Appendix 1 for electron microprobe analyses 
from Snelling, 1980a). 

Snelling (!380a) found that chlorite associated with uraninile is dist;:ictly and 
uniformly Mg-rich, and often also A-rich, whereas chlorite in the hc,st schists, 
whether in the ore zone below the graphitic hanging wall unit or above, shows a 
wide variation from Fe-rich to Mg-rich compositions. Some Fe-rich chlorite is found 
replacing biotite and immediatety adjacent to gsrnet, pyrite and iron oxides. 
Othetwise, Snelling (1980a) found that in most cases the groundmass chlorite and 
chlorite after biotite are decidedty Mg-rich. Likewise, garnet is replaced by Mg-rich 



chlorite, although in some cases patches of Fe-rich chlorite are found in proximity to 
the replaced garnet, the Fe probably having come from the garnet. 

Ewers and Ferguson (1980) also found that generally the fracture~breccia filling and 
groundmass chlorite (in the ore) is more Mg- and A-rich than replacement chlorite. 
However, they only recognised chlorite replaciqg biotite grains as tending to be 
more Fe-rich. In Volume 8 of this series it is suggested that in the unweathered 
zone schists, bulk rock Mg/Fe ratios indicate My-rich chlorite is most abundant in 
the primary ore zone and Fe-rich chlorite may become more dominant with distance 
away from the primary ore zone. This supports the findings of Snelling (1 980a) that 
chlorite associated with uraninite is Mg-rich, whereas in the schists generally the 
chlorite varies more widely in Mg and Fe contents, the occasional Fe-rich chlorite 
being in Fe-rich 'micro-environments' or replacing an Fe-rich mineral such as biotite, 
particularly outside the ore zone. 

The work of Murakami and others, reported in Volume 9 of this series, which 
considers the weathering of host rock minerals, has found that the Fe-rich chlorite is 
tens to hundreds cf bm in size whereas the Mg-rich chlorite is less than tens of pin 
in size. This work has also found that the Fe-rich chlorite is predominant over the 
Mg-rich chlorite in the secondary ore zone and the dispersion fan. The effect of the 
weathering of the Fe-rich chlorite on uranium migration at Koongarra is discussed in 
detail in Volume 9. 

2.7 Primary Ore Mineralogy and Chemistry 

The primary ore consists of uraninite (or pitchblende, that is, uranium oxide) veins 
and veinlets (1 to 10 mm thick) that crosscut the foliation of the brecciated and 
hydrothermally altered host schist. Groups of uraninite veinlets are intimately 
intergrown with chlorite, which forms the matrix to the host breccias within the 
schist. Small (1 &I00 pm) euhedral and sr ~b-euhedral uraninite grains (that is, 
grains bounded by crystal faces) are finely disseminated in the chloritic alteration 
adjacent to veins, but these grains may coalesce to form dusters, strings and 
massive uranicite. Coarse colloform and botq-oidal uraninite masces, and uraninite 
spherules with internal lacework textures, ha;e also been noted, but the bulk of tine 
ore appears to be of the disseminated type, with thin (less than 0.5 mm) 
discontinuous wisps and streaks of uraninite, and continuous strings both parallel 
and discordant to the foliation, and parallel ta mica cleavage plans. Appendix 2 
lists representative analyses of uraninite at Koongarra. 

Associated with the ore are minor volumes (up to 5%) of sulfides, which include 
galena (PbS) and lesser cht.;opyrite (CuFeS,), bornite (Cu,FeSJ and pyrite (FeS,), 
with rare grains of native gold, clausthalite (PbSe), gersdorffite-cobattite 
(Ni,Co,Fe)AsS and mackinawite (Fe,Ni),,S. Galena is the most abundant. 
commonly occurring as cubes (5 to 10 pm wide) disseminated in uraninite or 
gangue, and as stringers and veinlets particularly filling p in  fractures kthin 
uraninite. Galena may also overgrow clausthalite, and replace pyrite and 
chalcopyrite. Chalcopyrite occurs as irregular to rounded grains 10 to 100 pm in 
diameter, frequently with other sulfides, but occasionally as small inclusions within 



uraninite itself or in chlorite-filled fractures within uraninite. Some chalcopyrite has 
clearly post-dated irraninite, for transgressive veins of carbonate or quartz carry 
chalcopyrite. Occasionally chalcopyrite grains have been altered to covellite (CuS) 
and chalcocite (Cu,S). Qrite is ubiquitous in the host schist but occurs more 
sparsely in the primary ore, where small rounded grains are disseminated in the 
gangue in proximrty to uraninite. Occasionally there are larger crystals, grains and 
masses. Appendix 3 lists some representative analyses of these sulfide minerals. 

To eate the only gold mineral observed has been native gold in clusters of rounded 
grains (less than 5 prn diameter) in uraninite. Analyses show that gold is present at 
Koongarra, some of it occurring in conjunction with the uranium mineralisation, but 
not enough information is yet available on gold mineralogy. 

Chlorite, predominantly Mg-rich chlorite, is the principal gangue, and its intimate 
association with the uraninite indicates that the two minerals formed together. 
Rutile (TiO,) may comprise up to 5% by volume of ore (Gasparrini, 1978). On the 
other hand, hematite is not a common gangue phase, but may occur as a selvage 
(less than 2 mm thick) to some of the thicker (more than 3 mm) uraninite veins in 
the high grade ore zone immediately below the hanging wall graphitic unit. There is 
commonly a slight bleaching of the schist immediately adjacent to this hematite 
selvage. 

Hematite is also present in the breccia in the reverse fault at Koongarra, and in the 
schist immediately above. It occurs as specks disseminated through the schist, as 
selective reddish staining of quartz-rich bands within the schist, or as bright red 
hematite-impregnated clay along joints and fractures. In the fault breccia and the 
Kombolgie Formation sandstone beneath, the hematite appears to be the product of 
oxidation of chlorite. Hematite is also present in the transitional zone to the 
weathered schist as an alteration product where secondary uranium minerals have 
formed in situ from uraninite, and in the schist between the fault breccia and the 
high grade ore zone. Hence, it is attributed to later alteration associated with deep 
oxidising groundwater movement down the fault system and into the schist (Figure 
2.4). 

In close proximity to the primary ore, the alteration in the host schists is 
characterised by magnesium enrichment and silicon depletion. Besides uranium, 
the primary ore is enriched in copper, lead, sulfur, arsenic and vanadium (Carson, 
1978; Gasparrini, 1978) (see Appendix 4). Copper, lead and sulfur enrichment 
reflects tha presence of chalcopyrite and galena, while lead is also present in 
uraninite (up to 13% PbO (Snelling, 1980b)) (see Appendices 2 and 3). Arsenic is 
a minor component of chalcopyrite (generally 0.2 to 0.5%). Nickel and cobalt form 
a minor enrichment halo about the deposit (Tucker, 1975). The presence of rare 
gersdorffite-cobaltite grains alone would not eccount for the nickel, cobalt and 
arsenic enrichment, but Snelling (1980b) also reported finding cobalt and nickel in 
pyrite. These would certainly account for the nickel and cobalt enrichment, since 
whole-rock values are seldcm in excess of 100 ppm nickel and 50 ppm cobalt 
(Tucker, 1975; Noranda, uripublished data, 1971). Electron microprobe analyses 
of pyrite show that it is both normal and reverse zoned with respect to nickel and 



cobalt (see Appendix 3). Some grains are found to be homogenous in the two 
elements, either individually or together. Maximum nickel content is 3%, while 
cobalt reaches 7.5%. Nicke1:cobalt ratios vary, but in most samples cobalt exceeds 
nickel. The analyses also reveal that some pyrite may contain up to 6% copper or 
up to 4% lead, while most pyrite contains between 0.25 and 0.4% arsenic 
(maximum 1.8%). The source of the vanadium enrichment is enigmatic, but Carson 
(1978) and Gasparrini (1978) both suggest vanadium is present in rare unidentified 
uranium-manganese and silicon-titanium-iron-manganese minerals. 

