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ABSTRAC1 
A number of analyses were conducted to investigate the redistribution of U, and other 
elements, at the Koongarra U deposit following the intersection of ore material by 
weathering conditions. Aspects of the redistribution considered here include spacial 
patterns of redistributed U, associations between U, other elements and minerals, and 
transport of material by groundwater colloids. Techniques employed included:- thin 
section analyses (optical analysis, autoradiography, electron microprobe, and 
scanning electron microscopy); mineralogical and chemical analyses (x-ray 
diffraction, x-ray fluorescence, PIXE-PIGME, neutron activation, and infra-red 
spectrophotometry); groundwater colloid sampling and concentrating (tangential and 
stirred cell ultrafiltration); transmission electron microscopy for the examination of 
colloids and scanning electron microscopy for the examination of prefilters. 

Contact of the primary U ore by oxidising groundwater has resulted in the mobilisation 
of U, leading to increased U contents of the weathered rock at least 300 m down 
gradient. The most extensive transport seems to have occurred in the near surface, 
although deep weathered zone enrichment appears to account for most of the 
mobilised U. In the unweathered zone, there were at least two types of chlorite 
present, the major non-quartz host rock mineral. These were a coarse Fe-rich form 
and a fine grained Mg-rich form. The relative abundances of the two probably affects 
the kinetics of weathering, the oxidation and leaching of the ore, and the formation of 
highly sorptive secondary phases. Chlorite in high grade ore appeared to contain 
more Fe(ll) and Ni than low grade material. Fracture filling chlorite was found to 
sometimes host veins of pitchblende, suggestive of a relationship between this 
chlorite and ore genesis Elements that correlated with U in the unweathered zone 
were Nb, Mo, Pb, Cu, Ni, Sn, and Th. The zone of primary mineralisation was 
characterised by high concentrations of heavy rare earth elements (HREEs) compared 
to light REEs. Possibly carbonate rich waters, bearing U, HREEs, and other elements, 
were responsible for the initial formation of the ore. Fracture coatings contained much 
more U than the bulk rock. Apparent diffusivity of U into an unweathered quartz 
chlorite matrix was estimated to be about 10" 1 8 m 2sec" 1. Fracture coatings showed 
more extensive penetration of U. Veins of chlorite also showed greater penetration of 
U, and a greater sensitivity to alteration, with enrichment of U accompanied by Fe and 
general oxidation. Biotite grains appeared to be more susceptible to weathering than 
chlorite. The redistribution of U with weathering followed the distribution of Fe oxides. 
An association between Fe oxides and U was apparent from the early stages of 
weathering. In well weathered rock, U was associated with secondary U minerals and 
oxides, particularly of Fe and Mn. Manganese oxide, probably lithiophorite, had the 
highest concentrations of U, but Fe oxides were much more abundant and accounted 
for most of the redistributed U. Different forms of Fe oxide probabiy play different roles 
in migration retardation, with nodules providing long-term storage and finer dispersed 
forms providing more efficient scavenging. The location of Fe and Mn oxides at fissure 
surfaces places them in an ideal position for entrapment of dissolved species. 
Elements sensitive to localised zoning of Fe oxides were P, As, Mn, Ni, V, Zn, Cu, and 
U. Elements depleted from the primary mineralised zone as a resuit of weathering 
were U, Mg, S, Mn, Ca, and Li. In the weathered zone above the ore body, and in the 
zone of uranyl phosphates, U correlated with P and tended to follow the distribution of 
Fe. This suggests a three way association between U, P and Fe, and a mineralogical 
control to the U distribution. Further down gradient U correlated with Fe, suggestive of 
a sorption control. The high degree of heterogeneity in the distribution of Fe oxides 
may complicate the prediction of U transport by sorption modelling.Groundwaters 
were found to contain very little colloidal material, with from about < 10 5 to about 10^ 
particles/L. The highest load was in the vicinity of a graphitic hanging wall unit. Colloid 
types observed were mainly clays (kaolinite and altered chlorite), anatase, U oxide, 
Pb oxide, Mg silicates and Fe oxides. One Au particle was also observed. 
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PART 1. INTRODUCTION AND LITERATURE REVIEW 

1.1 Introduction 

The aim of work described in this thesis was to investigate some aspects of the 
redistribution of U and other elements, at the Koongarra No.1 U ore deposit in the 
Northern Territory of Australia. This ore body is a relatively shallow, non-conformity type 
deposit. Ore grade material has been intersected by weathering, and this has resulted 
in the transport of U at least 300 m from the primary U mineralisation, leading to the 
development of a dispersion fan in the weathered zone. Aspects of the redistribution of 
U which are considered in this thesis include the spacial patterns of remobiiised U; the 
associations of U with minerals and elements and how these change with weathering, 
and transport of material by colloids present in the groundwater. 

The Koongarra No.1 U ore deposit is currently being studied as a natural analogue of a 
high level radioactive waste repository, as part of the Alligator Rivers Analogue Project. 
As spent fuel is a proposed waste form for geological burial, the study of uraninite 
leaching in an ore body makes a very good analogue of a breached repository. Work 
presented in this thesis was undertaken as part of that study. 

In many countries, the nuclear industry has been planning to dispose of high level and 
long-lived radioactive waste by burial in underground repositories. The purpose of these 
repositories will be to isolate the radioactive waste from the biosphere for a long period 
of time, and to ensure that any migration of radionuclides does not produce an 
unacceptable level of risk to the public. Since regulation for the geological disposal of 
radioactive waste requires assurances about radionuclide release over 10 000 years 
(United States Environmental Nuclear Regulatory Commission, 1983), laboratory and field 
experiments are inadequate for understanding and predicting radionuclide behaviour over 
the time and space scales involved (Duerden, 1990). 

Deep burial of high level radioactive waste in geological formations depends on a multiple 
barrier concept, and it has been suggested that the most important contribution to 
long-term environmental protection comes from the geological characteristics of the 
repository site (Chapman et al., 1984; United States Environmental Protection Agency, 
1984). A useful and relevant approach to the problem of long-term prediction is therefore 
to study the cumulative effects of transport over geological time scales, in systems which 
are acceptable analogues of high level waste repositories (Airey and Ivanovich, 1985; 
Birchard and Alexander, 1983). 

The Australian Nuclear Science and Technology Organisation (ANSTO) extensively 
evaluated U ore deposits in the Alligator Rivers region of the Northern Territory as 
analogues of radioactive waste repositories between 1981 and 1987 (Airey et al., 1983, 
1984,1985,1986; Duerden et al., 1987a, 1987b), with principle funding from the United 
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States Nuclear Regulatory Commission and the United Kingdom Department of the 
Environment. From September 1987, an international project based on the Koongarra 
U deposit has been underway, sponsored by the Organisation for Economic Cooperation 
and Development Nuclear Energy Agency. Funding has been provided by various 
international nuclear regulatory bodies, and investigations have been conducted in over 
15 research institutions in Australia and overseas (Duerden, 1990). 

The principle aims of the Alligator Rivers Analogue Project have been to contribute to the 
production of reliable and realistic models for the migration of radionuclides within 
geological environments, and to develop methods of validation of models, using a 
combination of field and laboratory data associated with the Koongarra deposit (Duerden, 
1990). To meet these objectives data is required about the nature of radionuclide 
interactions with rock and groundwater at the site. The formation of the U dispersion fan 
as a result of the intersection of the weathered zone with ore material, makes the 
Koongarra system an interesting study site for a "worst case" repository breach scenario. 
Work presented in this thesis represents only a small part of the Alligator Rivers 
Analogue Project endeavours. 
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1.2 Site Description 

The Koongarra U deposit was situated about 225 km E of Darwin, in the Alligator Rivers 
Province of the Pine Creek geosyncline, in the Northern Territory of Australia. Figure 
1.2.1 shows the location of the site, along with the location of other U ore bodies in the 
region. The deposit lies within gently sloping ground, adjacent to a sandstone 
escarpment (Kombolgie formation) which forms the SE margin of the Mount Brockman 
outlier (Foy and Pedersen, 1975). The geological unit containing this, and other 
non-conformity U deposits in the region, is the Lower Proterozoic schists of the Cahill 
formation (Foy and Pedersen, 1975; Needham and Stuart-Smith, 1976). The geology 
of the ore deposit has been extensively studied and described (Foy and Pedersen, 1975; 
Noranda, 1978, Snelling, 1980a, 1989; Tucker, 1975) and a summary is presented here. 
Figure 1.2.2 shows the the site in plan view, with drill hole positions and ore body outline. 

Uranium Mineralisation 

The Koongarra No. 1 U deposit consists of two types of U mineralisation; a primary 
mineralisation zone, that occurs in the unwoathered zone; and a secondary mineralisation 
zone, that occurs in the weathered zone and is the result of alteration of the primary 
mineralisation zone. 

Primary mineralisation 

Primary mineralisation at Koongarra occurred in quartz chlorite schist, and persisted to 
a depth of about 100 m (Snelling, 1989). Muscovite is common in the schists, and is 
sometimes dominant outside of the ore zone (Noranda, unpublished). Biotite remnants 
also occur, making up to 10 % of the rock (Snelling, 1980a). Trace amounts of apatite 
and leucoxised ilmenite are common (Foy and Pedersen, 1975; Tucker, 1975). The 
mineralisation was largely confined to the schist from immediately above the reverse fault 
at the non-conformity with the sandstone, to a hanging wall unit of graphitic quartz 
chlorite schist, about 50 m SE of the fault (Foy and Pedersen, 1975). This graphitic 
hanging wall unit is rich in associated sulphides, such as pyrite, galena, and chalcopyrite 
(Snelling, 1980a). These sulphides may have influenced the redox conditions sufficiently 
to have acted as a redox barrier for U in the unweathered zone, since the highest 
concentration of uraninite occurs just beneath this hanging wall unit. 

Figure 1.2.3 shows a stylised geological cross-section through the ore body, with 
approximate general geology and U mineralogy Uranium minerals present in the primary 
zone include pitchblende (UJOJ (Foy and Pedersen, 1975) and the uranyl silicates 
sklodowskite [Mg(U0 2) 2Si 20 76H 20] (Foy and Pedersen, 1975), kasolite 
[Pb(U02)2Si207H20] (Snelling, 1980a), and uranophane [(Ca,Mg)(U02)2Si2076H20] 
(Snelling, 1980a). The uranyl silicates were found replacing the parent pitchblende, often 
in situ, after contact with oxidising groundwater caused the oxidation of the U(IV) to U(VI) 
(Snelling, 1980b). Other secondary minerals found in the primary mineralisation zone, 
replacing or near to pitchblende, were U and Pb oxides such as curite (2Pb05U034H20) 
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(Foy and Pedersen, 1975), fourmarierite (PbCMUC^I-^O) (Snelling, 1980a) and 
vandendriesscheite (Pb07U0312H20) (Snelling 1980a), and the uranyl sulphate mineral 
johannite [CutUOJ^SOJatOHJ^HaO] (Noranda, 1978). 

The replacement of pitchblende by uranyl silicates is most pronounced immediately 
above the reverse fault Toward the graphitic hanging wall unit, the alteration and 
replacement decreased (Snelling, 1989), culminating in the highest ore grade material 
occurring just under this unit (Duerden et al., 1991; Noranda, unpublished). Replacement 
of uraninite by the silicates also occurred in the unweatheredweathered transition zone, 
where weathering had started to take place. According to Snelling (1980b), the onset 
of in situ oxidation and hydration of the uraninites is marked by the contemperaneous 
growth of new chlorites, the last of at least three periods of chlorite growth. 

Secondary mineralisation 

A tongue-like body cf ore grade material is present from the ground surface to the base 
of weathering, approximately 25 m, and extends from above the primary ore body to 
approximately 80 m down-slope from the primary mineralised zone (Foy and Pedersen, 
1975; Noranda, 1978; Snelling, 1989). This dispersion fan is recognised to be a zone 
of weathered and leached primary ore, rather than a zone of primary mineralisation 
remnants (Dickson and Snelling, 1980; Edis, 1991b; Nightingale, 1988; Noranda, 1978). 
The weathered zone consists mainly of strongly kaolinised schist, with other products of 
chlorite and mica weathering (Duerden et al., 1991; Gray, 1986; Noranda, unpublished). 

Uranyl phosphates, particularly saleeite [Mg(UO2)2(PO4)28-10H2O] (Foy and Pedersen, 
1975) but also commonly torbernite to meta-torbemite [ C u f U O ^ P O ^ - l 2H20] (Foy and 
Pedersen 1975, Snelling 1980a) and renardite to dewindtite [PbfUOjMPO^OH^HaO 
to Pb(U02)2(P04)23H20] (Foy and Pedersen 1975; Snelling, 1980a), occur in the 
dispersion fan above and near the primary ore zone. Other secondary U minerals 
reported to be present in the dispersion fan in the weathered zone, but in very small 
amounts were sabugalite [HAI(U02)4(P04)416H20] (Snelling, 1980a) and vanadates of the 
series camotite to tyuyamunite [(KCa)(U02)2(V04)23-8H20] in a single occurrence 
(Tucker, 1975). Further away the U appeared to be adsorbed onto matrix constituents. 

Uranium levels significantly above background were detected about 300 m towards the 
SSWfrom the primary mineralisation (Duerden et al., 1991; Noranda, unpublished). This 
distance is the furthest that holes were drilled and analyses were done in this direction. 
The actual extent and shape of the plume of mobilised U in the weathered zone is 
unknown. 

Distribution and Nature of Minerals at Koongarra 

The nature and distribution of the host rock minerals at Koongarra have been discussed 
by Ewers arv' Ferguson (1980); Foy and Pedersen (1975); Snelling (1980a, 1980b) and 
Tucker (1975), who concentrated principally on the unweathered schist, and by Gray 
(1986) and Duerden et al., (1991), who included some discussion of the weathered zone 
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compcr&nts. 

Major mineral components 

Chlorite occurs throughout the unweathered rock at Kcongarra, including often in the 
sandstone and dderite sequences (Ewers and Ferguson, 1980; Ferguson and Winer, 
1980), as replacement of biotite and as cementing and fracture filling material (Duerden 
et al., 1991; Ewers and Ferguson, 1980), and is the major rock forming mineral, apart 
from quartz, common to all the Alligator Rivers region U deposits (Ewers and Ferguson, 
1980). Pervasive chloritisation occurred to about 130 m from the Koongarra reverse fault 
(Sneftng, 1989), with the most intense chloritisation occurring in the primary mineralised 
zone (Snelling, 1980a). With increasing alteration, chlorite was found replacing biotite, 
garnet, hornblende, feldspars, and even muscovite (Snelling 1980a). 