2.8 Age and Genesis of the Primary Ore 

The age of the uranium-gold mineralisation is problematical. U-Pb isotope data on 
uraninites indicate crystallisation of some of the uranium at 870 My, but discordant 
results and Pb-Pb ages suggest the presence of radiogenic lead derived from 
considerably older uranium mineralisation, perhzps as old as 18W1700 My (Hills 
and Richards, 1976). The mineralisation, however, must post-date both the 
KombaCgie Formation and the reverse fault at Koongana, since it occupies the 
braccia zones generated by the post-Kombolgie reverse faulting. The pattern of 
alteration confirms this. Page, Compston and Needham (1980) determined the 
timing of Kom bolgie Formation deposition as 1688 to 1600 My. The Sm-Nd isotopic 
data on uraninites of Maas (1987, 1989), which narrow down the timing of 
minclralisation to 1850 to 1550 My, are consistent with this. 

Maas's data also indicate some Sm-Nd redistribution at 420 My. Coupled with Hills 
and Richards' (1976) 870 My concordant U-Pb data, this suggests a three-stage 
development for the primary uranium ore. The weathering of the primary ore to 
produce the secondary dispersion fan above the No. 1 orebody seems to have 
begun only in the last 1 to 3 My (Airey, Golian and Lever, 1986). 

Views on the genesis of the deposit differ. Ferguson, Ewers and Donnelly (1980) 
suggested that the ore developed within collapsed dolines (sinkholes) during 
weathering and erosion of the Lower Proterozoic landscape after the 1870-1800 My 
regional metamorphism. In this concept, meteoric water (rainfall) percolated along 
bedding planes and fracture systems, scavenging uranium from the metasediments 
and depositing it where schist debris, clay and carbonaceous matter had 
accumulated in the dolines. They suggest that high heat flows due to pre- 
Kombolgie igneous activity remobilised the uranium in situ to form the primary ore 
lenses. 

Wilde (1988) favoured a post-Kombolgie genesis, since the mineralisation occupies 
the breccia zones generated by the post-Kombolgie reverse faulting and fluid 
inclusion data (Wilde, 1988) also require ore genesis under a 6 km sediment cover. 
Therefore Wilde (1988) suggested a diagenetic (sedimentary)-hydrothermal genetic 
model, akin to the prevailing model for the comparable Canadian unconformity- 
related deposits, whereby the metals were scavenged by circulating saline 
diagenetic fluids from the thick Kombolgie sediment pile with its interbedded 
volcanic flows (the postulated source of gold and base metals), at temperatures 
around 270°C. The fluids were then transported down brecciated fault zones into 



the Lower Proterozoic basement metasedimentary units, where mixing with resident 
fluids of contrasting oxidation state and changes in ligand concentration, 
temperature and pH resulted in precipitation in brecciated basement fault zones 
near the unconformity. Donnelly and Ferguson (1980) found that 613C values for 
Koongarra graphite indicated reactions involving organic matter, and this is 
consistent with the suggestion that the graphite via reducing reactions has exerted 
control on the localisation of the primary uranium mineralisation. 

2.9 The Secondary Mineralisation 

One of the most important features of the uranium mineralisation at Koongana is 
the occurrence of abundant secondary uranium minerals, principally within the 
dispersion fan above the No. 1 orebody, but also to a lesser extent within the top of 
the primary ore zones just below the weathered zone, and at the bottom of the 
primary zones along and just above the fault. These secondary uranium minerals 
are noted for their variety of brilliant colours, so their presence is easily recognised 
both in subsurface samples and in drill core. 

Oxidation and alteration of uraninite within the primary ore zone have produced a 
variety of secondary uranium minerals, parh'cularty the uranyl silicates kasolite 
(Pb(UO,)SiO,.H,O), sklodowskite (Mg(UO,), Si20,.6H20) and uranophane 
(Ca(UO2),Si2O,.6H,O). Uraninite veins, even veins over 1 cm wide, have been 
completely altered in situ. Some uraninite veins are concentrically sheathed 
outwards by the uranium-lead oxides vandendriesscheite (Pb0.7U0,.12H20), 
fourrnarierite (Pb0.4U03.4H20) and then curite (2Pb0.5UO3.4H2O), and then 
sklodowskite. Other veins are partially or totally replaced by intergrown uranyl 
silicates. In most cases the physical positions and shapes of the replaced uraninite 
veins and masses, even euhedra (crystal shapes), are preserved. Uranophane and 
sklodowskite, remote from any parent uraninite, are also found as veins ano 
stringers within fractures, between grain boundaries and within mica deavage 
planes. Within fractures sklodowskite has also crystallised as aggregates of 
radiating acicular (needle-like) crystals, with chlorite as the infilling matrix. Within 
the primary ore zone this in situ replacement of uraninite is most pronounced 
immediately above the reverse fault breccia, and this alteration and oxidation 
diminish upwards toward the high grade ore beneath the hanging wall graphitic 
schist unit (Figure 2.4). Extensive in situ replacement of uraninite by uranyl 
silicates has also occurred where the high grade ore is intersectsd by the 
transitional zone to the weathered schists. Appendix 5 lists representative analyses 
of these uranyl oxide and silicate minerals. 

The secondary mineralisation of the dispersion fan in the weathered schists above 
the No. 1 orebody is characterised by uranyl phosphates, particularly saleeite 
(Mg(UO2),(PO4),.8H2O). metatorbernite (Cu(U02),(P0,),.8H20) and renardite 
(Pb(UO,)(PO4),(OH),.7H,O), found exclusively in the rail' of the fan. Much of this 
phosphate-bearing 'tail' has been shown to be weathered and leached primary ore, 
and was originally, before weathering, the up-dip continuation of the present primary 
ore lenses. The uranyl phosphates of this 'tail' occur as veins, stingers, euhedral 
grains, intergrowths and rosettes amongst the clay-mica-quartz mixtures of the 



weathered schists. Appendix 6 lists representative analyses of these uranyl 
phosphate minerals. Away from the Yailm of the dispersion fan uranium is dispersed 
in the weathered schists and apparently adsorbed onto the surfaces of clay and iron 
oxide minerals. 

Because much of the secondary mineralisation is derived from in situ oxidation and 
alteration of grains and veins of the primary uranium mineral, uraninite, and by the 
dissolving and retransporting of the uranium, these processes therefore represent 
the latest stage in the genesis of the deposit as we krlow it today, processes which 
may still be i~ operation. In the top of the No. 2 orebody, where no secondary 
dispersion fan has been identified, only uranyi silicates have been found. This 
contrasts with the pattern in the No. 1 orebody, where uranyl phosphate minerals 
are found in the Yail" of the secondary dispersion fan in, and down-slope from. what 
was the upwards extension of the primwy ore zone, while uranyl silicates are either 
in the primary ore zone below or at the interface between the two (see Figure 2.4 
again). 

The differences in distribution and style between the uranyl silicates and 
phosphates strongly suggests a two-stage process for their development under 
different physico-chemical conditions. The first stage was the in situ alteration of 
uraninite to form uranyl silicates associated with chlorite veining at depth within the 
primary ore zones of both the No. 1 and No. 2 orebodies. Subsequent intersection 
of the zone of surface weathering with the top of the primary ore zone of the No. 1 
orebody only, has resutted in the leaching and decomposition of both uraninite and 
uranyl silicates to form the uranyl phosphates within the secondary dispersion fan 
(see Volume 11 of this series). 

In the primary ore zones at Kmgarra, where the mineral apatite (the apparent 
main source of phosphorus) is stable, the soluble uranyl silicates precipitated under 
slightly reducing and weakly acidic conditions with negligible to zero concentration 
of phosphate and vanadate in the groundwaters (Snelling, 1980a). In the 
weathered zone, however, the precipitation of relatively insoluble uranyl phosphates 
has been favoured by oxidising conditions and much higher phosphate 
concentrations ( d ~ a  to weathering of apatite) in the groundwaters. It is also 
possible to conclude that vanadium concentrations in the circulating fluids at 
Koongarra were very low compared to phosphorus. because carnotite is sparse in 
its occurrence in the weathered zone. 

This was the interpreted scenario prior to ARAP foi- the development of the 
secondary mineralisation in the weathered zone. An essential part of ARAP was to 
further investigate this scenario and further qualify and quantify how 
mobilisation1movement of uranium has occurred in the weathered zone. Details are 
thus dealt with in following volumes in this series. 

3 THE DEVELOPMENT OF THE SOU0 GEOLOGY 

Because the main focus of the Alligator Rivers Analogue Project has been to model 
the development - mineralogically, geochemically, hydrogeologically - of the 



secondary dispersion fan above the Koongarra No. 1 orebody, and determine the 
timescales for these processes, it is important to understand the overall geological 
development/history of the deposit and its geology. Some details of the timescales 
and processes have already been touched upon in the above geol3gical description 
of the deposit, but a step-wise presentation of the geological history of development 
stage by stage is warranted here, particularly for those without a geological 
background who may have difficulty in visualising the processes that have led up to, 
and resulted in, the formation of the secondary dispersion fan. 

The method chosen here is pictorial - a time series of idealised diagrams - with 
accompanying commentary. The focus is particularly on the Koongarra deposit and 
its environs, rather than on the regional scale, since the latter is too broad in the 
context of this analogue project and so is virtually irrelevant. Hopefully, this pictorial 
presentation will provide an adequate context in h i c k  te view the data and 
modelling studies generated by this analogue project and preserded in the 
subsequent volumes of this report. 

3.1 The Archaean Nanambu Complex Basement (25W2200 My) 

While the mineralisation is hosted by the schists of the Cahill Formation, the 
basement complex on which those metamorphosed sediments lie had to form first. 
The Nanambu basement rocks consist of a suite of granitic rocks that intruded 
previous sediment layers (now completely eroded away) and give a crystallisation 
age of around 2500 My, and a suite of metamorphosed granites with schists and 
gneisses (metamorphosed sediments) that yield an isotopic age of 1870-1800 My 
(Page, Compston and Needham, 1980). The isotopic data also indicate that these 
latter rocks had an earlier history, originally being granites overlain by later 
sediments, the granites aystallising with the unmetamorphosed granites around 
2500 My, and the sediments being deposited on the granitic basement subsequent 
to that. The regional 1870-1800 My metamorphic event effectively reworked some 
of the granites and some of the sediment layers resting on the gtanites, physically 
incorporating them into the basement complex. 

Figure 3.1 depicts three time 'slices' in the development of the Nanambu Complex 
basement - the intrusion of the granites into previous (older) sediments and 
aystaiiIsation around 2500 My (Figure 3.la). the subsequent erosion of the older 
sediments and granites (Figure 3.1 b), to leave by about 2200 My a new eroded 
land surface (Figure 3.1~). that was the basement surface or unconformity on which 
the later sediments that now host the uranium were deposited. 

3.2 Sedimentation - The Cahill Formation (2200-1900 My) 

Between 2200 and 1900 My a sequence of sediment layers, including the Cahill 
Formation that hosts the uranium mineralisation, was deposited unconformabty on 
the eroded Nanambu Complex basement. First were the sands of the Kakadu 
Group, layers that were reworked with the Nanambb Complex granites by the later 
metamorphism so that they now appear to be an integral part of the Nanambu 
Complex. After deposition of the Kakadu Group sands came the limestones, 



Figure 3.1 Devdopment of the Archaean Nanambu Complex Basement between 2500 and 2200 
My (see text). 

probably with evaporites (largely being precipitated), muds and organic-rich muds of 
the lower Cahill Formation, followed by the s i b  and muds of the upper Clahil l  
Formation (see Figure 3.2). In surrounding areas of the region other laterally 
equivalent sediments were being deposited at the same time. In the Kw~ngana 
area the muddy sib,  that were the forerunner to the Nourlangie Schist, were then 
deposited on the Cahill Formation. Sedimentation throughout the region appears to 
have been completed by about 1900 My. 

3.3 Oolerite Intrusion (1 900-1 885 My) 

At or near the close of sedimentation, probably between 1900 and 1885 My, sills of 
the igneous Zamu Oolerite were intruded along the bedding of the sediments, and 
even into the Nanambu Complex (see Figure 3.3). 



Figure 3.2 Deposition of a sequence of sedimont layers (Kakadu Group. Cahill Formation and 
Nourlangie Schist) unconformabty on the Nanambu Complex basement between ZBO and 1900 My. 

Figure 3.3 Intrusion of the Zarnu dolerite krto the sediments between 1900 and 1885 My. 

3.4 Metamorphism and Deformation (1 870-1 800 My) 

following cessation of sedimentation and intrusion of the Zamu Dolerite, an intense 
mountain-building episode or orogeny commenced, in which the sediments were 
folded, faulted, metamorphosed, and intruded by granites (see Figure 3.4). 

Burial of the sediments, in this case the Cahill Formation, to a depth of at least 
several kilometres produced the temperature and pressure gradients to attain 
amphibolite facies metamorphism. Intrusion of granite to the north-east (north of 
Nabarlek), at about 1870 My, probabty initiated the regional polyphase folding and 
metamorphism, which was most intense in the north-east. reaching granulite facies. 
Most of the quartz-feldspar sands of the Kakadu Group (beneath the Cahill 
formation) and some of the Archaean granite were transformed to the gneisses of 
the Nanambu Complex. Deformation involved earty, bedding-parallel folding and 
perhaps some bedding-parallel faulting. Later folding was isoclinal in the 



Figure 3.4 Metamorphism and deform8tion of the sediment Layen, dolerite sills and granite 
basement betwecm 1 870 and 1800 My. 

north-east, but dominantly upright in the Koongarra area, and to the south and 
west. More granite was emplaced soon after folding and metamorphism ceased 
around 1000 My. 

3.5 Erosion (1 800-1650 M y )  

An erosional period of 150 My followed the close of metamorphism and deformation 
(see Figure 3.5). Initially erosion must have been rapid, because airfall tuff deposits 
(of the Edith River Group), derived from material extruded from vents to the south 
at about 1803 My, were deposited cnconfomably on the high-grade metamorphic 
rocks. The region continued to undergo weathering and denudation for 150 My, 
and during this time lopoliths (large basin-shaped intrusions) of Oenpelli Dolerite 
were emplaced in the north-east at 1-2 km depth at about 1690 My.  By 1650 M y  
continued erosion had removed that 1-2 km of country rock to exhume parts of 
these lopoliths. 

The present coastal lowlands of the Kakadu area, to the north-west of Koongarra, 
are in part this exhumed regional (pre-Kombolgie) unconformity land surface, and 
their topography is very similar to the exposed unconformity surface at the base of 
the Kombolgie Formation, with local relief up to 20 m and isolated hills up to 120 m 
above the general surface. 

3.6 Sedimentation - The Kombolgie Formation (1 65U-1610 My) 

Deposition of the Kombolgie Formation sediments, mainly medium to coarse- 
grained sandstones with minor conglomerates, occurred right across the area as, by 
inference, a braided alluvial fan (see Figures 3.6 and 3.7). The major lower and 
upper sandstone units of the Kombolgie formation (300 m and 350 m thick 
respectively are separated by up to 170 m of volcanic racks (principally basalt) 



Figure 3.5 Erosion d the metamorphosed and deformed sediment layers to form another new Lend 
swface between 1800 and 1650 My. 