The composition of chlorite at Koongarra was found to be very variable, but there 
appears to be two of three main groups, those replacing minerals such as biotite, those 
infilling fractures and forming veins (Ewers and Ferguson, 1980; Foy and Pedersen, 
1975), and groundmass chlorite (Snelling 1980a). Generally fracture/breccia filling 
chlorite is more Mg- and Al-rich than replacement chlorite, resembling talc chlorite, while 
the chlorite tnat had replaced biotite tended to be more Fe-rich (Edghill and Davey, 1988; 
Ewers and Ferguson, 1980). Ewers and Ferguson (1980) observed that the Fe*7Fe** 
ratio of chlorite appeared to decrease with increasing U content of the rock, and that 
chlorite from Koongarra tended to be more Fe-rich than that from other deposits. 
However, there have been a large variety of chlorite compositions proposed for the 
Koongarra site (Ewers and Ferguson, 1980; Gray, 1986; Gray and Davey, 1991; 
Murakami et al., 1990; Snelling, 1980a), with a large amount of heterogeneity, particularly 
in Fe content. The most Fe-rich chlorite at Koongarra appeared to be those adjacent to 
pyrrte grains (Snelling, 1980a). The types of chlorite present have been described as 
from Fe-rich ripidolite to pychochlorite (Snelling, 1980a), and from chlinochlore (lib) 
(Gray, 1986) to penninite (Snelling, 1980a). Differences in type and structure of chlorite 
may reflect conditions during ore genesis, and may give rise to different alteration 
products that may interact with U differently. 

Muscovite is present throughout the unweathered and weathered schist units at 
Koongarra (Noranda, unpublished) in varying amounts, but is especially abundant SE of 
the graphitic hanging wall unit (Noranda, unpublished). The form of the muscovite is 
likely to be 2M1 (Gray, 1986). Fine white mica (sericite) is also present and may occur 
as an alteration product of K-feldspars (Ewers and Ferguson, 1980). Small amounts of 
biotite remain unchloritised, and some stacking disorders in chlorite observed in some 
chlorite grains probably result from incomplete chloritisation of the biotite; remnants of 
which persist as stacking faults (Murakami and Isobe, 1990). Illite occurs in varying 
amounts throughout the weathered zone (Koppi et al., 1989), probably from the 
degradation of muscovite. Foy and Pedersen (1975) reported the presence of feldspar 
in several drill cores, and noted the presence of partially to completely chloritised 
hornblende. Garnet was observed to be either comoletely chloritised or surrounded by 
an outer layer of chlorite (Ewers and Ferguson, 1980; Snelling, 1980a). 
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Dolomite is intersected SW and NE of the mineralised zone in unweathered rock (Foy 
and Pedersen, 1975). Some of the siliceous units nearer to the ore body may represent 
silicified carbonates (Ewers and Ferguson, 1980). 

Vermiculite, proposed by Murakami et al., (1991) as the major initial weathering product 
of chlorite, occurs at the base of weathering in the transition zone, in a band up to 5 m 
thick, grading from unweathered chlorite to fully kaolinised vermiculite at approximately 
25-30 m deep (Murakami and Isobe, 1989; Murakami et al., 1991). 

Kaolinite is the dominant clay in the weathered zone, resulting from the weathering of 
vermiculite, residual biotite, garnet, feldspar, and smectite (Gray, 1986; Murakami and 
Isobe, 1989). Smectite was identified in various amounts throughout the weathered zone 
(Gray, 1986; Gray and Davey, 1991; Koppi et al., 1990), and may have been formed 
from the weathering of vermiculite (Murakami et al., 1990), or directly from the 
weathering of chlorite (Gray, 1986; Gray and Davey, 1991). Montmorillonite and biedellite 
were identified by Gray (1986). 

Graphite is not confined to any one of the mine series schist units (Snelling 1980a), but 
is by far most abundant in the graphitic quartz chlorite schist hanging wall unit (Duerden 
et al., 1991). The graphite forms thin films along the foliation and shear planes, often 
accompanied by pyrite, chalcopyrite and galena. The graphite persists into the 
weathered zone without the sulphides (Snelling, 1980a), and it was postulated that the 
graphite is of a biogenic origin (Snelling, 1980a). 

Intense and pervasive hematitic alteration is frequently present in the ore zone schist 
near the Koongarra reverse fault, often resulting in colouration of the whole rock 
(Duerden et al., 1991). Hematite also occurs as a result of weathering, and often occurs 
where secondary U minerals were formed from in situ alteration of uraninite. The three 
main Fe oxides that were identified in the weathered zone at Koongarra are hematite and 
goethite (Cashion and Brown, 1990; Gray, 1986; Yanase and Isobe, 1990), and the 
"amorphous" Fe oxide ferrihydrite (Cashion and Brown, 1990). Fem'hydrite was only 
detected directly once, using Mossbauer spectrometry (Cashion and Brown, 1990), but 
its presence has been suggested in many samples from extraction with Tamms acid 
oxalate (Edghill, 1990; Edis, 1991a,b; Nightingale, 1987,1988; Yanase et al., 1990). 

Quartz occurs as the principle mineral of the sandstone, as a general schist component, 
as veins through the schist, as the principle component of the surficial sands, and as a 
gravel component throughout soil profiles (Foy and Pedersen, 1975; Snelling, 1984; 
White etal., 1982). 

Minor mineral components 

Apatite was found in the unweathered quartz chlorite schist (Foy and Pedersen, 1975; 
Snelling, 1980a: Tucker, 1975), in quantities of up to 2 % of the rock (Snelling, 1980a). 
Apatite is possibly present as inclusions in chlorite grains (Duerden et al., 1991), and 
was probably an important source of P for the formation of uranyl phosphate minerals 
and complexes. 
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Rutile and anatase were detected at Koongarra (Duerden et al., 1991; Ewers and 
Ferguson, 1980; Gray 1986; Snelling, 1980). Rutile was observed as acicular inclusions 
in chlorite grains at and below the base of weathering (Duerden et al., 1991; Murakami 
and Isobe, 1990; Snelling, 1980a). Gray (1986) suggested a greater abundance of 
anatase than rutile in the weathered zone. 

Zircon has been detected in the quartz chlorite schist (Snelling, 1980a) as inclusions in 
biotite (Ewers and Ferguson, 1980) and possibly chlorite (Koppi, personal 
communication, 1989). Zircon has been detected in trace amounts in the weathered 
zone (Edghill, 1990). Monazite has been observed once in a weathered zone sample 
(Edghill, 1990) and may have been an important source of rare earth elements. Zeolite 
traces were detected by XRD in partially weathered and unweathered rock (Yanase and 
Isobe, 1990). 

Manganese oxide coatings were observed along fissures and remnant schistosity in 
weathered and partially weathered rock (Noranda, unpublished), and are often associated 
with Fe oxide accumulations. 

Traces of magnetite were found in the quartz chlorite schist (Snelling, 1980a). Sulphides 
were found in trace amounts in most unweathered rock units of the site, but are 
particularly abundant in and near the graphitic hanging wall unit (Snelling, 1980a). 
Sulphides detected included pyrite (FeS^, chalcopyrite [(CuFeJSJ and, near the primary 
ore zone, galena (PbS). Sulphides were probably important in the regulation of redox 
conditions of the system, and possibly led to the development of a redox barrier for U 
when in high concentrations. 

Weathering of the schist appears to have occurred to a depth of approximately 25-30 m 
over the site (Foy and Pedersen, 1975; Noranda, unpublished; Snelling, 1980a). Near the 
reverse fault the weathered zone extends down to about 50 m (Snelling, 1980a, 1989). 
This greater depth of weathering near the fault is probably a result of interactions with 
oxidising groundwater crossing the fault from the sandstone (Duerden et al., 1991; 
Snelling, 1980). 

Soil 

The soil in the Alligator Rivers region, including that at Koongarra, has been described 
by Christian and Stewart (1952); Gray (1986); Stewart (1956); Story et al., (1976); Wells 
(1979), and White et al., (1982). The soil profiles were generally described as lateritic, 
with an abundance of ferruginous nodules and possibly ferricrete fragments over most 
of the site. Much of the land surface is overlayed by surficial sands, apparently remnants 
of the Kombolgie sandstone, up to 3 m thick (Noranda, unpublished; Snelling, 1984; 
White et al., 1982). White et al., (1982) presented a soil study of the Koongarra valley 
region, dividing up the area into six landform categories. The landforms of particular 
interest to this study occur in undulating upland terrain. These are areas away from the 
sandstone plateau, scarps and scree slopes, and away from low lying drainage floors. 
The soil of the upland terrain land forms is of various depth, from shallow (<60 cm), to 
deep (> 100 cm). The profiles often bottomed out onto massive ferruginous gravel and 
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stone. These lateritic gravels often occurred throughout the profile, and made up to 80 
% of the surface layer. Generally the soil is gravelly, sandy to loamy, and classified as 
yellow or red massive earths (White et al., 1982). The surface is usually sandy to gravelly 
loamy sand, with occasional lateritic outcrops (Snelling, 1984; White et al., 1982). 
Occasional mottling was observed in some profiles and the soil was often observed to 
be hydrophobic (White et al., 1982). 

Groundwater 

Koongarra groundwater has been studied extensively by the Alligator Rivers Analogue 
Project group (Duerden, 1990,1991), and also by Noranda (1978), and Giblin and 
Snelling (1983). The study by Giblin and Snelling (1983) involved the analysis of water 
samples using a flow through bailer system, and consequently may not have been 
entirely representative of the groundwater in contact with the rock, due to the possibility 
of aquifer mixing in the standing water and the change in rock/water volume ratios. 

Groundwater levels mainly ranged between 2.3 and 10 m below the ground surface. 
Bores in lower lying areas sometimes became artesian, and water occasionally flowed 
over the surface of the site. The following is a summary of some aspects of groundwater 
chemistry, mostly from Duerden et ai., (1991) 

Chemical evolution 

The chemistry of groundwater at Koongarra shows a geochemical evolution as it passes 
along aquifer paths. The major sources of groundwater entering the flow-system at 
Koongarra are: a) direct infiltration from the surface, and b) movement across the fault 
from the footwall aquifer in the Kombolgie formation sandstone. The changes in 
composition result from mixing, dilution, dissolution and precipitation of minerals, 
adsorption/desorption, evaporation, and out-gassing (Duerden et al., 1991). 

Borehole KD1 (see Figure 1.2.2) is up-gradient of the deposit in Kombolgie formation 
sandstone. Groundwater sampled at KD1 was slightly acidic (pH 5.5-6.2) and had low 
levels of dissolved species. The groundwater composition of a sample taken from KD1 
is compared with groundwater from PH49 (see Figure 1.2.2 for positions), which was 
near the centre of the ore deposit, in Table 1.2.1. Groundwater from KD1 was fairly 
oxidising, as was confirmed by in situ down hole probe data (Duerden and Payne, 1988). 
The drilling log for KD1, and also nearby W6, indicated very low water inflows within 
about 30 m of the surface, but substantial inputs at greater depth. This suggests that 
groundwater traversed the fault at greater depths, and may have been responsible for 
the in situ oxidation and alteration of uranmite near to the fault (Snelling, 1980b). 
Kombolgie formation groundwater contained little U (0.55 ng/L) or phosphate (< 30 
ng/L) and about 50 mg/L of carbonate (Duerden et al., 1991). The changes upon 
entering the mineralised schist of the Cahill formation are quite marked, with a rise in pH 
from about 6.0 to about 7.0. The characteristics of the mineralised zone include high U 
(100-500 ng/L), high but variable phosphate (up to 600 ng/L), and elevated carbonate 
(> 100 mg/L). The Mg levels rise due to the weathering of chlorite. Although there was 

an increase in the total dissolved solids, groundwater at Koongarra are still considered 
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to be dilute (Duerden et al., 1991). 

Hydrochemical zones 

Chemical measurements of groundwater from numerous boreholes in the vicinity of the 
deposit have shown that boreholes occur in different hydrochemical zo-iss (Figure 1.2.4). 
To some extent the zones merge into one another due to mixing ana other chemical 
processes. Groundwater chemistry changes from zone 1 (Kombolgie formation 
sandstone) to zone 2 (ore body) are discussed above. Groundwater probably also 
moveu across the fault towards the NE and the SW of the ore body, into zones 3 and 
4. In many respects the groundwater from these zones is similar to zone 2, but without 
the high U content. The flow paths of groundwater down-gradient of the ore deposit are 
not fully understood. 

The uranyl phosphate minerals appear to extend toward the SE (zone 6) (Snelling, 
1980a), although groundwater from this zone has different characteristics to the ore body 
groundwater. This may be the result of mixing down-gradient. The chemistry of 
groundwater from zone 5 is very similar to the ore body and this suggests a more 
southerly direction cf flow. The possibility of flow from zone 2 to zone 5 is supported by 
data from pumping tests and He levels (Gole et al., 1986), and by groundwater U and 
Mg concentrations (Duerden et al., 1991). 

Elemental composition 

Magnesium is abundant at Koongarra, since it is released from weathering of the 
chloritised schist of the host rock. Magnesium is the dominant cation in the groundwater 
intersecting the ore body, and also in groundwater near other deposits in the region 
(Giblin and Snelling, 1983). Magnesium concentrations at PH49 are about 25-30 mg/L 
(Duerden et al., 1991). 

The other major cations Na, K and Ca, are in very low concentrations in the Koongarra 
groundwater, with 12 mg/L Na and K, and up to 5 mg/L Ca. An exception is the region 
of dolomites to the SW of the deposit where the level of Ca is approximately equal to that 
of Mg. Commonly Si levels are about 5-15 mg/L, probably present as the uncharged 
species Si(OH)4. Measured Fe concentrations in the groundwaters were highly variable, 
ranging from < 1 to 22000 jig/L Iron concentrations appear to be approximately 
correlated to the redox conditions, with high Fe concentrations where Eh was low 
(Duerden et al., 1991, Payne et al., 1991a). 

Measured U concentrations were very variable, with highest values in the ore body then 
decreasing toward the approximate SW. Table 1.2.2 gives U data for filtered (< 0.45 urn) 
groundwaters from several boreholes and sampling depths. It can be seen that the 
concentration of U both with distance from the ore zone and with depth. Samples from 
the weathered zone (W-series holes), showed that U was more concentrated in the 
groundwater near the base of weathering than near the centre of the weathered zone, 
suggesting that U is more mobile in this region. Measured 2 3 2Th levels were mostly not 
significantly above background. It therefore appears that 2 3 2Th occurs in the groundwater 
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at concentrations less than or equal to the detection limit of a-spectrometry, about 0.01 
disintegrations per minute (dpm), which, for a 20 L sample, corresponds to about 0.002 
ng/L In many cases 2 a >Th (daughter of ^ U in the ^ U chain) levels were measurable 
and were up to 0.05 dpm/L Concentrations of Z 3 0Th in the groundwater were sensitive 
to filtration, with the amount in the water decreasing with decreasing filter pore size, 
which is consistent with the possible inclusion of colloidal Th. Thorium was concluded 
to be highly immobile at Koongarra (Duerden et al., 1991), as in most other natural 
systems, except for very saline or organic-rich groundwaters and seawaters (Langmuir 
and Herman 1980). 