Figure 3.6 Depositin of the Kombdgie Formation sandstones and interbedded vo)canics 
unconformably on the eroded land surface between 1650 and '610 My. The ' b x W  area is 
enlarged in Figure 3.7. 

which have been radiometically dated at 1648 tdy (Needham, 1988). The 
Kombolgie Formation once extended right across the Koongarra area, the present 
Mt Brockman Massif behind Koongarra and the Amhem Land Plateau on the other 
side of the Koongarra Valley being noted for the S 2 0 0  m high sandstone scarps 
that mark their edges. 

3.7 Fautting (Approximatety 1600 My) 

Soon after deposition of the Kombolgie Formation sandstones, at approximately 
1600 My, compressional tectonic forces generated major faults along which earth 
movements took place. A horst block of strata was uplifted with margins defined 
by the Koongana Reverse Fault, the Sawcut and the westem Nourlangie Fautt 
systems (see Figures 3.8 and 3.9). The extent of vertical movement of this block 
has been difficult to determine, with estimates varytng from as lime as 50 m, to as 
much as 600 m, but 100-200 m is more likely. 



Fgvre 3.7 A 'dose-up' diagrammatic sketch (the 'boxed' are on F iwe 3.6) of the host strata t 
Kmngarra at 1610 My with ttw KomWgie Formation sandaom, deposited unconformaefy on the 
eroded metamorphosed and tilted eerie sediment (Cehil Formetion) layers (from leR to ngM: 
ddomle, quartz-chlorite schist, graphitic schists, etc.) 
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Figure 3.8 Faulting of the metamorphosed and Kornbdgi Formation at about 1600 My. 
The faults s h m  are the Kormgarra R e v e m  Fault (left) and me Samxlt Fa& (right), and the 
upMted horst bkdc betweem them was later eroded away to form me Koongawa VaBey. 



F i  3.9 A 'ckse-up' d the Koongarra Reverse FeuR (schematic and not to scale) at about 1600 
My showing how the Kombolgie sandstone has been 'downfeulted' dative to the host M U  schiss 
a Koongarra. 

The faulting has displaced the Nanambu granite basement and tho Cahill Formation 
with respect to the ovewng Nourlangie Schist. At Koongarra the reverse faulting, 
due to the compressional forces involved, has moved the dder Cahill Formation 
rocks up the inclined fault plane over the younger Kombolgie Formation sandstone 
(see Figure 3.9 again). lt would appear that the plane of the reverse fault probabty 
coim'des with the boundary between the lower Cahill dolomite and the overtying 
schist, as that change in rock type would have provided a plane of weakness which 
the compressional forces would then have exploited. The wide zone of brecciation 
along the Koongarra Reverse FauR plme is evidence of the intensity of the 
compressional forces involved in these earth movements. Related parallel 
fracturing of the uplifted horst Mock, across to the Sawcut Fault on the eastern 
margin, probabty facilitated the subsequent erosion of this block, which later 
became the present Koongarra Valley. 



3.8 Mineralisation -The Formation of the Koongarra Primary Ore (1 6W1550 My) 

While opinions have differed over the source of the uranium and the timing of 
primary ore formation in the Alligator Rivers uranium deposits (that is, Jabiluka, 
Ranger, Koongarra and Nabarlek), a number of important observations at 
Koongarra clearly delineate this 16OU-1550 My interval as the time for primary ore 
formation at Koongarra (see Figure 3.1 0). 

Figure 3.10 Schematic 'dose-up' (not to scab) d the setting ta r leposi  of the Koongana 
orebody mineralisation and associated atteratian ha& at 1-1 500 My. 

First, the bulk of the primary ore uraninae has precipitated in the breccia zones in 
the host schists parallel to, and generated by, the post-Kombolgie 1600 My revers2 
fautting. Second, the pattern of alteration around the mineralisation confirms this, 
as the alteration halo continues across the reverse fault symmetrically around the 
mineralisation (see figures 2.4 and 3.10). Third, the Sm-Nd isotopic data on the 
uraninite also coincide with the 1600-1550 My interval. T ~ v s ,  whatever the source 
of the uranium, whether already in dispersed accumulations in the schists or 



introduced by circulating fluids from the overlying Kombolgie Formation, these three 
observations clearly icdicate that this 1600-1 550 My interval was when the primary 
ore at Koongarra was formed, taking on the basic pattern in which it occurs today. 

3.9 Erosion with Geological Stability (1 500-1 35 My) 

The region was then tectonically stable for over 1400 My, from 1550-135 My, with 
only gradual erosion of the Kombolgie sandstone that covered the schists 
containing the mineralisation (see Figures 3.11 and 3.12). Minor phonolite and 
dolerite (intrusive sub-volcanic rocks akin to basalt) were emplaccd as dykes 
(generally vertical cross-cutting thin sheets intruded into fracture or fault planes) at 
about 1370, 1320 and 1200 My (Needham?, 1588). 

In the uranium deposits of the region other minor events have been recorded by 
some resetting of the isotopic cloc!!~, but there appears to be no other readily 
apparent geological activity with which these isotopic resettings can be correlated. 
At Koongarra there was a resetting of the U-Pb isotopes at 870 My (Hills and 
Richards, 1976) and a redistribution of Sm-Nd at 420 My (Maas, 1989). On textural 
evidence it would appear that the U-Pb isotopes were reset by a major 
remobilisation of the uranium mineralisation, probably involving low temperature 
groundwaters dissolving uraninite and then re-precipitating it. The minor element 

Figure 3.11 Erosion of tho Kombolgie sandstone from above the Koongarra orebody 1550-135 
My - Stage 1. Note the greater e~osion on the 'proto' Koongarra Valiey side of the fault, due to 
the deep fracturing o: the sandstone. 



Figure 3.12 Erosion of the Kombolgie sandstone from above the Koongarra orebody, 1550-135 
My - Stage 2. The Koongarra Valley and escarpment have now formed. but sandsme still covers 
the host schist on the valley floor. 

chemistry of the uraninite also reflects this (Snelling, 1980a). However, the s&le of 
movement would not have been great, the re-precipitated uraninite being confined 
to the same zone and basic disposition within the host schists as in the original 
mineralisation event. 

During this extended 1400 My erosional period the Kombolgie sandstones and 
interbedded volcanic units were gradually stripped away, as shown in Figures 3.1 1 
and 3.1 2. As mentioned previously the compressional tectonic forczs responsible 
for the Koongarra and Sawcut Fautts, and the uplifting of the horst dock between 
them, also probably heavily fractured the sandstones within the horst block, thus 
facilitating more rapid and much deeper erosion of the horst block to open up the 
Koongana Valley (see Figures 3.13 and 3.14). By the beginning of the Cretaceous 
at 135 My, it is envisaged k a t  the Kombolgie sandstones had 5een cut back close 
to the present margin, and th2t the bulk of the erosion was completed. 

3.1 0 The Site Today 

From the beginning of the Cretaceous through to the present there has probably 
been only minor modification of the landscape, compared to the geological 
processes and quanm of erosion that previously shaped the development of the 
area's solid geology. Neverthelesj, the geomorphological development of the area 
up to the prqsent was criical to the initiation of the weathering processes that have 



' 
Figure 3.13 Wider view of the Koongarra Valley at 135 My, largely eroded (redrawn from Needham. 
1982). The present landscape surface is shown as a dashed line. 

Figure 3.14 Plan view of the Koongarra Valley today for comparison, showing the posihons of the 
escarpments and faun, and the drainage pattern. 
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produced and shaped the development of the secondary ore zone at Koongarra, 
the focus of this natural analogue study. Therefore, the geomorphical development 
is discussed in letail in Volume 3 of this series. 

The Koongarra deposit today lies beneath a gently sloping ground surface below 
the sandstone escarpment of the Mount Brockman Massif. The area is covered in 
open woodland vegetation and is drained by a few short seasonal watercourses into 
Koongarra Creek, which flows west into Nourlangie Creek 7 km away. Figures 3.15 
and 3.16 are oblique aerial photographs of the Koongarra area, while Rgures 
3.174.20 are ground photographs looking across the orebody and surrounding 
areas where ARAP investigations were conducted. 

Apart from the Kombolgie sandstone of the Mount Brockman Massif, there is very 
little outcrop of the Cahill Formation in the area. Along the escarpment margins a 
coarse sandstone debris talus slope and eluvial sand on the flatter ground just 
beyond, blanket the weathered Cahill schists as far as Koongarra Creek. The main 
stream channels and flood plains largely consist of alluvial quartz sand, but in many 
swampy areas humic material formed by organic decay is present. Sandy loams 
cover most of the interfluves, where some locally extensive femcrete also crops out. 
To the south-east beyond Koongarra Creek the ground surface is not sand covered, 
but is littered with quartz rubble weathered from the Cahill schists beneath. (For a 
fuller description of the geomorphology and surfiaal geology of the Koongarra area, 
see Volume 3 of this series.) 

Of primary interest, however, is the immediate area containing the Koongarra 
orebodies, from the Kombolgie sandstone escarpment to Koongana Creek. Figure 
3.21 shows the topographic contours across that area, and Figure 3.22 is a 
schematic cross-section through the No. 1 orebody which defines and illustrates the 
different components of the profile down to the fresh schists. Covering the area, as 
already described, is the sandstone debris talus and eluvial sand that has been 
broken and washed down from the Kombolgie sandstone escarpment; Figure 3.23 
is an isopach map showing the thickness of this surfiaal sand cover. 

Beneath the sand cover is the zone of weathered schist (see Figure 3.22 again). 
There are, of course, subdivisions within the profile down through this weathered 
zone as reflected in the appearance. physical properties and mineralogical 
constituents of the weathered scfi~sts, and these will be dealt with in detail in 
Volumes 4, 5, 8 and 9 of this series. 

Between the weathered schist zone and the unweathered (fresh) schists below is 
what has been called the transitional zone (see Figure 3.22 again). In this region 
there is marked change in colour of the rock, from the reddish and yellowish browns 
of the weathered schist to a greenish light grey, which is still distinct from the dark 
greys of the fresh schists. Fractures in this zone. as well as the schistosity 
surfaces, are still often coated with yellowish-brown iron oxides, so this zone 
reflects the onset of the weathering process on the fresh schists, but the process in 
not yet complete. Again. these colour ckanges reflect physical properties and 



original contains 
color illustrations 

Figure 3.15 Oblique aerial photograph of the Koongarra area looking north-east (true) along the 
mine grid. The tracks running cross-wise in the centre view are the grid-lines along whish aoss- 
sections through the orebodies were drilled. To the left (true north-west) are the Kombdgie 
sandstone cliffs of Mt Brockman and to the right (true south-em) is Koongarra Creek. 

Figure 3.16 Oblique aerial view of the Kombolgie sandstone cliffs of Mt Brxkman just to the north- 
west of the Koongarra No. 1 orebody. 
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Figure 3.17 Mew of the Koongarra No. 1 orebody area (across the centre of the photograph) as 
seen from Mt Brockman. In the distance is the line of Kombolgie sandstone cliffs that mark the 
edge of the Arnhem Land Plateau. 

Figure 3.18 Ground level photograph looking across the Koongarra No 1 orebody area along grid- 
line 6109 mN towards Mt Brockman. 
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Figure 3.22 Schematic cross-section through the Kofmgarra No. 1 orebody showing the rock wits of the mlne sequence. the weathered and 
transiiional zones, and deflniilons of the ore zwm. 





mineralogical changes that will be described in Volumes 4,5, 8 and 9 of this series. 
Figure 3.24 is an isopach map showing the total thickness of the zones of surfidal 
sands and weathered schists, that is, the depth (thickness) from the surface of the 
unweathered (fresh) schists. 

Figure 3.22 also depicts schematically the different ore zones or types within the 
Kwngarra No. 1 orebody. These boundaries between what ConstiMes ore and 
non-ore (barren schist) are of course not arbitrary, but are based on what are 
considered to be economically exploitable concentrations of uranium, the 
boundaries representing a mining 'cutoff grade'. For Noranda the cutoff grade was 

I 0.01 8% or 180 ppm U,O,, while for Denison it is currently 0.0246 or 200 ppm U,O,. 

In the unweathered (fresh) schists are both high-grade and medium-low grade orps 
and, as has already been depicted on Figure 2.4, these are uraninite dominated ore 
and uranyl silicates dominated ore, respectively. However, all these ore types here 
constiMe what will be called the primary ore, in the primary ore zone within the 
unweathered schists. It should be noted that the use of the word 'primary' in this 
context does not necessarily imply timing and/or genesis, although of course, the 
primary ore at Kwngarra, being in the unweathered schists, was in place before 
weathering occurred. 

Immediately above, and up-dip of, this primary ore in both the transitional zone and 
the weathered schist is ore that was obviously once primary but now is weathered. 
Consequently it is here designated as weathered primary ore, which consists of 
uranyl phosphates. Adjacent to it and downslope of it. again within the weathered 
schist and transitional zone, is ore that represents ure-ium which has been 
mobilised from the weathered primary ore and dispersed downslope to form what 
has been designated as the dispersion fan. Its depicted boundaries are an 
economic cutoff grade atthough uranium is still to be found dispersed in the 
weathered schist further downslope (see Volume 8 of this series). Until now, uranyl 
phosphates have only been identified in the dispersed ore adjacent to the 
weathered primary ore (see Figure 2.4 again). The weathered primary ore and the 
dispersion fan together are here called the secondary ore. 

It is important that those geological variations across the site that are important in 
the characterising and study of the natural analogue are emphasized. The site is 
not uniform throughout, there being spatial variations and heterogeneities in the 
geology in the region of the natural analogue - the weathered primary ore and 
dispersion fan. For example, in Figure 3.20 the weathered schist which contains 
the natural analogue is schematically depicted as a uniform zone, but this can be 
misleading. The weathered primary ore is in weathered quartz-chlorite schist and 
weathered graphite-quartz-chlorite schist, whereas the dispersion fan is in 
weathered graphite-mica-quartz schist and ~arnet-muscovite-bioYte-quartz schist. 
There is also the schistosity which dips at 55' to the south-east, and there are 
fractures at different angles. Hence, these geological variations and heterogeneities 
impinge on the natural analogue and need to be taken into account in the modelling 
of radionuclide transport. 





In summary, the following geological fact- c,ontribrli& to variations and 
heterogeneities across the natural anal~yue site: 

(a) the different host schist units with different mineral constituents and 
percentage compositions; 

(b) mineralogical and geochemical variations within each of the host schist units 
{for example, the graphite-mica-quark schist with its variable graphite content 
and accompanying sulfide minerals); 

(c) the presence of the hydrothermal alteration halo centred on the primary ore 
(induding the weathered primary ore) which decreases outwards in its effects, 
mineralogy &?d geochemistry; 

(d) the general 55' dip to the south-east of the host schist units and their 
schistosity; and 

(e) the presence of fractures and breccia zones which cross-cut the schistosity at 
different angles, and occasionally parallel the schistosity. 