Bicarbonate (HC03

1) is the major anion of the system, being present in concentrations 
of up to 160 mg/L near the centre of the ore body. Both up-gradient and down-gradient 
carbonate concentrations are lower. As a consequence of the near neutral pH and the 
high levels of carbonate, Koongarra waters were unstable when brought to the surface 
and outgassed C0 2. The calculated partial pressure of C0 2 in the groundwater was 
about 102 atm, about 30 times higher than atmospheric pressure (Duerden et al., 1991). 
Carbonate is a strong U(VI) complexant and the main uranyl species in the groundwaters 
were likely to be uranyl carbonate complexes, although uranyl phosphate complexes may 
also have been important (Dongarra and Langmuir. 1980; Hsi and Langmuir, 1985; 
Langmuir, 1978; Tripathi, 1979; Payne and Waite, 1991). The relative importance of 
carbonate and phosphate complexes remains to be fully resolved, and is a subject of 
current research in the Alligator Rivers Analogue Project. Carbonate complexes that are 
possibly important in the Koongarra situation are U02(C03)3

4, UO^COJj 2, and U02C03°. 
The proportion of each OT these complexes is maximum at about pH > 9, 7.2 and 5.9 
respectively (Langmuir, 1978). 

Manganese was usually detected in the groundwater with concentrations up to 1 mg/L, 
although more commonly about 100 ng/L (Duerden et al., 1991). The measured levels 
of phosphate ranged between < 5 ng/L and about 600 ng/L (Duerden et al., 1991). 
Phosphate is considered a strong complexant of U(VI), and if present in sufficient 
quantities could have outcomplexed carbonate for U(VI) (Langmuir, 1978). However 
recent data from Payne et al., (1991b) suggests that phosphate may actually increase 
sorption of U onto ferrihydrite. 

Climate 

The regional climate is tropical and monsoonal, with the majority of the annual rainfall 
falling between November and March, and very little falling between May and November. 
Between 1971 and 1977 the mean annual precipitation was about 1798 mm (Noranda, 
1978). The predicted mean annual precipitation at Koongarra has been estimated to be 
1442 mm (White et al., 1982). Maximum temperatures range from about 32°C in the wet 
season (about February) to about 38° C in the build up, just before the start of the wet 
season in October (Noranda, 1978), although temperatures up to about 50° C are not 
uncommon during the build up (Copping, personal communication, 1990). Pan 
evaporation levels were estimated to be upwards from about 2580 mm per annum (White 
etal., 1982). 
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1.3 Uranium Geochemistry 

Uranium is ubiquitous throughout the environment, usually in trace quantities (Katz and 
Seaborg, 1957). Different rock types contain different concentrations of U. The crustal 
average concentration is about 1.8 ng/g, with average concentrations of about 3.7 i*g/g 
and 0.52 ng/g in diabase and granite respectively (Mason, 1966). Uranium occurs as 
trace crystal contamination of many minerals, particularly accessory minerals such as 
zircon, sphene, apatite, and monazite, but also major rock forming minerals such as 
chlorite (Harmon and Roshoit, 1982). Often the predominant occurrence of U in rocks 
is at grain boundaries (Harmon and Roshoit, 1982). Uranium also occurs as the primary 
cation in many minerals, and these are the basis of U ore deposits (Rogers and Adams, 
1969). 

Uranium mainly occurs naturally in two oxidation states, +4 and +6. Oxidation state +5 
has also been found under some conditions (Langmuir 1978). The pH-Eh stability 
diagram for U and f a reference Fe, is given in Figure 1.3.1. The different oxidation 
states give rise to very different suites of minerals. Uranium (IV) usually forms oxides 
such as uraninite (UOJ, and sometimes silicates like coffinite [U(Si04)1.x(OH)4X(Katz and 
Rabinowitch, 1951); while U(VI) may form a very wide range of mineral types including 
silicates, phosphates, vanadates and sulphates (Elevatorsky, 1978; Katz and 
Rabinowitch, 1951). 

The +4 and +6 states of U behave differently in solution. U(IV) is very insoluble, and 
rapidly precipitates out as U0 2 , especially below pH 7 (Langmuir, 1978; Tripathi, 1979). 
Above pH 7 hydroxy species such as [UfOHJj may increase the solubility (Dongarra and 
Langmuir, 1980). In the U(VI) state the (U0 2 ) 2 + ion readily forms stable complexes with 
many common groundwater ligands, such as carbonate , phosphate and organic 
species (Boggs et al., 1985; Dongarra and Langmuir, 1980; Ho and Doern, 1985; Hsi and 
Langmuir, 1985; Langmuir, 1978; Lemire and Tremaine, 1980; Maya, 1982; Payne etal., 
1991b; Tripathi, 1979). Of particular importance in the Koongarra system were 
carbonate and possibly phosphate complexes (Duerden etal., 1990). 

Uranium is released from U containing minerals as a result of weathering of uraniferous 
accessory minerals and separate phase U minerals (Rimsaite, 1982). The weathering 
processes usually involve the imposition of an oxidising regime, relative to U and Fe, and 
this has the consequence that the U released is in the 6+ oxidation state (Rimsaite, 
1982). Once released there are a number of processes that can retard the movement 
of the U with the groundwater. Some of these will be discussed in more detail later, but 
briefly they include a) the precipitation of a uranyl phase, such as a uranyl silicate, 
phosphate, or vanadate (Langmuir, 1978), once the solubility limit for this phase has 
been exceeded, b) sorption onto minerals such as weathering products coating fissures 
(Kaminenietal., 1983; Murakami et al., 1990,1991 ;Ticknor etal., 1991), or if the matrix 
is permeable, general matrix constituents (Ames et al., 1982, 1983a, 1983b, 1983c; 
Barney, 1982), c) precipitation of uranate phases, if an environment that is reducing 
relative to U(VI) is encountered, such as a sulphide-rich graphitic hanging wall unit 
(Snelling, 1980a) and d) matrix diffusion of the dissolved U into pores that are not 
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transport active, such as dead end pores, and water held by capillary action (Neretnieks, 
1980). In a weathered system, with dissolved solid concentrations similar to those found 
in the Alligator Rivers region, the most important initial retardation mechanism is likely to 
be sorption (Duerden et al. t 1991; Payne and Waite, 1991; Payne et al., 1991). 

Mechanisms that may stabilise or increase the mobility of elements such as U include 
complexation with ligands, both organic (Boggs and Sietz, 1984; Boggs et al., 1985; Li 
et al., 1980; Olofssen and Allard, 1983) and inorganic (Dongarra and Langmuir, 1980; 
Hsi and Langmuir, 1985; Langmuir, 1978; Payne and Waite, 1991; Tripathi, 1979), and 
for insoluble species such as Th and U(IV), colloidal transport (Airey et al., 1984; Hardy 
and Ivanovich, 1987; Ho and Miller, 1985; Kim, 1991; McCarthy and Zachara, 1989; 
Ramsay, 1985). 

The radioactive nature of U and its daughter elements, may also affect the mobility of 
elements, particularly the daughter products of a-decay events. The rates of weathering 
and release may be increased by two radiogenic processes, a) spontaneous fission of 
^ U , since there are many background neutrons, producing fission fragments with very 
large energies and velocities (Matzke, 1982), and b) a-decay, with subsequent recoil of 
daughter nuclei, which is probably more important in U ore bodies. Uranium-235 is only 
about 4 % of natural unenriched U, therefore fission of ^ U only needs to be considered 
in systems such as radioactive wasteforms, where the concentration of ̂ U may be much 
higher than in the natural environment. 

The main effect of a-decay on the host rock is damage caused by the recoiling daughter 
nucleus to the crystal lattice (Rosholt, 1982; Schwarcz et al., 1982). About 90 % of 
damage done by a-decay is due to the recoiling daughter (Hashimoto et al., 1981; 
Kigoshi 1971; Matzke 1982). During a-decay an a-particle is ejected with energy of 
about 5 MeV, and a range of about 10 nm in U0 2 (Hashimoto et al., 1981). 
Conservation of energy and momentum cause the daughter nucleus to recoil. The 
a-particle may displace 100-200 atoms, while the daughter nucleus may displace about 
1500 atoms. The range of the recoiled atom is much less than the range of the 
a-particle (about 12-20 nm in U0 2, and about 55 nm in zircon sand). Petit et al., (1985) 
showed enhanced dissolution of minerals may occur at U concentrations as low as 
120 ng/g, and Gleadow and Lowring (1974) showed that the presence of a-tracks in 
sphene significantly increased the rate of attack of weathering agents. 

a-Recoil may affect the mobility of the daughter element relative to the parent. Where 
U is mostly contained within grains such as in U minerals and zircon, then a-recoil and 
the resulting crystal damage, results in preferential leaching of daughters, since they are 
more concentrated in the damaged sites (Fleischer, 1982; Kigoshi, 1971; Osmond and 
Cowart, 1976). If the U is present at the surface of minerals, such as at sorption sites, 
then the a-recoil event may lead to the preferential retardation of the daughters 
(Shirvington, 1980, 1983). If an atom on the surface of a mineral decays, then the 
daughter may be emplaced into sites less accessible to the groundwater (ie. recoiled into 
the mineral). This phenomenon has been observed in the Alligator Rivers region 
deposits (Lowson et al., 1986; Shirvington 1980, 1983), and specifically at Koongarra 
(Edis, 1991b; Nightingale, 1988; Yanase, 1990). The redox identity of the daughter 
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nucleus may also be different from the parent, and this too may affect relative mobilities 
of parent and daughter species (Adioff and Roessler, 1991). 



1.4 Possible Weathering Processes at Koongarra 

The weathering of minerals is a very important set of processes in the migration of 
materials through the geosphere. The destruction of some phases and the formation of 
others is central to the release, transport and retardation of species such as U. The 
structurally and chemically altered minerals themselves are metastable, and may take 10s 

to 106 years to become final weathering products (Murakami et al., 1991). Material such 
as U flowing from the source reacts with the then coexisting minerals, which vary with 
time as a function of the alteration mechanisms and kinetics. A knowledge of the 
alteration mechanisms is indispensable to the understanding of radionuclide migration 
over long time scales. Weathering processes in the Alligator Rivers region have been 
reviewed by Gray (1986) and Short (1988). 

Chlorite Weathering 

The weathering of chlorite was the major weathering process of the Koongarra site, and 
of the Alligator Rivers region as a whole (Gray, 1986). Alligator Rivers region chlorite 
occurred as trioctahedral and di-trioctahedral chlorite (Gray, 1986). The trioctahedral 
chlorite structure consists of negatively charged 2 : 1 tetrahedral: octahedral sheets that 
alternate with positively charged octahedral interlayer sheets of hydroxide (the brucite 
layer) of Mg, Fe, and Al (Bailey, 1980; Deer et al., 1983). 

The main constituents of chlorite are Si, Al, Fe, and Mg (and O, OH). Silicon4* is the 
main tetrshedral cation, with some isomorphous substitution by Al3*. Aluminium3* is the 
main 2 : 1 octahedral cation, with substitution by Fe and Mg. Aluminium, Fe, and Mg 
(and OH) are the main dioctahedral interlayer components (Bailey, 1980). The ideal 
formula for trioctahedral chlorite is: 

(Al, Fe, Mg)6(Si, AI)4010(OH)8 

Di, trioctahedral chlorite has an ideal formula of: 

(Al, Fe, Mg)4(Si, AI)4O10(OH)8 

the difference being that the 2 :1 layer octahedral sheet is dioctahedral (Bailey, 1980; 
Blatter et al., 1973; Eggleston and Bailey, 1967). 

Chlorite was one of the earliest minerals weathered at Koongarra, and virtually 
disappeared, having formed alteration products within about 2 m above the base of 
weathering (Gray, 1986; Koppi et al., 1990; Murakami etal., 1991). The first indication 
of chlorite alteration is the change in colour from green to brown, resulting from the 
oxidation of Fe24 (Ross, 1975; Ross and Kodama, 1976). 

The initial phase of chlorite weathering usually involves the preferential leaching of the 
brucite layer (Loughnan, 1969). This leaves behind the residual 2 :1 layer structure to 
form other minerals. If Fe2* is a significant component of the 2 :1 octahedral layer, then 
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this may also be susceptible to rapid weathering after the oxidation of the Fe. The 
solubility of the brucite layer is increased if Fe2* is a large component and is oxidised 
(Borgaard et al., 1982; Ross and Kodama, 1974, 1976). Amour vs of Fe2* can also be 
important in deciding what weathering products will be formed by the residual 2 : 1 
structure. Either vermiculite or smectite are formed by this structure, the difference 
between the two being the amount of negative charge present, the result of isomorphous 
replacement. If the unit has a negative charge per formula unit, 010(OH)2, of 0.60-O.9, 
then the mineral is a vermiculite. If the charge per formula unit, O10(OH)2, is 0.25-0.6, 
then the mineral is a smectite (Bailey, 1980). Smectites are further divided into 
montmorillonitic or biedellitic, depending on whether the charge is from octahedral or 
tetrahedral layers respectively. It should be noted that Fe2* replacing Al3* in the 
octahedral sheet will not give a negative charge if the Fe is oxidised. 

There have been two major studies of chlorite weathering at Koongarra, that by Gray 
(Gray, 1986; Gray and Davey, 1991), and that by Murakami (Murakami and Isobe, 1990; 
Murakami etal., 1990,1991). Gray (1986) identified predominantly trioctahedral chlorite, 
with an average formula, in common with the Jabiluka deposit, of: 

(Mg a 2Fe 2* 0 8Fe\ 2Al l 5)(Si i 9Al l ,)O 1 0(OH) 8 

Gray and Davey (1991) suggested the following weathering sequence: 

trioctahedral chlorite -* 
interstratified chlorite/vermiculite/montmorillonite -* 

interstratified dioctahedral biedellite/chlorite -* 
montmorillonite and minor biedellite. 

These would then weather further to kaolinite. 