4 SAMPLING FOR THE NATURAL ANALOGUE STUDY 

4.1 Reference Grid Used for Drilling and Sampling 

The reference grid over the Koongana mineralisation as surveyed in by Noranda is 
orientated at 46' east of true north, with its origin an arbitrary datum located 
approximately at latitude 12' 52' 02' south, longitude 132' 47' 50' east. This 
orientation was chosen to coindde with the orientation of the mineralisation. All the 
drilling, therefore, was along cross-sections through the mineralisation, 
perpendicular to the strike of both the host schists and the mineralisation, that are 
northings on the grid. Unfortunately, Noranda chose to use imperial measurements, 
so these cross-sections are 100 feet (30.5 metres) apart. Denison later converted 
all cross-sections to metric, but also shifted the origin datum 3000 rll grid south so 
that the northings and eastings for any given grid point are now dissimilar. 

The advantage of such a grid system is that any point can be located anywhere in 
the area by simply referring to its coordinates. Thus in the original Noranda 
system, for example, the first four diamond drill holes were drilled along the cross- 
section 10200 feet N, which cuts through the area of highest ground surface 
radioactivity. The positions of the drill hole collars along the 10200 feet N grid line 
were men each assigned an easting - 10401 feet E, 10425 feet E, 10518 feet E 
and 10583 feet E respectively. The Denison metric system, used for the natural 
analogue study, invokes conversion of the northings and eastings from feet to 
metres, but 3000 m is added to the northings, so the cross-section becomes 
3109m + 3000 m = 6109 mN, while the eastings become 3170 mE, 3178 mE, 
3206mE and 3226 mE respectively. It should thus be self-evident that the 
northings being in the 6000s and the eastings in the 3000s avoids potential 
confusion, particularly if they are inadvertently misquoted. 



Elevations are referenced in metres above the Australian Height Datum (AHD). 

4.2 Pre-ARAP Drilllng and Uranlum Analyses 

Because the schistosity and metamorphic layering of the rocks that host the 
uranium mineralisation at Koongarra dip at approximately 55' to the south-east, the 
cored holes were all drilled at an inclination of approximately 50' to the north-west 
so as to Intersect the mineralisation perpendicular to the schistosity and thus 
sample the tnre thickness. This also means that the drill holes were all along the 
desired cross-sections on grid northings. On average there were at least five of 
these indined cored holes drilled on each cross-section, the latter being 30.5 
metres apart. 9eyond the limits of economic mineralisation to the north-east and 
south-west, only vertical percussion exploration holes were drilled, still on cross- 
sections 30.5 metres apart. Figure 4.1 is a site plan of the Koongana deposits 
showing the Denison metric mine grid and the locations of drill holes. The prefix 
'DDH' indicates diamond drill hole, while 'PH' indicates a percussion hole. 

Samples from a large number of these drill holes have been used in the course of 
this natural analogue study, so it is :mpcrtant to have some background on tire way 
Noranda handled these drill cores and percussion drilling rock chips. The cores 
were placed in metal trays by the drillers, the trays being 3 feet (almost 1 metre) 
long with 5 or 7 rows per tray depending on the d, '11 core thickness. Small coloured 
wooden blocks ware placed in the trays at regular intervals and the hole depths 
recorded on them. In the core splitting shed on site, the cores were first washed 
and cleaned before a geologist inspected them and recorded the geological 
details/description, along with scinti!lometer radiometric counts for each section in 
the trays. On this basis, cores were st!lected for assay. Each assayed section of 
core was normally 5 feet (1 -53 metres) .ong but occasionally less in very distinctive 
high grade ore zones. 

Each section of core was then split using a screw type core splitter. One halt of the 
split core was sent for assay, the remaining half being returned to the trays for 
record purposes. All the trays of drill core were then stwed in racks in core sheds 
on the site. At the assay laboratories each section of half core was aushed and 
rolled before being split into a 150 g assay sample and a pulp residue. The assay 
sample was pulverised and onfy 3-4 g of it was used for uranium assay. The pulp 
residue and the pulverised assay residue were both returned to Noranda tor storage 
in boxes above the corresponding racks of core trays in the sheds at Koongana. 

Percussion drilling, on the other hand, does not produce core. Instead, rock chips 
and puberised rock powder are blown or washed out of the hole, where they are 
collected as the drill-bit continues to advance downwards. These rock chips and 
rock powders were collected over each 1.53 metre interval during drilling, with a 
Noranda field assistant maintaining a radiometric (scintillometer) and sample 
number record. From each of these 1.53 metre intervals of accumulated rock chips 
and powder, a geological record sample, a 1.36 kg assay sample and a bulk 
residue sample were collected. 





The geological record and bulk residue samples were stored in boxes above the 
core tray racks in the Koongarra sheds, while the assay samples were despatched 
to the assay laboratories. There the 3ame procedure as for the drill core was 
followed-crushing and rolling, separation intc a 150 g assay sample and a pulp 
residue, pulverising of the assay sample, with 3-4 g being assayed for uranium. 
Aqain the pulp residue and the pulverised assay residue were both returned to 
Koon~ana for storage. 

All assay data were recorded on the same record sheets as the geological details 
and radiometric measurements for each drill hole. It is these record sheets that 
are usually referred to as drill logs, and the data on these, being the major 
descnption of what is actually in the ground, forming the basis for the natural 
analogue study and the sampli~g associated with it. 

4.3 ARAP Sampling and Drilling 

The availability of well catalogued, stored and retrievable drilling samples, and 
access to them and the drill core, has been critical for the natural analogue study, 
and the support of Denison Australia Ply Ltd is gratefully acknowledged by the 
ARAP. A large number of the drill holes plotted on Figure 4.1 have been sampled 
during this study, particularly those holes that cover the south-western hatf of the 
No. 1 orebody and its environs, where there are more open vertical boreholes 
(PHs) available for sampling the groundwater. Both pulp residues from percussion 
and diamond drill holes, and core samples were used. Figures 4.24.12 are all the 
relebant cross-sections along which drill holes were sampled. The geology and 
outlines of economic mineralisation are also shown with the drill holes. All the drill 
logs for the holes are available from Denison Australia Ply Ltd. 

As the natural analogue study progressed it was found that 

(2) detailed coverage of the south-western half of the No. 1 orebody and its 
environs was not as complete as needed for hydrogeological characterisation 
of the site, and monitoring and modelling of the groundwater chemistry and 
flow; 

(b) since the holes were drilled in the period 197S73 there was concern that the 
samples and drill core, h3ving sat in the sheds at Koongarra for so long, were 
now oxidised and degraded; and 

(c) coverage of the weathered zone dispersion fan, the principal modelling 
objective of the analogue study, was in places quite sparse, partialarty near 
to the surface where there were either large core losses or the core was very 
degraded. 

Consequently, late in 1988 twenty-two new holes were drilled for the natural 
analogue study by drilling crews from the Northern Territory's Power and Water 
Authority. The financial support of the Northern Territory Government for this work 
is gratefulty acknowledged by the ARAP. 





Figure 4 3 Koongarra cross-section 9600 ft (5926 m)N showing geology, drill holes and outlines of economic mineralisation grades. 
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F~gure 4.4 Koongarra cross-section 9800 R (5987 m)N showicy geology, drill holes a?d outlines of economic mineralisation grades. 



Figure 4.5 Koongarra cross-section 10000 R (8048 m)N showing geology, drill holes and outlines of economic mineralisation grades. 
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Figure 4.6 Koongarra cross-section 10200 R (6109 m)N showing geology. drill holes and outlines of ecmomlc mineralisation grades. 
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Figure 4.9 Koongarra cross-sedkn 40500 fl  (6200 m)N showing geology, drUl hdes and outlines d economk mineralisation grades 
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Figure 4.10 Koongarra crw-section 10600 fl  (8231 m)N showing geology. drill holes and outlines of economic mineralisation grades. 
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The Koonga~ 
ARAP-drilled 
as drill logs. 

?ra site plan (Figure 4.1) shows the locations and designations of the 
holes, while Appendix 7 contains the geological details of these holes 
There were three series of holes drilled:- 

(a) M I 4 5  were to be monitoring holes from which strategic samples through the 
weathered zone would be obtained; 

(b) W1-W7 were designated as water sampling holes and constructed 
accordingly; and 

(c) C1410  were to be deared holes for pump tests, standing water levels 
monitoring and general purposes. 

Two dierent drill rigs were used, thus providing different types of samples. The 
cable tool rig, the slower of the two machines, works on the principle of pulverising 
the rock by the up and down pounding movement of a drill bit on a long cable. 

When drill core is required, a drive tube is pounded into the rock. The process is 
thus tedious, and so is really only suited to penetrable weathered rock, from which 
it obtains a far better-core than does a diamond drill. The weathered zone was in 
this manner sampled at a rate of 0.2-0.3 m of core in every metre drilled in as 
many of the M- and W-series holes as possible. 

Because of the inability of the cable tool rig to penetrate and effectively sample 
fresh rock, the deeper sections of some holes were completed using the second rig, 
a rotary air blast or percussion rig. This works on the prinaple of using 
compressed air to drive a hammer head with button bits or a b!ade. Penetration is 
much faster than the cable tool rig, and the compressed air released down the hole 
through the drill bit forces the pulverised rock and rock chips continuously back up 
the hole to the surface. Thus the method of sampling was to collect this continirous 
'stream' of chips and pulverised rock over 2 m intervals. 

The W-series water sampling holes were drilled through the weathered zone to 
25 m and back-filled with cement so as to encase slotted PVC tubes as water 
sampling ports at 13-1 5 m and 23-25 m. This enabled tight depth control on water 
sampling, compared to bailing or pumping from a specified depth in an open hole or 
between packers. 

Figures 4.24.8 are the cross-sections through the No. 1 orebody along which 
some of these new M-, W- and C-series holes were drilled and show the positions 
of these holes with respect to the economic mineralisation. 

Additionally, late in the field program a number of shallow holes were drilled with an 
auger rig for the monitoring of standing water levels and for shallow groundwater 
chemistry samples. 



4.4 Groundwater Measurements and Sampling 

One of the most important parameters needed for the natural analogue study is a 
hydrological/hydrogeological model for groundwater flow through and around the 
weathered tone. Additionally, since the groundwater presumably transports 
radionuclides and various cations and anions, it is necessary to be able to 
determine the groundwater chemistry at different points in and around the natural 
analogue 

The only way to bccom?lish these objectives directly is via drill hole access to the 
groundwater systerr for measrlrements and sampling. While the diamond dri:l holes 
drilled by Nc .-anda had col~ipsed because of the angle they had been drilled, many 
of the vertical ~ercussion noles wsre still open and wide enough for pumping and 
sampling equ:pment to be lowered into the groundwater system. Unfortunately, 
very few of thase a~ai!sble open percussion holes intersected the weathered 
pril,~ary ore and the dispsrsion fan, the majority of them being scattered beyond the 
perimeter of tt,2 ecor,amic ore, particularly to the south-west of the No.1 orebody. 
These include not only the exploration holes, but holes that were drilled in 1978 for 
data collection for mine planning and environmental purposes. Table 4.1 lists 
location, depth and casing detail? for all these open vertical holes used for 
groundwater measurements and sampling during the natural analogue study, while 
Figure 4.1 is the Koongana site plan showin5 only the locations of these holes. 

Groundwater measurements ir:Cu3ed stmding watt-r levels and various pump tests, 
all of which are reported in Volume 5 ~f this series. Most groundwater samples 
were collected fnr ar,alyses usirig pumps with or without other attachments. Full 
details and i cs~ l t s  are reported in Volumes 7 and 15 of this series. 

OFEN VERTICAL DRILL HOLES THAT WERE USED FOR 
GROUNDWATER MEASUREMENTS AND SAMPLING 
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5 SUMMARY 

The secondary ore of the Koongana No. 1 uranium orebody provides a natural 
analogue suitable for validation of models for radionudide transport. Although the 
primary uranium mineralisation occurs as uraninite veins and veinlets in fractures 
and brecciated zones that crosscut the steeply dipping (55') host schists, 
weathering and dispersion of uranium within the zone of weathered schists has 
formed this secondary ore. The interaction of the weathering processes with the 
mineralogy and geochemistry of the unweathered host schists, and of the primary 
hydrothermal alteration halo with and around the primary uranium mineralisation, 
has also been critical in the development of the secondary ore. This secondary ore 
natural analogue being at a shallow depth, plus the availability of open boreholes 
and drill corelborehole samples, has facilitated groundwater and rock investigations. 
Results of these and other ARAP investigations are reported in subsequent 
volumes in this series. 
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APPENDIX 1 
ANALYSES OF KOONGARRA CHLORITES (Snelling, 1980a) 

(a) Above the Graphitic Hanging Wall Zone 
DDH 2126.5 m 

DDH 4139.0 m 



DDH 4153.0 m 

DDH 4153.0 m 



DDH 4154.9 m 

DDH 6133.9 m 



DDH 19125.4 m 

wlio* 
Total 
s 

n 0.08 0.18 0.30 0.13 3.46 0.18 0.19 0.20 0.20 0.49 0.38 0.13 

Total 10.01 19.68 19.91 20.08 18.32 30.04 19.88 1981 19.73 19.97 19.84 19.91 - 
MQ'(Mg+Fs) 0.611 0.539 0.500 0.643 0.643 0.579 0.580 0.5% 0.652 0.683 0.518 0.534 

DDH 19135.2 m 



DDH 21133.4 m DDH 21142.0 m 

DDH 21156.9 m 



DDH 21156.9 m 

Total 19.27 19.27 18.85 19.35 19.03 10.40 18.03 

~ ( M Q +  Fe) 0.636 0.666 0.707 0.742 0.787 0.831 0.879 

DDH 46/37.9 m 



DOH 47132.7 m 





(b) From the Graphitic Hanging Wall Zone 

DDti 7156.5 m 

DDH 7156.5m 



(c) Below the Graphitic Hanging Wall Zone 

DDH 3D2.3 m 

Total 183.27 88.89 87.51 87.62 87.23 87.45 87.20 86.93 87.10 89.04 

S 6 . 5 7  5.77 6.40 5.79 5.42 5.91 6.13 6.25 6.22 6.53 

TI 0.01 0.13 0.02 0.02 0.03 0.10 0.15 0.39 0.29 

Total 1828 19.83 19.28 19.85 19.94 19.65 1950 19.45 19.56 19.11 

(Mg+Fe) 0.823 0.604 0.- 0.499 0.432 0.425 0.540 0.587 0.567 0.633 

DDH 3172.3 m 



DDH 4D2.8 m 

DDH 4t77.4 m DDH 4D9.4 m 

Total 
8 



DDH 4/82.8 rn 

10.11 10.71 10.8~ 11.n 12.29 

0.04 0.08 

DDH 4/82.8 m 



DDH 4186.5 m 

DDH 4196.1 m 



DDH 4196.1 m 

DDH 4196.1 m 

Total (84.53 86.22 87.64 85.82 84.55 04.07 P.99 83.84 0482 87.07 93.31 
SI ( 6 . 1 4  5.34 6.40 5.42 6.40 6.68 6.15 614 6.84 6.27 5.97 



DDH 411 03.9 m 





DDH 24162.7 m 

DDH 24165.4 m 



DDH 24165.6 m 

DDH 49183.1 m 

85 



(d) Associated with Ore 

DDH 2133.3 m 

DDH 58131.0 m 



%N,O, 
XXFe (Fa) 

KMnO 

%Moo 
KCaO 
% Na,O 

%YO 
wm, 

DDH 58131.2 m 





DDH 60i46.4 m 

DDH 87167.6 m 



DDH 5151.4 m DDH 9/35.2 m DDH 18/27.5 m 

DDH 1 9147.6 m 



APPENDIX 2 

REPRESENTATIVE ANALYSES OF KOONGARRA URANINITES (Snelling, 1980a) 
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APPENDIX 6 

REPRESENTATIVE ANALYSES OF KOONGARRA URANYL PHOSPHATES 
(Snelling, 1980a) 
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APPENDIX 7 

LOGS OF ARAP DRlU HOLES 

3-21 m LVeahred schist; b b c h d  day at first, but iron-staining inaeaslng mth depth until 
axnpltm; schistosily rtin ~ d e m t .  marked by ?&duel qua* qarns; tiny mica 
(midto) flak- occaakmelly visible; salmMo (7) in tr#tvss al19-19.2m. 