Murakami etal., (1991) reported chlorite with a slightly, but significantly, different formula: 

(Mg, 9 7Fe 2* 2 9 3AI 1 1 1)(Si !,B 7AI 1 1 3)O 1 0(OH) 8 

The main differences were in the Mg and Fe contents, with the chlorite suggested by 
Murakami et al., (1990,1991) having more Fe and less Mg in the octahedral layers. For 
this chlorite the following weathering sequence was suggested: 

Chlorite [ ( M g ^ F e 2 * ^ ^ ( S i ^ A ^O^OHJJ+O^K* + 0.06Ti4* 
i 

Vermiculite [K0 2 4(Mg1.5 6Fe^1 0 1Alo.3 4Ti0J(Si2.6 1AI1 j 6 1)O,0(OH)2] 
+ 1.82FeO(OH)XH20 + 0.42Mg2* + 0.26Sr + 0.29Ar + (3-1.82X)H20 

The vermiculisation was proposed to go through a regularly interstratified 
chlorite/vermiculite phase, and this was confirmed by high resolution electron microscopy 
of ultra-thin sections (Murakami and Isobe, 1990). The reaction required the input of K 
and Ti, both of which may have been released from mica, particularly biotite which 
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weathered coincidentally with the chlorite. Titanium may also have come from anatase 
or rutile, but the original source of Ti for these minerals was probably biotite. Excess Al, 
Si and Mg may have been consumed in the formation of kaolinite, and possibly smectite. 
Figure 1.4.1 shows the depth relationship of mineral abundances and U concentrations 
down one drill hole. Murakami and Isobe (1990) observed that the vermiculite retained 
the structure of the chlorite, suggestive of weathering by a process of cation diffusion. 
No relationship was observed between the structures of kaolinite and vermiculite, 
suggestive of a dissolution/precipitation process for the formation of kaolinite. 

While the two studies in many respects suggested similar processes and pathways, 
different importances of smectite in the weathering sequence were suggested. Gray 
(1986) suggested smectite formation directly from chlorite, and presence in interstratified 
minerals with chlorite; while Murakami et al., (1991) suggested that smectite was formed 
from precipitation of excess ions released during alteration of chlorite and vermiculite. 
Weathering of chlorite through both chlorite/vermiculite and chlorite/smectite interstratified 
phases have been reported for other sites (Bain, 1977; Blatter et al., 1973; Droste and 
Therin, 1958; Ross and Kodama, 1976). Both processes would have resulted in the 
release of Fe and led to the formation of Fe oxides in the weathered zone at Koongarra. 

Biotite Weathering 

Some biotite remnants were present in the jnweathered schist at Koongarra, having 
avoided chloritisation during metamorphism. Biotite is the principle trioctahedral member 
of the micas (Loughnan 1969). It has a structure similar to that of trioctahedral chlorite, 
but without a brucite octahedral layer. Instead the 2 :1 layer units are linked together 
by K* ions, which balance the large negative charge of the 2:1 layer units, and the 
general formula for biotite is: 

K(MgFe2Te3+AITi)3(Si3AI)O10(OH)2 

Biotite has a similar weathering susceptibility to that of chlorite (Loughnan, 1969). Often 
large amounts of Fe2 + are present in the octahedral sites, and the oxidation of this, as 
in the case of chlorites, is often the key to biotite alteration and the formation of separate 
phase Fe oxides (Gilkes et al., 1972). As mentioned earlier, biotite is a major source of 
Ti and K. The initial products of biotite alteration may be chlorite (Rimsaite, 1975), 
dioctahedral mica such as illite (Stoch and Sikora. 1976), trioctahedral vermiculite 
(Kapoor, 1972) or smectite (Ismail, 1969), or it may weather directly to kaolinite (Wilson, 
1975). For the formation of vermiculite, Fe2 + is oxidised, and this leads to a reduction in 
the negative charge of the 2 : 1 layer units to that which allows expansion between 
individual units. 

Muscovite Weathering 

Muscovite, the more ambiguous sericite, and illite were the dioctahedral micas that were 
most common in the Alligator Rivers region. These have a similar structure to biotite, but 
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with dioctahedral instead of trioctahedral layers, and usually contain less Fe and Mg. The 
general formula for muscovite is: 

KAySiaAOO^OHk 

Muscovite was more common at Koongarra than biotite, and was in some areas a 
principle rock component. It is much more resistant to weathering than biotite or chlorite 
(Kapoor, 1972, Righi and de Coninck, 1977), and persisted throughout the weathered 
zone. The initial process of muscovite alteration is the physical breakdown of the flakes 
to a much smaller grain size (Stoops, 1968). Chemical weatherinq of muscovite involves 
the leaching of the tightly held K\ The reduction in negative charge, which tends to 
occur slowly (Raman and Jackson, 1966; Robert, 1973), may result in the production of 
vermiculite (Churchman, 1980; Rich and Cook, 1963), illite (Jackson et al., 1952; 
Rosenburg et al., 1984), smectite (Robert, 1973), or the direct formation of kaolinite 
(Sikora and Stoch, 1972; Stoops, 1968). Sericite is essentially fine grained muscovite 
and may therefore be more susceptible to weathering. Illite is generally regarded as a 
degraded form of muscovite, often an alteration product thereof, with a smaller grain size, 
less K, more waters of hydration and a greater susceptibility to further weathering (Deer 
et al., 1983; Fanning et al.. 1989). 

Apatite Weathering 

Apatite [CagfPOJaKOH, F, CI) (Deer et al., 1983), was a minor component of the 
unweathered schist, but was of great geochemical significance as the major source of 
phosphate required for the formation of uranyl phosphate minerals and complexes. 
Phosphate is strongly adsorbed by Fe oxides (Hsu, 1965; Parfitt, 1978; Pea and Torrent, 
1984), and may also affect the surfaces of the sorbing substrate, thereby affecting the 
adsorption of other species (Wann and Vehara, 1978). Surface adsorption may include 
physical adsorption of phosphate, chemisorption and anion exchange (Sample et al., 
1980). 

Apatite appears to be destroyed very early in the weathering sequence (Allen and Hajek, 
1989; Lindsay et al., 1989; Snelling, 1980a). The rate of dissolution of apatite is strongly 
dependant on the pH of the contacting water, since the solubility of apatite tends to 
increase with decreasing pH in the pH range 3-8 (Lindsay, 1979; Lindsay et al., 1989). 
Apatite may alter to secondary phosphate minerals, such as crandallite 
(CaAI3(P04)2(OH)5H20) (Fieldes et al., 1960; Norrish, 1957,1968; Norrish and Rosser, 
1983; Sarma and Krishna Murti, 1969). Iron phosphate minerals may also form 
(McKeaque, 1981). Phosphate released by weathering may also react with mineral 
surfaces, such as hydrous oxides of Fe and Al (Hingston et al., 1974; Lindsay et al., 
1989; Parfitt, 1978). 

Sulphide Weathering 

Sulphides, particularly pyrite (FeS^ but also chalcopyrite (FeCuSj) and chalcocite (CUjS), 
were present in various amounts throughout the unweathered schist at Koongarra, and 
were particularly abundant in and adjacent to the graphitic hanging wall unit (Snelling, 
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1980). Galena (PbS) was also present in the vicinity of high [U] areas. These sulphides 
probably played a geochemically significant role in the regulation of redox conditions. 
The first steps in the weathering of pyrite was the oxidation of the Fe and S, along with 
partial dissolution (Doner and Lynn, 1989). The S was leached away, probably as S0 4, 
often leaving behind hematitic pseudomorphs. 

Jarosite [KFegfSOJ^OHy has long been recognised as an alteration product of pyrite 
in rocks and sediments upon exposure into an oxidising environment (Allen and Hajek, 
1989). Rozenite (FeS04.4H20) is another possible alteration product of pyrite (Dixon et 
al., 1982). Also, an alunite [NaAI3(S04)2(OH)6] has been identified in the upper part of 
the weathered zone of a lateritic profile in India (Chitale and Guven, 1987). The 
alteration pathways for sulphides, including pyrite, has not been studied at Koongarra. 
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1.5 The Formation and Properties of Secondary Minerals 

The formation of some secondary minerals, such as vermiculite, smectite and kaoiinite 
were considered in the previous section. In this section the formation of other minerals, 
particularly metal oxides and hydroxides, which are geochemically significant at 
Koongarra, will be discussed. 

bron Oxides 

Iron oxides are very important mineral phases in the weathered and weathering 
environment. At Koongarra they occur coating clays, fissures and remnant schistosity 
planes, and formed nodules, ferruginous gravel and ferricrete. The formation and 
properties of Fe oxides and oxyhydroxides have been extensively studied and reviewed 
(Bonneau and Souchier, 1982; Schwertmann, 1985; Schwertmann and Taylor, 1977, 
1989; Stuchi et al., 1988), and some relevant aspects are presented here. 

Depending on prevailing groundwater conditions, Fe2* oxidises to form particular Fe 
oxides. Usually the amorphous Fe oxide ferrihydrite (SFegO^H-jO) forms first, 
sometimes along with lepidocrocite (yFeOOH) (Schwertmann and Taylor, 1977). 
Ferrihydrite is then slowly transformed to the more crystalline forms, in particular goethite 
(aFeOOH) and hematite (ctFegOg). The mechanics of the transformation processes are 
not entirely clear. 

Goethite forms from Fe(lll) in solution, such as from the slow and local dissolution of 
ferrihydrite or lepidocrocite, or directly from an oxidised Fe(ll) solution if the hydrolysis 
proceeds slowly under conditions where the solubility of goethite, and not that of 
ferrihydrite, is exceeded (Schwertmann and Taylor, 1977, 1989). Hematite forms from 
the dehydration and structural reorganisation of ferrihydrite, which appears to be a 
necessary precursor to hematite (Schwertmann, 1985). It appears that goethite does not 
dehydrate directly to hematite, at least not under pedogenic conditions (Schwertmann, 
1965). 

The formation of hematite occurs in competition with the formation of goethite (Feitknecht 
and Michaelis, 1962; Fischer and Schwertmann, 1975 Schwertmann and Fischer, 1966; 
Schwertmann and Murad, 1983). Factors that favour the formation of hematite over 
goethite include high soil temperature and low soil moisture (Schwertmann, 1985; Torrent 
et al., 1982). However, goethite formation is in effect in competition with the formation 
of ferrihydrite and lepidocrocite (Schwertmann, 1985). Conditions that favour the 
formation of goethite over ferrihydrite (and from ferrihydrite), include slow Fe release, 
high pH and low organic matter (Schwertmann, 1985). Goethite is favoured over 
lepidocrocite under conditions of high carbonate and Al concentrations in the water. The 
solution conditions also have a determinative effect on the crystal morphology (Cornell 
and Giovanoli, 1985,1987a, 1987b, 1988), and this may affect the surface area, charge 
properties and sorption. 

Under oxidising conditions, relative to Fe2*, the crystalline Fe oxides are very stable 
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(Schwertmann and Taylor, 1977). However, dissolution of Fe oxides by reduction, often 
on a very local or micro-environment scale, and usually involving bacteria and/or organic 
matter, is common under saturated conditions. Many bacteria can utilise Fe3* as a final 
electron acceptor when molecular oxygen runs out, consequently reducing the Fe and 
rendering it soluble (Munch and Ottow, 1980). Any bacteria that produces the enzyme 
nitrate reductase may be involved in the reduction of Fe(lll) (Ottow, 1968, Ottow and 
Munch, 1983). These include facultative anaerobes such as Bacillus pumilus and 
Bacillus sphaericus. Obligate anaerobes, particularly Clostridia species, are also capable 
of Fe(lll) reduction without nitrate reductase (Ottow, 1973). Ottow (1973) suggested that 
Clostridium saccharobutyricum could be responsible for much of the Fe reduction 
occurring in gleyed and pseudogleyed soils. The role of organic matter in the reduction 
of Fe may be as a C source for Fe reducing microorganisms (Munch and Ottow, 1980), 
and as complexants for Fe(ll), effectively shifting the equilibria towards Fe(ll) (Stevenson, 
1982), rather than direct reduction. The redox-pH stability diagram for Fe is shown in 
Figure 1.5.1 for the Fe-C-Si-OH and Fe-S-OH systems. 

The surface charge of Fe oxides is very pH dependent, determined by the adsorption or 
desorption of H+ and OH', which in turn is dependent upon the concentration of these 
ions in solution, hence pH. The surface charge is also affected by ionic strength of the 
solution. The pH at which the net charge at the surface is zero (point of zero charge) 
for Fe oxides does not appear to be strongly dependent upon the mineral form and is 
generally in the range of 7 to 9 (Borgaard, 1983a). The surface charge of the material 
strongly determines the adsorption of other species, although specific ion adsorption 
could occur at neutral surfaces or surfaces with the same sign of charge as the ion. An 
example of an extensively studied ion that is specifically adsorbed onto Fe oxides is 
HP04

 2. The adsorption of such species may also affect the surface properties of the 
material, by the creation of additional negative charges (Schwertmann and Taylor, 1989). 
In the presence of C0 3 ' 2 ions, the oxide surface may act as cation exchangers and uranyl 
sorption may involve the breaking up of anionic carbonate complexes, a process that 
depends upon the surface acidity and exchange capacity (Venkataramani and Gupta, 
1991). 

Specific adsorption is also pH dependent, and different ions are adsorbed more 
preferentially at different pH ranges. The order of adsorption of some heavy metals onto 
goethite and hematite is Cu and Pb > Zn > Cd > Co > Ni > Mn (Schwertmann and 
Taylor, 1989). Some ions may migrate by diffusion into micro-pores of the Fe oxide 
crystals, and this process can be essentially irreversible (Brummer et al., 1988; Gerth and 
Brummer, 1983). 

Manganese Oxides 

Manganese oxides occur in many soil types and weathered systems and at Koongarra 
Mn phases often occurred coating fractures and schistosity (Noranda, unpublished). 
Manganese oxides often occur in association with Fe oxides (Blume and Schwertmann, 
1969; Childs, 1975; Childs and Leslie, 1977; Collins and Buol, 1y70; Koons et al., 1980; 
McKenzie, 1989), and Mn may substitute up to 15 mole % of Fe in goethite crystals 
(Cornell and Giovanoli, 1987a). Manganese is a very redox sensitive element, with its 
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mobility strongly dependant on the redox conditions (Brookins 1988; Garrets and Christ, 
1965; McKenzie, 1989). The pH-Eh stability diagram for Mn is given in Figure 1.5.2. As 
can be seen from this diagram, Mn0 2 should only form under very oxidising conditions, 
such as undersaturation, and a higher oxidation state is required for the oxidation of Mn2* 
to Mn 4 4 than for Fe2 + to Fe3*. The mineralogy of Mn is complicated by the large number 
of oxides and hydroxides formed, in which substitution of Mn2* and Mn3* for Mn4* occurs 
extensively, and there appears to be a continuous series of compositions from MnO to 
MnO2 (McKenzie, 1989). The position of the Mn phases as coatings suggests a cycling 
of the Mn involving dissolution by reduction followed by deposition under more oxic 
conditions. 