24-5an Fresh. fine-gfainsd w c h l o c i t 8  schist with qmtz wgqat&m. Mnor iron oxides dong 
Iractum and occasionel mim d d t e ( ? )  too. 

0-22m M e  tod drilling; 0.25m uf a m  c ~ a y  1 m beginning at 3m (sample nos. MI -3 to MI -21) 

22-5an ' Mary perrrrssion drilling; dril chipa collected w 2 m intends begrming a 22-2- 
(sc*nple nos. MI-23 to M149). 

0.25. I m cable tod drilling; 0.2% uf am c ~ a y  lm bwmq a 2 . m  (SSII~ nos. ~ 2 - 3  to ~ 2 - 2 5 )  



- Water 

25m 5 liW-d. good quality 
39rn 3 liiw-. Bood quality 

3.8-1 5m W m e d  rchist; day rrith wns and fragments embedded in it and defining t3e 
rchiatOMy. Vari&le iron staning; ampleto in places. FraUunw visible at ?Om becase 
U m y a m l i n e d ~ m ~ a n d i r o n o m l d s s .  

15-25m P w  woethmd wchlorit8 mica (sefidte) schist rrith m e  m segregabar, ad irm 
(and metimas manganem) oxidea €dong frachms. 

25-27m Fairty frbsh m c h l a i t e  mica (micite) schist kR still m e  goemisstained gain and 
--@ aumlal zme). 

27- Frosh ~~e mica schii 

0-1 5 . h  CWa tool drilling; 0 . m  a( c#s anmy 1 m Wming at 3 . m  (sample nos. M3-s to M3-15) 

15.2- R W  pacussion drilling; driA ctrps cdlected oubc. 2m intwmls begcning at 15.2-1 7m 
W. M3-16 tO M338.5) 

24-28rn mot34 fro& quoa-chlaitsmiu (saicite) schist (transitiond m) 

14m S-FWe. Bood w i t y  
29. ~SWI 5 l i W m .  Bood quality 



Hole MS 

- G@oeY 

0-2m Surface sand 

2-22111 Weathered quartz-chlorite-mica (sericite) schist; day, quartz grainslhagments and mica 
flakes with variable amourts of iron oxides (goethite then hematite) 

22-28m Partially weathered to faidy fresh quartrchloritemica (sericite) schist (transitiond zone) 

2&40m Fresh quartzchlorite-mica (&cite) schist 

- Drilling and Sampling 

- water 

Ratary percussion drilling; dril chips collected over 2m intervels (samples nos. M5-1 to MS. 
39) 

3-24.1 m Weatherd quark-chhxitMica (saidte) pchist; bleached and dem- to day with 
qwm grains and de(ining the schistosity, and variable amounts of goethrte then 
hem-. 

- DfMgandSem@ing 

0-24.1 m Cable tod drilling; 0 . m  d a m  c ~ a y  l m  (sample ~IOS. W1-3 to Wl-24) 

3.1-16.lSm WeaUwd end -posed quaachlotite schist (goe(Me-stained day rrith fine quaU 
gains). hawily micacaous (saicite) at 14.0-14.2m. 

16.15-2% No spmplss mcovurd by drillers. 

0-16.1% Cable tod drilling; 0.2% of am rocowrd erary l m  beginning at 3m (sample nos. W2-3 to 
W2-16). 

16.1525m Rotay pcnarJsion drilling; no drill chip cdkmd by drilm. 



Hole W3 - 
- G80Iogy 

04m Surface sand and ironstone fragments 

4-t6m Weathered and decomposed quartz-chlorite mica schist 

t &24m Partidly weathered quartz-chlorite mica schist 

24-25m Almost completely fresh quartzchlorite mica schist 

- Drillng and Sampling 

0-2Sm R o t a y  percussion drilling; drill chips collected over 2m intervals (sample nos. W3-1 t~ W3-11 
and W3-17 to W3-21). but over l m  intcrrvals in tho water sampl~ng zones (sample nos. W3-13 
to W3-18 and W3-23 Eo W3-25) 

- water 

Seepage, good q d i t y  
4 IiiesJsecond, good quality 

Hafe W4 - 
- Geobgy 

0-3.1 m Sdaca sand and gravel, hem weathered schist 

3. t -21 m Wealhered and decomposed quamchlorite mica (sedate) *st; day with quartz grains and 
segqations in part thotwghly impregnated by hematite. Sdeeite (?) flak= in S8Wal moss- 
artling tractme at 16.1 -16.2m 

21-2- Partially weathered quartzchlorite mica (oericite) &list; some saleeite (?) at 23-25171 

- Drilling and Sampling 

0-1 6.2m Cablo tool drilling; 0.25m of core svay l m  (sample nos. W4-3 to W4-16) 

16.2-25m Rotay percussion drilling; drill chips cdlected over 2m infenrats beginning a 16.2-19m 
(sample nos. W4-18 to W4-24) 

. Water 

W. lm S u e  sad 

3.1-12.lm Weathered and decomposed quartzdorite-mica (muscowre) schist (variaMy gosthrte-sti3ined 
and wim occasional quarp segqabars). 

121 -1 3.1 m Par%ally weathered quartzchlorite-mica (muscovite) &list. 



- Drifling and Sampling 

0-13.lm Ceble tod driUing; 0.2% of m e  rscovrnsd crvey l m  -wing at 3m (sample nos. W 5 3  to 
W5-13). 

13.1-2Yn Ratrry pcussim drilling; no drill chips collected by &illm. 

Hole W6 

0-25m Ratsy drilling; m p k s  w e  only cdhcted at rrater mpl ing poi-; W 1 3 -  
15m ond W6M-2% 

4-1 5m W m e d  ond decanpmd quatzchioritsmics (muscavits) schist (vanably g o e m 8 - m  
a d w i t h ~ q u e r t r ~ g a b o n s ) .  

15-1 8.2m Pwtlrlly weaulwd ~ ~ ~ i c o  (m) schist 

0-1 8.2m 0 k . e  tod Mi; 0.2% d e m  facowed a m y  l m  b q M n g  at 3.9m (sample nos. W4 
to W-18). 

1 6-zOm pmaly ~~ mica (saicitb) s%st My W. ma)y 'W P Y  
tchis3withquamsqmQi-m 

26-29.5~1 Fresh ~ ~ m z c h k r i t o  micd (wic+te) schist 



0-4aIl tkimy Fumadm billing; drill Ch@ cdlmed w 2m immab (Sample m. C1-1 to C1-39) 

3.8m Standng water lave4 
10.37m m* good W W  

HdO c2 

--omY 

- wamf 

12-20m Nearly fresh quartz-chlorito-rnica uhist. with on4y mi- geWtite dmg 
Ihchrosukas 

2MQn F ~ q u a r k ~ ~ r r i m o c u s i o n r l q u m ~ ~ t h i n ~  -* (7) w 
- ~ m d S m p l Y n O  

Mom Aotaypmausimdnasrg; m c h i p r ~ ~ 2 r n ~ ( s a n p i . n o s . C 3 - 1 m C 3 - 3 9 )  

- wamf 

1 7m ~lwquolitr 
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