The Mn oxides in soils are often reported to be "amorphous" (Childs, 1975; McKeague 
et al., 1968; Sidhu et al., 1977). Edis (1991 a) found an average of 47.5 % of Mn present 
in the weathered zone at Koongarra was extractable by Tamms acid oxalate reagent, 
which suggested a large proportion of Mn present as, or associated with, amorphous 
phases. Manganese phases in soils often occur as nodules and have been commonly 
identified as bimessite [(Na07Ca03)Mn7O142-8H2O] in many countries and environments 
(Chukhrov and Gorschkov, 1981; Potter and Rossman, 1979; Ross et al., 1976; Taylor, 
1968; Taylor et al., 1964). Vernadite (d-MnO^ is also a common soil Mn mineral, and 
lithiophorite [(AI.LOMnO^OHy has been frequently identified in Australian soil (McKenzie, 
1989; Taylor et al., 1964). Magnanite (MnOOH) has been observed in a laterite profile 
(Eswaren and Mohan, 1973). The form of the Mn mineral may reflect the pathway of 
formation. For instance Chukhrov and Gorschkov (1981) and Chukhrov et al., (1980) 
suggested that vernadite was produced by rapid biological oxidation of Mn2*, while 
birnessite was formed by slow inorganic oxidation. 

There are structural similarities between ferrihydrite and vernadite, and it has been 
suggested by Burns and Bums (1975) that ferrihydrite may act as a nucleating agent for 
the development of Mn minerals and nodules. Such a relationship is supported by 
observations that Mn nodules always contained Fe, while not all Fe nodules containing 
Mn (McKenzie, 1989). 

Anatase, Rutile and Brookite 

The distribution, formation and properties of 71 minerals has recently been reviewed by 
Milnes and Fitzpatrick (1989). Trivalent Ti may be expelled from the biotite during 
metamorphism to chlorite (Evans and Raftery, 1980). The Ti becomes oxidised, and 
Ti0 2 precipitates, often very locally leading to rutile inclusions in chlorite grains, as 
observed by Snelling (1980) and Murakami and Isobe (1990). 

In weathered environments, Ti is predominantly present as a free oxide (Dolcaster et al., 
1970). Other forms of Ti, beside the dioxide polymorphs anatase, rutile and brookite 
include ilmenite (FeTiOg), pseudorutile (Fe2Ti309) and sphene [CaTi(Si04)(0,OH,F)] (Deer 
et al., 1985; Hutton, 1977). Titanium is generally considered an immobile element in 
weathered environments (Goldschmidt, 1954) due to the resistance of Ti oxides and 
ilmenite to weathering (Correns, 1978; Ure and Berrow, 1982). Cryptocrystalline anatase 
has been observed by Milnes and Hutton (1974) coating minerals in very weathered 
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silcrete. They suggested that the Ti was dissolved, then concentrated and precipitated 
as a gel like material. Bain (1976) found anatase aggregates, < 0.5 jim in diameter, in 
soil, and Weaver (1976) found anatase aggregates, of size 0.05-1 \im, coating kaolinite 
in soil. Weaver (1976) suggested that the Ti precipitated as an "amorphous" hydrous gel 
which became crystalline. While Weaver (1976) did not directly observe this "amorphous" 
gel, Fitzpatrick et al., (1978) found that up to 36 % of soil Ti was soluble in Tamms acid 
oxalate extractions, and was probably "amorphous". Edis (1991 a) found only up to about 
5 % of total Ti was Tamms acid oxalate extractable from weathered samples from 
Koongarra. 
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1.6 The Role of Secondary Minerals in the Migration of 
Radionuclides 

As mentioned earlier, sorption was likely to be the major process in the retardation of U 
under groundwater conditions similar to those at Koongarra in the present day, and this 
is true for most radionuclides and other contaminants. Other processes that are 
sometimes important include coprecipitation, for example radium into barite and possibly 
Mn dioxide, and biological uptake (Levinson et al., 1982). The most important mineral 
phases involved in these retardation processes are the secondary minerals produced as 
a result of weathering. Secondary minerals, particularly the metal oxides, usually have 
a much higher sorption capacity than the primary rock forming minerals, such as chlorite 
(Ticknor et al., 1989,1991). For some elements, such as Cs, weathering products such 
as illrte, vermiculite and smectites, are stronger binders than metal oxides (Ticknor et al., 
1989). In addition to the higher sorption capacity, secondary minerals tenc' +o have a 
higher surface area, and are generally much more accessible to the groundwater, 
including lining cracks and fissures in only partly weathered rock. Secondary minerals 
of particular interest to the Koongarra case included vermiculite, Fe oxides, Mn oxides, 
anatase and rutile, and possibly smectite. 

Iron Oxides 

In soil and weathered environments, most U is found associated with Fe oxides, due to 
the high sorption capacity of these minerals for U (Gueniot et al, 1983; Megumi, 1979; 
Megumi and Mamuro, 1977). The strong association of U and other trace elements with 
secondary Fe minerals, often in close association with Mn, has been described by many 
authors (McKenzie, 1975; Means et al., 1978; Koons et al., 1980; Rankin and Childs, 
1976; Zielinski et al., 1986). Koons et al., (1980) showed that U and Th were often 
associated with Fe oxides at very early stages of weathering of diabasic and granitic 
rocks. 

Studies on the weathered zone of the Koongarra deposit showed that 16-70 % of the U 
was associated with ferrihydrite, secondary U minerals (where present), and other 
amorphous materials; while 24-65 % of the U was associated with crystalline Fe 
oxide/oxyhydroxide phases in a manner other than sorbed (Nightingale, 1988; Yanase 
et al., 1990). The proportion that was attributed to the amorphous phases could have 
been partly U-adsorbed to crystalline phases (Edghill, 1990). The nature of the 
association of U with crystalline phases, other than adsorption, has not as yet been 
elucidated, but it was suspected to be as inclusions, or dispersed in lattice defects rather 
than true isomorphous replacement (Edghill, 1990). This entrapment may have occurred 
during the aggregation of ferrihydrite and its transformation to more crystalline forms, 
trapping some U adsorbed. Lowson et al., (1986) measured U/Fe ratios in natural Fe 
oxides of up to 0.3 %, however this may not all have been present as lattice substitution. 
Fission and a-track autoradiography of weathered samples from the nearby Ranger U 
deposit showed that the U was concentrated with the Fe minerals, particularly in nodules 
(Gray, 1986). It has been suggested that U may be taken up, to a small degree, as a 
crystal substitute in lepidocrocite (Fitzpatrick, personal communication, 1990; Gueniotet 
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ai., 1982), but the evidence for this is not entirely conclusive. Gerth (1988) was unable 
to incorporate a measurable amount of U or Th into synthetic goethite crystal lattices. 

Elemental correlations from bulk weathered Koongarra and Ranger samples indicated 
that Mn, P, Th, and U were significantly positively con-elated to Fe (Gray, 1986). However 
P values are notoriously unreliable by the method used (PIXE) and Th levels were mostly 
below the suggested detection limit (Clayton et al., 1990). Phosphorus is an element of 
particular importance to U geochemistry, and it has been extensively shown to be 
predominantly adsorbed onto Fe oxides in well weathered systems (Hsu, 1965; Pea and 
Torrent, 1984). It appears that goethite is a stronger sorbing phase for phosphate than 
hematite (Colombo et al., 1991). 

Manganese Oxides 

Manganese oxides have been reported to be very tenacious binders of many elements, 
including U (Means et al., 1978; Zielinski et al., 1986). Zielinski et al., (1986) found that 
Mn0 2 was a stronger binder of U than Fe oxides in tuff. Radium is also well taken up by 
Mn02, and it has been suggested that this is partially via coprecipitation (Levinson et al., 
1982). Cobalt is particularly well taken up by Mn oxides (McKenzie, 1989; Means et al., 
1978), which is of importance to radioactive waste containment, particularly containment 
of "Co. The strong and specific take up of Co appears to be through surface oxidation 
of Co(ll) to Co(lll) by the reduction of Mn(IV) to Mn(lll and II) (Crowther et al., 1991). 
A sismilar process may be involved for the entrapment of other species with redox 
related mobilities (eg. Ce). Lead also has a strong relationship with Mn (Norrish, 1975). 
As a common fracture coating material, Mn0 2 is very strategically placed for the 
adsorption of dissolved ions. 

Anatase, Brookite and Rutjle 

Precipitated hydrous oxides of Ti have been shown to adsorb significant quantities of U 
during the early stages of weathering (Ruzicka and Littlejohn, 1982; Speer et al., 1981). 
Yamashita et al., (1980) reported the importance of Ti(IV) oxides on the scavenging of 
U from seawater. Hydrous Ti oxides have been shown to readily adsorb uranyl species 
from groundwater-like solutions, especially above pH 4.5 (Maya, 1982b; Venkataramani 
and Gupta, 1991). 
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1.7 Matrix Diffusion 

The matrix of crystalline rock has been shown to be porous to varying degrees (Brace 
et a!., 1965). Dissolved species may migrate into the pore system, either by molecular 
diffusion or superimposed electric field (Neretnieks, 1986). This diffusion into the fine 
porosity of the rock matrix, hence the term matrix diffusion, effectively removes the 
dissolved species f.om the transport-active system of conducting fissures, where water 
movement is very strongly dominated by fracture flow. A conceptual diagram of a porous 
rock matrix is shown in Figure 1.7.1. 

Crystalline rock (unweathered) has been observed to have an inherent porosity usually 
less than 1 % (Brace et al., 1965; Emerson, 1990; Neretnieks, 1986). The pore system 
allows dissolved species, including oxygen, anions and cations, to diffuse in and out of 
the rock matrix. In addition to the simple removal from transport active fissures, this 
mechanism also increases the mineral surface area exposed to dissolved species. In the 
case of migrating contaminants and redox inactive species, this means an increase in 
surfaces available for sorption. In the case of more reactive species, such as 0 2 , this 
means an increase in surface available for reactions, and has the consequence of 
increased rates of weathering, the production of highly sorptive alteration products and 
usually an increase in the matrix porosity. 

The potential of matrix diffusion to retard the migration of radionuclides is large 
(Neretnieks, 1980). This can be visualised by considering the amount of rock made 
accessible for sorption if matrix diffusion occurs to the depth of 1 cm or more, compared 
to fractions of 1 mm (porous alteration products coating fractures) if no diffusion takes 
place. The nuclides are retarded in proportion to the amount of material they adsorb 
onto. For example, Neretnieks (1981) calculated 5000 times less ^ N p reaching the 
biosphere from an imaginary repository, if a matrix diffusion component was included in 
the model. However, without detailed experimental data, it could be suggested that 
matrix diffusion is a powerful modelling knob which can be turned to meet licensing 
output requirements. 

The diffusivity of the matrix depends heavily on the degree and nature of the porosity, 
and for sorbing species like most U complexes, on the adsorptivity of the micro-pore 
surfaces (Bradbury and Green, 1985). A superimposed electric field will also affect the 
diffusivity of ions (Brace et al., 1965), and the wetability of the fissure walls will affect the 
contact angle with water, and consequently the uptake of water by capillary action. 
Confining stresses on the rock system by overburden, may also affect the diffusivity of 
the rock. Skagius and Neretnieks (1983) found that the diffusivity of granite decreased 
by more than 50 % at confining stresses of 280 bar. This would be similar to the 
overburden of rock at about 1000 m depth. Important aspects of the nature of the 
porosity include pore-neck and cavity size, and of particular importance, connectivity and 
tortuosity. For unaltered rock, porosities have been found to vary between about 0.06 % 
and 1.5 % (Bradbury et al., 1982; Neretnieks 1986). 

Effective diffusivity in unweathered rocks such as granites, is often in the order of 10' 
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w . m V 1 (Neretnieks, 1986). Effective diffusivity is the diffusivity of the system that does 
not inlude interactions between the dissolved phases and the rock, such as sorption. 
Apparent diffusivity does include the effect of interactions on the mobility of species. 
Birgersson and Neretnieks (1982, 1984) used non-sorbing or conservative tracers to 
measure the effective diffusivity of granitic rocks from the Stripa mine in Sweden. They 
estimated the effective diffusivity to be about 1 x 10 u to 50 x 10 1 4 m 2 s 1 under natural 
stress conditions. 

Smellie and Rosholt (1984) found that ^ U had migrated up to about 20 cm from the 
fissure U source into the rock during the last 500 kyr in granitic rock from the Bjorklund 
U deposit in Sweden. Shea (1984) suggested apparent diffusivities of U of about 10 1 9 

to 10'16 m 2 s 1 for some granitoid rocks, and 10 2 2 to 10 1 9 m 2 s"1 for some chlorite phases, 
from the "central mining area" Utah USA. With alteration, and associated increases in 
matrix porosity, the potential for matrix diffusion is likely to increase until a situation 
approximating matrix flow develops. 
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1.8 Uranium-Element Associations in the Alligator Rivers Region 

Statistical analysis has been used on bulk rock elemental data by many workers, to 
elucidate relationships between elements in complex systems such as soil and rocks. 
Correlation coefficients have been a particularly popular statistical tool in elemental 
geochemistry (Davis, 1973; Ferguson and Winer, 1980; Gilkes and Little, 1972; Gray, 
1986; Moore and Russell, 1967; Nash and Frishman, 1983; Schorin, 1983). Correlation 
coefficients are a measure of the degree of association between two variables, and a 
description of their use of can be found in most statistical texts (for example Chatfield, 
1983; Davis, 1973). When two variables are reported as correlated at a particular level 
of confidence (eg. P < 0.05), it usually means that the correlation coefficient for the two 
variables is significantly greater than zero. Correlation coefficients between elements for 
sites in the Alligator Rivers region have been reported by Ferguson and Winer (1980); 
Gray (1986), and Nash and Frishman (1983). 

Unweathered Rock 

Ferguson and Winer (1980) presented statistical analyses of various rock units in the 
Pine Creek geosynclins, including the Cahill formation, the Masson formation, the Koolpin 
formation, the Ninbuwah complex, the Nanambu complex, Waterhouse granite, late 
organic granitoids, Zamu dolerite, Stag Creek volcanics, and the Kombolgie formation. 
They also included a site study of the Jabiluka ore deposits. On the regional scale they 
found that for 143 samples of unweathered rocks from the Cahill formation, U was 
correlated to W, As, Nb, Mo, Pb, Li, Sc, Co, Y, Cu, V and Rb (P < 0.05; denotes an 
inverse correlation). Gray (1986) also produced element-element correlation coefficients 
for 11 unweathered samples from the Cahill formation, and found that U correlated to Pb, 
As and Ni (P < 0.05; W, Nb, Mo, Sc, Co, V and Sn were not included in this analysis). 

Site studies of rocks from the Cahill formation gave similar relationships of elements with 
U as for the regional scale. Ferguson and Winer (1980) found that at the Jabiluka U 
deposits U correlated with Cu, W, As, Nb, Mo, Pb, Sc, Co and Sn in unweathered rocks 
containing > 30 ng/g U (P < 0.05; denotes an inverse correlation). Nash and Frishman 
(1983) presented data on 370 samples from the Rsnger mine area, for 61 elements. For 
rocks containing > 250 ng/g U, they found U correlated to F, Be, Co, Li, Na, Ni, Pb, Sc, 
Th, Ti, V, Y, CI, As, Br, Au, Dy, La, Sc, Eu, Tb, Yb, Ta, Si and K (P < 0.05; denotes an 
inverse correlation). However, many of these elements were analysed by instrumental 
neutron activation analysis (INAA), which is acceptable for samples with low U contents, 
but not for samples with the levels present in some of the samples from this data set (up 
to about 5.5 % U) due to interferences by U (J.Fardy, personal communication, 1990; 
Nash and Frishman, 1983). Disregarding the INAA analyses of elements other than U, 
then U correlated to F, Be, Co, Li, Ni, Pb, Sc, Th, Ti, V, Y, Si and K (P < 0.05; denotes 
an inverse correlation). Tungsten, As, Nb, Mo, and Rb, which Ferguson and Winer 
(1980) found to be associated with U, were not analysed for, or the results were 
regarded as unreliable, in the Nash and Frishman (1983) high [U] set. 

For barren rock (U < 250 \IQ/Q) near the Ranger deposit, Nash and Frishman (1983) 
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found that Co, Ni, Pb, Th, V, Y, Zn, Au, Nd, Sc, Eu, Tb and Yb correlated with U 
(P < 0.05). INAA results for this suite were more reliable due to the low U content. 
Berry Hum, Au, Nd, Eu, Tb and Yb were not analysed by Ferguson and Winer (1980). 
Elements that correlated with U at Ranger (Nash and Frishman, 1983), but not in the 
regional or Jabiluka studies (Ferguson and Winer, 1980), were Ni, Th, Ti, Sr, K, Si. 
Nash and Frishman (1983) found that Mg, Fe, Li, Cr, Ni, Pb, V, Y, Sn, Sc, Eu, and Yb 
were significantly enriched, while Ca, Na, K, Sr, Ba, Mn, Ce and Cs were significantly 
depleted in ore samples from the Ranger U deposit. The higher values of Mg and Fe 
reflect chlorite, which is the host rock for U mineralisation in the region. 

In the studies by Ferguson and Winer (1980), Nash and Frishman (1983) and Gray 
(1986), elements that were found to significantly correlate with U in rocks from the Cahill 
formation, either locally or regionally, were W, As, Nb, Mo, Pb, Li, Sc, Co, Y, Cu, V, Ni, 
F, Be, Na, Th, Ti, Sr, Si, K and Rb (P < 0.05; denotes an inverse correlation). Elements 
found to correlate to U in two different studies were As, Pb, Li, Sc, Co, Y, V, and Ni. An 
interesting aspect of these results is that U did not correlate to any major rock 
constituent, such as Mg in chlorite (Nash and Frishman 1983). The correlation of U with 
the above elements suggests that they were transported in the U mineralising fluids 
(Ferguson and Winer 1980), or, in the case of Pb, grew in as a product of radioactive 
decay. The negative correlations of Si, K and Rb with U, possibly reflects low [U] in rock 
high in quartz or mica. 

The distribution of rare earth elements (REEs) in the Cahill formation, including some U 
ore bodies, has been studied by McLennan and Taylor (1979, 1980). The Cahill 
formation generally has a REE signature similar to post archaean Australian shales 
(PAAS) (Taylor and McLennan, 1985). However, U mineralisation zones and particularly 
U-rich material such as uraninite, were associated with a large enrichment of the heavy 
rare earth elements (HREEs, Eu-Yb), relative to PAAS. The PAAS corrected maxima of 
rock containing mineralised U was at about Tb-Dy (McLennan and Taylor, 1979, 1980). 

Weathered Rock 

Gray (1986) considered elemental relationships in weathered samples. For two samples 
from Koongarra and four from Ranger, Gray (1986) reported that U correlated positively 
with As, P, Pb, Th, CI, Ga, Ba, Fe and negatively with Si and Ti (P < 0.05). The 
elemental analyses were done using proton induced x-ray emission and proton induced 
y-ray emission spectrometry (PIXE-PIGME), using Ru as an internal standard. However, 
some of the values used in this study were unreliable. Phosphorus determinations by 
this method are notoriously unreliable, due to interference by Si (Clayton et al., 1990); 
Ru x-ray lines are coincidental with CI lines, making CI data unavailable, and the Th 
values were mostly below the detection limit quoted for the system used (Clayton et al., 
1990). Nonetheless, the association of U with Fe, reflecting Fe oxides in weathered 
systems, was experimentally valid, as was the correlation of U with As, which also 
correlated with Fe and would be expected to adsorb onto Fe oxides. 
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1.9 Colloidal Transport 

Colloidal transport is responsible for the movement of insoluble materials from one part 
of the geosphere to another, and is important in a variety of geological and soil 
processes. Colloidal transport may be a component in the redistribution of radionuclides 
in U ore bodies (Airey et al., 1984; Giblin et al., 1981; Hardy and Ivanovich, 1986). 
Groundwater colloids are ubiquitous in groundwater, and their amount and composition 
differ from one groundwater system to another (Kim, 1991). Considerable progress has 
been made in understanding the migration of solute species in groundwater, but little 
work has been carried out on the nature and mobility of natural colloids relevant to the 
migration of radionuclides. Part of the reason for this apparent lack of progress lies in 
the difficulty in sampling and characterising groundwater particles (Hardy and Ivanovich, 
1986; Kim, 1991; McCarthy andZachara, 1989). 

General Properties and Definitions 

The colloidal state is one of fine subdivisions. Generally the term colloid refers to a 
particle within the size range 1 nm to 1 urn, or simply particles < 1 urn in diameter (eg. 
Mason, 1966; Overbeek, 1983). Due to the difficulty in making genuine size 
measurements, the size is a hydrodynamic diameter, based on settling velocities (Van 
Olphen, 1977). Particle sizes of up to 10 urn have been called colloidal by some workers 
(McCarthy and Zachara, 1989; Stumm, 1977). In this study the colloidal size range was 
defined as from 10000 molecular weight (MWt) (about 6 nm in diameter) to 1 urn. 
Colloidal solutions, or sols, grade into true solutions at the bottom end of the range, and 
into particle suspensions at the top end, with no distinct line of demarcation. 

Colloidal particles may be crystalline or amorphous, although most inorganic colloids are 
probably crystalline (Mason, 1966). The component phases in the system are highly 
dispersed, and the properties of the system are dominated by interfacial regions 
(Overbeek, 1983; Yariv and Cross, 1979). Sols can be classified into one of two groups 
according to the relationship between the solid and liquid phases (Mason, 1966; 
Overbeek, 1983). Lyophilic (or hydrophilic) systems are thermodynamically stable, with 
a strong interaction between the colloids and the liquid phase, making the energy barrier 
for dispersion absent and causing spontaneous dispersion on contact between colloids 
and tne liquid phase. This group of sols include mainly organic macromolecules such as 
proteins, humic and fulvic acids (Ramsay, 1985; Stumm and Morgan, 1981). Lyophobic 
(or hydrophobic) systems are thermodynamically metastable, with interparticle repulsion 
forces, originating from surface charge and double layer depths, the mechanism for 
dispersion. This grouping applies to most inorganic sols, such as clays, metal oxides and 
hydroxides. The adsorption of lyophilic material, such as humic and fulvic acid, onto 
otherwise lyophobic material, can stabilise the sol (Stumm and Morgan, 1981). 

Another system of classifying colloids involves the nature of the relationship between the 
colloid and the element(s) of interest. Kepak (1971) when referring to colloids containing 
radionuclides, used the terms real colloids and pseudocolloids. Real colloids are those 
that have the element in question as a principle component, for example after hydrolysis 
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and polymerisation of a polyvalent cation to colloidal proportions, as occurs for many of 
the actinides (Kepak, 1971, Ramsay, 1985). Pseudocolloids contain the element as either 
incorporated, adsorbed, or ion exchanged, but not as a central component. This system 
of classifying colloids has mainly been used in the context of radionuclides (Avogadro 
and de Marsily, 1984; Kim et al., 1984) and has the problem that the same colloid may 
be real or pseudo depending on the interest of the observer. 

There are many examples of radionuclide pseudocolloid formation. Uranyl species are 
very effectively taken up by sols of metal oxides/hydroxides, such as hematite (Ho and 
Doern, 1985; Ho and Miller, 1985), and Ti0 2 (Maya, 1982b). Suspended clays may also 
provide a vehicle for the transport of radionuclides (Bondietti, 1975; McDowell-Boyer et 
al., 1986). Sols of hydrous Fe oxides, such as ferrihydrite, have been the subject of a 
large amount of research into the sorption of U in natural and synthetic systems. Many 
natural ferrihydrite samples have been imaged using transmission electron microscope 
(TEM), and have been found to occur as aggregates of 0.3-0.5 nm spheres (Carlson and 
Schwertmann, 1981; Henmi et al., 1980; Schwertmann and Fischer, 1973). 

Because of the very small size of colloids, sols have a very large surface area on a mass 
basis. For example 1 nm spheres would have a surface area of about 103 m3/g. 
Consequently colloids are likely to have a high sorption capacity for compatible species. 
In many systems sorption would be the main mechanism in the formation of 
pseudocolloids (Ramsay 1985). 

Surface charge of colloids may develop as a result of three mechanisms, a) Isomorphous 
replacement of lattice framework cations, such as the replacement of Si4* with Al3* in the 
tetrahedral sheets of 2 :1 layer silicates, such as smectites, gives a permanent and pH 
independent charge, b) lonisation of the surface by dissociation of surface groups, such 
as for metal oxides and hydroxides, gives a strongly pH dependant charge, c) Charge 
may also develop with the adsorption of charged macromolecular polymers, such as 
humic or fulvic acids (Van Olphen, 1982). 

Transport and Deposition 

Once formed, colloid-size particles containing an element of interest must also be able 
to move through the geosphere to make a significant contribution to migration. Reviews 
on the transport of particles are presented by Yariv and Cross (1979) and 
McDowell-Boyer et al. (1986). Jenny and Smith (1934) recognised three main factors in 
the deposition of submicron clay particles important in the formation of clay pans in soil 
profiles. These were a) the size of the particles relative to the size of the pores, b) 
electrolyte concentration and the type of cations present, with divalent cations causing 
greater aggregation than monovalent cations, and c) the charge of the substrate and the 
particles. 

Herczig et al., (1970) suggested negligible removal of colloids would occur by geometric 
filtration if colloid diameter: matrix particle diameter (dp:dm) is < 1:50, and Sherard et 
al., (1984) suggested virtually complete straining would occur if dp:dm is > 1:9. These 
values are for beds of approximately spherical particles. Therefore in the case of beds 
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of particles such as sand, with matrix particles of greater than about 100 m, geometric 
filtration can be ignored. The same applies for fissured rock (Eichholz and Craft, 1982). 
Without geometric filtration, smaller particles will only be retained if particle-media 
attachment is favourable, or if particles migrate into quiescent pore space (Hunt et al., 
1985). 

Particle-particle interactions may also play an important role, particularly aggregation. The 
sodium adsorption ratio (SAR) and the concentration of exchangeable cations, are often 
used in the estimation of soil aggregate stability (Collis-George et al., 1966), and can 
conversely be used as an indicator of clay sol stability. The greater the proportion of the 
cations made up by Na \ the greater the likelihood that aggregates will disperse and that 
clay particles will remain in suspension. The SAR dependant dispensability is due to much 
larger double (diffuse) layers in Na+ dominated systems. 

Abu-Sharar et al., (1987) studied the effect of electrolyte concentration on soil aggregate 
stability. This group found that in a Ca 2 + dominated system with SAR = 0, dispersion of 
< 2 urn clay particles started at an electrolytic conductivity (EC) of about 400 nS/cm, and 
the < 1 i*m fraction at about 200 jiS/cm. Shainberg and Letey (1984) suggested that 
severe permeability problems may develop if irrigation water has an EC < 200 iiS/cm, 
presumably due to domination of exchange sites by Na+, or due to an expansion of the 
double layer in dilute systems resulting from the low concentration of negatively charged 
ions. This suggests that aggregates are unstable at this EC, and that dispersion of clays 
may occur. Non-calcarious soils were found to be more prone to dispersion in a Mg2* 
dominated system than in a Ca 2 + dominated system (Ali et al., 1987; Alperovitch, 1981). 
Ali et al., (1987) found that in soil kaolinite and "clay mica" apparently were more 
dispersive than montmorillonite or mixed layer clays. Goldberg et al. (1991) reported that 
at agriculturally favourable SAR values and exchangeable sodium percentages (ESP), 
illite, kaoiinite, montmorillonite and various mixtures of these, demonstrated sismilar 
critical coagulation concentrations. At Koongarra, the EC range was approximately 100-
300 iiS/cm, with the major cation being Mg 2 + (Duerden et al., 1991). 

As well as physical collisions, interactions between colloids in the groundwater and the 
matrix are the results of London-Vanderwaals, hydrodynamic and electrostatic forces 
(Hunt et al., 1985; McDowell-Boyer et al., 1986; Yariv and Cross, 1979). The dominant 
force controlling the attachment is usually electrostatic force between a charged particle 
and a charged media (or another particle) surface, which is dependant upon the nature 
of the surfaces, the charges, the ionic strength and the pH of the water (McDowell-Boyer 
et al., 1986). The electrostatic force can be attractive (if one has positive and the other 
has negative charge) or repulsive (if both have positive or negative charge). The effect 
of ionic strength can be to compress the diffuse layer of counter ions for particles and 
media, so that electrostatic forces operate over a similar distance to London-Vanderwaals 
forces (about 110 nm). These forces are attractive and consequently favour 
attachment/aggregation, even if the particles have the same kind of charge as the media 
(McDowell-Boyer et al., 1986). Hydrodynamic forces, which oppose attachment, result 
from water having to be "squeezed" out from between a particle and the media to permit 
attachment (Spielman, 1977). 
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Problems Associated with Sampling 

There are many problems associated with the sampling and study of groundwater 
colloids, particularly for deep and anoxic systems (Hardy and Ivanovich, 1986; McCarthy 
and Zachara, 1989). The trouble starts at the first action taken to sample the water when 
a borehole is drilled. Drilling redistributes material, changes particleparticle relationships, 
dislodges particles, produces fine particles by grinding, introduces material such as 
drilling muds, lubricants, grouts and casings, and provides access to the groundwater for 
air (Hardy and Ivanovich, 1986; Ivanovich et al., 1988; McCarthy and Zachara, 1989). 
The removal of the groundwater immediately disturbs the "equilibrium" between the rock 
and water. Waters with different compositions, different degrees of saturation and 
different pH and redox properties may be mixed during sampling. The use of pumps, 
required to get samples representative of an aquifer, may cause additional shear-force 
to be applied to particles due to an increase in the stream velocity, and may cause more 
particles to become entrained (McCarthy and Zachara, 1989). Pumps that vibrate may 
also cause particles to become dislodged. Once the sample is collected, it is difficult to 
maintain identical temperature and atmospheric conditions, particularly in relation to the 
partial pressures of C0 2 and 0 2 . Slight contamination with 0 2 may result in the formation 
of colloids, such as Fe oxides (Short et al., 1988) or the destruction of colloids of reduced 
species such as sulphides. Once sampled, colloids may also adhere to vessel walls 
(Hardy and Ivanovich, 1986). 

Groundwater Colloids 

Colloid loading in surface waters such as rivers is frequently quite high, in the region of 
grammes per litre (Gibbs, 1977; Hardy and Ivanovich, 1986). However in groundwater, 
colloid numbers are generally very low, which makes preconcentrating essential (Hardy 
and Ivanovich, 1986). Colloids may occur in the groundwater in a variety of forms, and 
radionuclides may be present as either real or pseudocolloids. Both inorganic and 
organic colloids have been found in the groundwater and could play a role in the 
movement of insoluble species. In groundwater, colloids and particles may consist of 
rock fragments, fracture lining minerals, precipitation products, bacteria and organic 
material (Vilks and Drew, 1986). Barnes (1975) analysed 0.1 }im filtered groundwater 
for colloidal forms of Al, and found about 50 ng/L colloidal Al. Farmer and Frazer (1982) 
found that mixed AlFe hydroxide sols, sometimes with Si02, can transport Al and Fe 
through podsol profiles and contribute to profile development. 

Kim et al., (1984), found that the apparent solubility of Am decreased in groundwater 
from Gorleben, Switzerland, if the water was further filtered, after filtration through 
0.45 nm filters, with a 1 nm filtration system. The interpretation of this was that the 
filtration removed colloids present in the groundwater that the Am formed pseudocolloids 
with. The colloids were found to consist mainly of Ca and Fe. Whether these colloids 
actually occurred in the groundwater before sampling is open to conjecture, with the 
possibility of outgassing and oxidation leading to the formation of the colloids after 
sampling. Buckau et al., (1986) reported the presence of humic substances in the 
Gorleben groundwater, and these may have affected the "solubility" of Am in the previous 
study. 
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In a study of groundwater from the Narbelek deposit in the Alligator Rivers region, a 
substantial amount of material was observed on 0.45 urn filte.s (Airey et al., 1984). The 
material was identified as quartz, clay minerals especially kaolinite, and lepidocrocite 
(yFeOOH). The presence of lepidocrocite suggests that oxidation of the water, and 
consequently Fe(ll) dissolved within, occurred before filtration, and thus lepidocrocite may 
have scavenged some U. One to 11 % of the groundwater U, and 18-85% of the Th, was 
associated with the particulate material. A study of groundwater at Koongarra and other 
ore deposits in the Alligator Rivers region in 1983 revealed that a large proportion of the 
Th (< 1-30 %), and a small proportion of the U (< 2 %), that was present in the 
groundwater was colloidal (Airey et al., 1985). Since U concentrations were generally 
<10* M, which is well below saturation for U(vT), and concentrations of hydrolysable and 
potential colloid forming elements Si, Al, and Fe were 10"3 M, 1 0 5 M , and 1 0 2 M 
respectively, it was postulated that clay particles were acting as pseudocolloids for 
radionuclides such as Th. 

In another study on groundwater from the Narbelek and Koongarra deposits in 1984,0.3-
1.5 % of the U activity and 1 -2 % of the Th activity was associated with colloids (Hardy 
and Ivanovich, 1986). A comparison of the elemental composition of the colloid 
concentrates and ultrafiltrates showed an enrichment in the colloid concentrate of Fe. 
It was suggested that Fe may form colloids in the groundwater, and that they would be 
potential pseudocolloids for radionuclides. It is possible that some oxidation of Fe2* may 
have occurred, even though precautions were taken to exclude 0 2 , and this may have 
led to the formation of some colloidal Fe. Danieisson (1982) found that during filtration 
of groundwater, the concentration of Fe (and organic matter) decreased with time as the 
filter pores became blocked and their effective size decreased, and it was postulated that 
colloidal Fe was the cause. Thorium concentrations in the groundwater at Koongarra 
appeared to be a function of filter size, with decreasing Th content in filtrates with 
decreasing filter pore size (Duerden et al., 1991). 

Vilks et al., (1988) studied colloid and particulate transport in the Cigar Lake U deposit, 
Canada, which is also currently being studied as an analogue of a high level waste 
repository. This group found that particle loads (for particles 10 nm-10 urn) ranged from 
0.62-61 mg/L. Clay minerals formed the largest fraction of inorganic particulate material, 
particularly illite but also chlorite and kaolinite, and Fe oxides were also present. 
Significant quantities of U, Ra and Th present in the groundwater were associated with 
particulates in the ore zone, but were mainly dissolved in unmineralised zones. 

In a study of a granitic reference water from the Grimsel test site in Switzerland, 
Degueldre et al., (1987) found that weakly crystalline and amorphous colloids, rich in Si 
and about 20 nm in size, were the main type of colloid present. Also found were a few 
feldspar and kaolin particles. These observations were made from TEM grids, onto which 
the samples were evaporated. It would seem likely that this method of mounting could 
cause problems with precipitation of dissolved material, such as silica. Later studies of 
this system, reported by Degueldre et al., (1989), demonstrated that the particles were 
a mixture of organic and inorganic materials. The inorganic components consisted 
mainly of Si, Ca and S, with some Mg, Sr and Ba. From SEM studies they estimated 
colloid numbers to be about 10 1 0 particles/L (between 40-1000 nm). Colloidal T\ 
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(probably as TiOJ was also found, but no description was given. 

Ross et al., (1987) studied groundwater from an aquifer in sandstone in the English East 
Midlands. This group found flaky, amorphous Si particles, clays, possibly illite and 
smectite, Fe oxides, calcite, and clots of fibrous organic material on membrane filters 
used to separate colloids from the solute phase. After the colloids were concentrated 
using a Pelicon colloid concentrating system, the colloid concentrate and ultrafiltrate were 
analysed for elemental concentrations, but no significant enrichment of any elements was 
found, and photon correlation spectroscopy failed to give reasonable results for colloid 
numbers. Colloid numbers were estimated from SEM micrographs to be in the range of 
106-108 particles/L, with most about 0.1 urn in size. The use of SEM and flat bed filters 
for characterising the colloids was however limited, due to the poorer resolution than 
TEM, and the absence of any diffraction information. 

Radionuclide transport by colloids has been suggested to have occurred at the nuclear 
weapons testing site in Nevada, USA (Buddemeier and Hunt, 1988). After detonation of 
a device in 1976, the groundwater was sampled in 1983-1985. Some radionuclides were 
present in the groundwater in excess of their solubility, and feldspar colloids were 
retained by ultrafiltration. Consequently, it was suggested that colloidal clay (including 
feldspar) was responsible for the movement of radionuclides. However, very small 
particles of hydrolysed radionuclide may have been present and eluded the investigators. 
One of the springs at the site was reported to contain colloid concentrations of about 
15.4 mg/L in the 0.03-0.4 urn particle size range (Buddemeie«- and Hunt, 1988). Nyhan 
et al., (1985) reported that Pu and Am migrated from a disposal site at Los Alomos 
several orders of magnitude further than expected on the basis of solubility and sorption 
data, up to 30 m compared to the predicted few millimetres. A large component of the 
migration may have been due to colloidal transport (Travis and Nuttal, 1985). Nelson 
and Orlandini (1986) also reported much greater than expected migration of Pu and Am 
from another site at Los Alomos, and found that most of the radionuclides in the 
groundwater were associated with particles 0.025-0.45 urn in diameter. Fried et al., 
(1976) found that Pu readily forms colloidal species, and that these polymeric forms of 
Pu travelled about 10 times faster than ionic forms through large blocks of Bandelier tuff. 

Organic substances are another potential colloid forming material, and some, such as 
humic and fulvic acids are common in natural waters (Boggs et al., 1984,1985). Usually 
though, significant amounts of colloidal organic matter, including bacteria, are restricted 
to the near surface environment (Eichholz and Craft, 1982). Humic and fulvic acids have 
been found to form very stable complexes with U, and consequently may enhance U 
mobility (Li et al., 1980; Sheppard et al., 1978,1980; Szalay, 1964). The sizes of the 
complexes studied by Li et al., (1980) were mostly small, about 1.9-2.4 nm, but some 
were in the range 5-31 nm. Plutonium also forms stable complexes with these 
substances, and Th would be expected to behave similarly (Bondietti, 1975). Miekeley 
et al., (1985) found that most of the ^ h in water that had passed through the Morro 
do Ferro Th deposit in Brazil, was associated with colloidal humic substances of MWt > 
30 000. Dearlove et al., (1991) studied colloids in an aquifer system at Gorieben, which 
is a salt dome in Germany. This group found colloid concentrations of about 10 1 7 

particles/L, but the size and concentration of colloids appeared to be related to dissolved 
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organic carbon concentrations. These "humic colloids" contained a significant proportion 
of most trace elements in the groundwater, including U and Th. 

The presence of colloids in ore-bearing fluids playing an important role in the formation 
of ore deposits was a popular hypothesis amongst some geologists before about 1950, 
but never gained wide acceptance (Parks and McDiarmid, 1964). Colloids would tend 
to be unstable in electrolyte solutions, such as the brines found in fluid inclusions related 
to ore solutions, and similarly under the hydrothermal conditions associated with many 
mineralisation processes (Barnes and Czananske, 1967; Barton, 1959). 
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PART 2. MATERIALS AND METHODS 

2.1 Studies on Rock Samples 

All samples studied were from the Koongarra No.1 U deposit. Rock samples (core and 
pulp) were taken from holes drilled in 1972,1978 or 1988. The geology, mineralogy and 
hydrology of the Koongarra site has been discussed in Section 1.2. Figure 1.2.2 shows 
the position of the sample holes in plan view. It should be noted that the diamond drill 
holes (DDH) were drilled at an angle of about 50° toward the Kombolgie formation (from 
SE to NW). The M series and percussion drilled holes (PH series) were drilled vertically. 

Samples Studied 

Table 2.1.1 gives the samples selected for more than just U content, the analyses 
conducted on the samples, the approximate degree of weathering, the approximate U 
concentration, and the zone of the ore body that they came from. The U content was 
estimated by visual appraisal of the U minerals where present, as well as from drill core 
logs (Noranda, unpublished). The cores were chosen to cover a range of mineral 
assemblages, U contents, degrees of fracturing and degrees of alteration. Samples for 
Uassay only were taken eve'v metre from W7, M5, C1, C8, M4, KD2 and DDH86, to 
supplement U concentration data reported with the drilling cores. Uranium concentrations 
were determined at various distances from a fissure in a sample from DDH86 12 m. 

Samples with thin sections 

DDH119 55.6 m: This was mostly unweathered, but did show some signs of alteration. 
The sample consisted of quartz chlorite schist, with pitchblende parallel to and 
cross-cutting the schistosity. Some hematitic zones were present especially in the vicinity 
of a fracture about 40 to 500 urn wide. Coatings of secondary material, possibly talc, 
and pitchblende were present along fissures in fresh and slightly altered rock. Some 
chlorite veins ran cross-cutting the schistosity, and one chlorite vein contained a veinlet 
of pitchblende. 

DDH92123 m: This sample showed no signs of alteration. It contained quartz, chlorite 
and mica with no obvious fissures and some graphite. A chlorite knot about 10 mm 
across was also present. This sample was in graphitic schist just outside the proposed 
outline of the economic ore. 

DDH9218 m: A well weathered sample containing quartz, altered chlorite and kaolinite, 
muscovite and probably illite. Although weathered, the sample was very coherent, with 
visible remnant schistosity. Iron oxide accumulations were present, especially close to 
a large quartz band. The sample came from the area of the dispersion fan where no 
secondary U minerals have been detected. 
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DDH64 80.2 m: An unweathered ore sample, with metamcphic layering in the form of 
quartz chlorite banding. Extensive hematitic alteration was present, along with quartz 
veinlets, biotite remnants and secondary U minerals parallel to and cross-cutting the 
schistosity. 

Bulk samples for elemental analysis 

A number of samples have been analysed for elemental compositions. A total of 48 
samples were taken from three vertical profiles through different zones of the Koongarra 
U deposit. The three profiles were a) M1 Primary mineralised zone, b) M2 Secondary 
mineralised zone and c) M3 "Adsorption" zone. Another four samples were taken from 
W2 14 m. The core from W2 14 m showed an oxidation sequence, with grey gleyed 
heavy clay banded by orange material and then red material. Figure 2.1.1 shows a 
cross-section of the ore body with the position of the three holes, and the U ranges in 
which they lie. 

Sample descriptions 

M1 

Hole M1 was drilled through the primary ore zone area, near the boundary of the ore 
zone nearest to the Kombolgie sandstone. 

M1 3 m: Very weathered rock/soil with many zones of red, orange and white (bleached). 
Occasional Fe oxide zones and nodules, and some roots were observed. A general 
sample, and samples of red and yellow zones of Fe oxides was taken. 

M1 7 m: This sample appeared to be made up of only two zones, white zones and red 
zones and the sample contained approximately 50 % of each. The white areas were 
very clayey with a little sand, while the red areas were very gritty and more porous. 
Some veinlets of yellow material, probably Fe oxide were present, through both zones. 
The white and red areas were sampled separately. 

Ml 9 m: As for M1 7, but with more yellow-orange veinlets, often following remnant 
schistosity in the red gritty zones and along the white-red juxtaposition. The white and 
red areas were sampled separately and both subsamples contained orange veinlets. 

M1 13 m: Large separate areas of white and chocolate-brown material. The white 
material was very dense and clayey as described above, while the brovn material was 
more coherent, with some remnant schistosity and large mica flakes. The boundary 
between brown and white was very abrupt, with a thin band (~ 1 mm) of orange material 
separating them, and sometimes persisting into the remnant schistosity of the brown. 
This sample appeared to be very different to samples directly above and below it. The 
brown and white materials were sampled separately. 

M1 16 m: Again white and brown areas were present, although there was much less 
white clayey material, and it occurred in much smaller zones. Less mica was present in 
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this brown material than at 13 m, and the sample appeared more coherent, with 
increasing schistosity definition. Much more of the orange material was present in thicker 
bands (up to 1 cm), which appeared to be less restricted to the orange-brown 
boundaries. A general sample was taken, as well as a sample containing the orange 
material. 

M119 m: Weathered rock fragments, some quite brittle, showing retention of rock fabric. 
No obvious large scale heterogeneity was present, with the whole sample being red 
weathered rock. A general sample was taken. 

M1 23 (22-24 m): Pulp fragments of slightly weathered rock were sampled. This 
consisted almost entirely of hard grey quartz chlorite fragments, with occasional red and 
brown flecks and possibly some sericite. A general sample taken. 

M1 27 (26-28 m): Unweathered quartz chlorite fragments. Snelling (1989) suggested 
that saleeite was present in the 25-50 m zone. A general sample taken. 

M1 31 (30-32 m): Unweathered quartz chlorite rock. Some Fe staining, mica and 
browny-orange areas were observed, possibly due to contamination during drilling. A 
general sample taken. 

M1 37 (36-38 m): Very finely ground by drilling, and mainly consisted of quartz and 
chlorite, with possibly some mica. Contamination had occurred, as was evident by the 
presence of a gum leaf. One general sample taken. 

M1 43 (42-44 m): As for 37 m, but with more mica, and rare orange grains. One 
general sample taken. 

M1 49 (48-50 m): As for M1 43, but much paler, suggestive of a higher quartz content. 

M2 

The hole M2 was drilled through the dispersion fan, just down-gradient from the primary 
ore body and SE of the intersection of the graphitic hanging wall unit with the ground 
surface. The hole intersected the graphitic unit, through low U schist, and near the 
bottom of the hole primary U mineralisation was encountered (at ~50m). Secondary U 
minerals have been observed in the weathered zone of this area. M2 samples to 25 m 
depth were analysed after size fractionation by Koppi and associates (1989) and a 
description of the mineralogy and particle size analysis was given. Here the percentage 
of the total sample made up by a particular size fraction was given in brackets after the 
size fraction. 

M2 3 m: Very weathered soil/rock with mainly ferruginous and siliceous gravel 
fragments, with some grey-white clayey areas. Overall, the sample was a clayey sandy 
gravel. Samples of < 2 urn (14 %), < 2 mm (58 %) and > 2 mm (42 %) were taken. 

M2 8 m: Very weathered micaceous red-brown rock, with many garnet remnants or 
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pseudomorphs. One sample < 2 mm (97 %) was taken. 

M213 m: Very weathered generally brown micaceous rock occurred, with some zones 
of bleached heavy clay. Samples of < 2 urn (8.8 %), 45-100 jim (10.7 %) and <2 mm 
(86 %) were taken. 

M2 17 m: Very weathered red-brown and micaceous rock with stony remnant 
schistosity. Samples of < 2 mm (82 %) and > 2 mm (18 %) were taken. 

M2 21 m: Weathered quartz chlorite muscovite schist and possibly some graphite. One 
sample < 2 mm (70 %) was taken. 

M2 25 m: Mostly weathered schist, with some much less weathered green zones, 
possibly some grains of pyrite and some graphite. Less quartz occurred here than in 
higher samples. Samples of < 2 urn (5.4 %), < 2 mm (68 %) and > 2 mm (32 %) were 
taken. 

M2 32 (31 -33 m): Drilled fragments of very slightly weathered quartz chlorite schist, with 
some large pieces of quartz. Pyrite and graphite were also possibly present, and some 
mica was observed. One general sample was taken. 

M2 36 (35-37 m): As for 32 m, except no signs of weathering or obvious mica grains 
were observed, and possibly more graphite was present. One general sample was 
taken. 

M2 42 (41-43 m): As for 36 m. One general sample was taken. 

M2 48 (47-50 m): Very black unweathered graphitic quartz chlorite schist which was very 
radioactive, suggestive of intersection with primary U mineralisation. 

M3 

Hole M3 was drilled near the extremity of the dispersion fan of economic ore. All 
unweathered samples contained little U. No secondary U minerals have been observed 
this far from the primary mineralisation. 

M3 4 m: Very gravelly, very weathered schist. Many large and hard concretions of 
orange Fe oxides were present, and the sample was generally red-brown. One general 
sample was taken, avoiding the large concretions. 

M3 7 m: Mostly very fine silly, red-brown soil, with some white clay areas flanked by 
bands of orange of varying thickness. Some small zones of Mn oxides were observed. 
One general sample was taken. 

M310 m: Very weathered schist, with some remnant schistosity. In general it was dark 
grey to purpley-brown clay and micaceous. Many zones of purpley-pink fine clay were 
present and there were many fissures coated with manganese oxides. One general 
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sample was taken. 

M313 m: Very weathered schist, with some hard and brittle fragments of remnant rock 
fabric. In general yellow-brown in colour, with many black pieces, which were sometimes 
not very reactive with peroxide (test for Mn). A general slight reactivity to peroxide 
suggested the presence of Mn oxides. The greatest reactivity was from some black 
pieces. The black pieces were hard, brittle and usually associated with quartz grains. 
Many zones of white clay (kaolin) flanked by yellow-orange material. Some small zones 
of Fe oxide concentration were present. A general sample was taken, also white areas 
(~ 20 % of sample), yellow areas (~ 5 %) and black material (~ 5 %) were taken 
separately. 

M315 m: Partially weathered rock, most pieces not breakable with fingers. These hard 
pieces (~ 80 % of sample) were dark grey, purple and micaceous. The slightly 
weathered hard parts were surrounded by soft clayey material. This clay material was 
mostly brown, but some areas were dark grey and flanked with orange, suggestive of 
reductive zones. Soft and hard material sampled separately. 

M3 20 (19-21 m): Partially weathered rock fragments. Brown in colour and fairly sandy 
and micaceous. Some manganese oxides may also be present. One general sample 
taken. 

M3 26 (25-27 m): Transition zone. Very finely crushed by drill, so the sample appeared 
homogenous. Large amounts of mica were present. Generally the sample was 
orange-red, with many black surfaces. Black material possibly contained manganese 
oxides. Very fine grey material contained most mica, while larger pieces were orange, 
red and black. One general sample taken. 

M3 32 (31-33 m): A mixture of > 90 % black chips and < 10 % orange-brown weathered 
chips. Since there was no transition between the brown and black chips, it is possible 
that the brown pieces were contamination from the weathered zone. A general sample 
was taken and a sample of the brown weathered pieces was taken to investigate the 
potential effects of contamination. 

W214 m: This sample in general was red and micaceous very weathered rock. It also 
had bands of gleyed clay material, flanked by orange bands, then red bands. Grey, 
orange and red bands were subsampled separately for elemental analysis and 
Mossbauer spectroscopy. The Mossbauer spectroscopy was carried out by J.Cashion 
and J. Brown, Physics Department, Monash University, Melbourne, and the methods and 
results have been reported (Cashion and Brown, 1989). 

X-Ray Diffraction (XRD) 

Samples for random powders were taken from each core or fragment sample, dried at 
50° C, and crushed using a tungsten carbide ring grinder. Diffractograms from 2° to 72° 
or 75° 2 6 were collected using a Philips PW 1050/70 broad focus diffractometer, for 
samples from DDH119 55.6 m, DDH92 123 m and 18 m, and DDH64 80 m. Co(Ka) 
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radiation was used, at 55 kV and 40 mA, with apertures: divergent 1.0°, receiving 0.2 
mm, and anti-scatter 1.0°. A monochromator was used to remove Kb lines. The 
diffractometer was calibrated using tetradecanol reference standard, St. Austel kaolinite, 
and highly crystalline mica. Random powders of samples for bulk elemental analyses 
were analysed using a Siemens Kristalloflex Diffraktometer system, with scatter, sample 
and 2nd slits of 1°, focus slit of 0.05° and crystal slit of 0.6°. Cobalt (Ka) radiation was 
used with 55 kV and 40 mA. The method and interpretation of patterns followed the 
procedures for random powder XRD analysis given in Brindley and Brown (1980), with 
further diffraction data from Mrose (1985). 

Fourier Transform Infrared Spectrophotometry 

Subsamples of features of interest were taken by scraping with a scalpel, during 
examinations with binocular microscopes, from samples with thin sections. The 
subsamples were then ground to a fine powder and dried at 50° C. 2.0 mg of sample was 
mixed with 200 mg of dried IR grade KBr, and pressed into 12 mm stainless steel disks 
using 10 000 kg pressure for 15 seconds.lnfrared spectra were collected using a Biorad 
Digilab FTS20/80 spectrophotometer between 450 and 4000 cm1, 64 scans of each 
sample were made with a resolution of 2 cm1. The methods used and the interpretation 
of the spectrum for major minerals followed Lyon (1967), with additional data from 
Farmer (1974), Moenkel (1966), Gadsden (1975) and Nyquist and Kagel (1971). Infrared 
data for U minerals also included data from Pham-Thi and Colomban (1985), Umreiko 
and Nikanovich (1984), Honea (1961), ll'lnskaya et al., (1965), Gevorkyan et at., (1979), 
Cejka et al., (1984), de Mandirola (1961) and Fuchs and Hoekstra (1959). 

Thin Section Preparation 

The samples from DDH119, DDH92, and DDH64 were vacuum impregnated with 370 MV 
Monsanto Crystic polyester resin, diluted with acetone, following the procedure of 
FitzPatrick (1984). No catalyst was added, to avoid heavy metal contamination, and the 
resin polymerisation was triggered by gamma radiation in the Australian Nuclear Science 
and Technology Organisation gamma irradiation pond at Lucas Heights. Thin sections, 
of size 26 mm x 46 mm x 25 urn, were prepared by hand, using Al oxide powders and 
wet and dry papers of grades 360-1200 for grinding, and Sn oxide powder for polishing. 
Samples were fixed to glass slides using Araldite or Loctite UV cure resin. Thin sections 
were examined with plane and cross polarised transmitted light, and reflected light. 

Scanning Electron Microscopy (SEM) with Energy Dispersive Spectroscopy (EDS) 

Thin section samples were cleaned by ultrasonification with freon for about 10 minutes. 
They were then mounted onto Al stubs and coated with about 300 nm of evaporated 
carbon, in a Dynavac coater. A Philips 505 scanning electron microscope was used in 
conjunction with an EDAX PV9900 EDS system. The SEM was usually operated at an 
accelerating voltage of 20 keV, and a spot size of 20 or 50 nm. Secondary electron 
images and single element maps were collected. EDS spectra of spot analyses were 
mostly collected over 100 seconds. Simultaneous multi-element mapping was also 
performed using this system. 
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Multi-element mapping 

A thin section sample from DDH119 was examined using multi-element imaging. The 
matrix of the analysis points was 128 x 128, with a dwell time at each point of 100 msec 
real time. Counts of x-rays for Mg(Ka), AI(Ka), Si(Ka), U(Ma), Cr(Ka), Mn(Ka) and 
Fe(Ka) were collected simultaneously for each pointSemi-quantitative, standardless spot 
analyses were collected from areas within the maps. These were used to estimate any 
atomic number absorbance and fluorescence (ZAF) corrections required. The x-ray 
maps for each element were automatically converted to grey scale maps. The map for 
Cr was used as the background level and was subtracted from each of the other maps. 
The grey scales were then converted to colour maps with up to 22 colours, with each 
colour corresponding to a small known range of x-ray counts. 

Electron Microprobe 

Thin section samples of DDH119 were examined using an ETEC Autoprobe electron 
microprobe. Wavelength dispersive spectrometry (WDS) was used for analysing emitted 
x-rays for quantitative analyses of selected elements, while EDS was used for full 
spectral checks. Spot analyses were done on areas and features of interest, including 
fracture filling chlorites, matrix chlorites, fissure coatings, and U minerals. Rows of spot 
analyses were made at small intervals (about 10 |xm) moving away from a fissure. 

The probe was operated at 14.2 keV with a spot size of 50 nm. The probe was 
calibrated for the elements shown in Table 2.1.2. Also shown in Table 2.1.2 are the 
materials used for calibration. Not all elements standardised for were analysed for at 
every point. EDS was used to ensure all elements detectable were analysed for. Line 
scans for U and Fe were made across fractures and U minerals and backscattered 
electron images were collected from analysed areas. 

Alpha-Track Autoradiography 

a-Track autoradiographs were prepared from the thin section samples (DDH119 25 m, 
DDH64 80 m, DDH92 123 m and 18m). CR39 plastic film was used as the solid state 
nuclear track detector material. The film was placed flat against the cleaned polished 
surface of a thin section, and left in contact for exposure times of 2 to 672 hours. After 
exposure, the film was etched in 6.25 M NaOH for 6 hours at 75° C, as described by Ellis 
and Wall (1982). For analysis, the etched film was placed over the thin section and the 
a-tracks were aligned with features of similar shape. The autoradiograph and thin 
section were examined simultaneously with a penological or mineralogical microscope. 

Changes in a-track density with distance from fissures and veins were studied. A 
graticule with a 10 x 10 grid was placed in the microscope eye piece; each grid square 
at 40 x magnification was 25 x 25 urn, and at 10 x magnification, 100 x 100 urn. One 
row of squares was placed next to and parallel to a feature and the number of tracks in 
each grid square was recorded. Usually about ten grids were analysed along each 
feature. Figure 2.1.2 shows diagrammatically the counting system used along a fissure. 
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a-Track densities were determined for different mineral phases in the samples. The 
number of tracks in each 25 x 25 \im square were recorded and converted into an 
ct-track density. The position of the tracks in relation to the mineral grains, ie internal or 
at grain boundaries, was noted. The presence and degree of Fe staining was noted. 
For weathered rock (DDH92 18 m) the amount of Fe oxide present with clays was 
visually evaluated and classified into classes according to the relative intensity of red 
brown colouration. The palest clay particles were classified into class 1 of this "brown 
scale", and the darkest red brown areas were allocated into class 10. Examples of most 
classes were qualitatively analysed using a SEM with EDS. The a-track density 
associated with different degrees of Fe staining was determined. 

A very simple approximation of weight percent of ̂ "U was used, calculated from a-track 
densities. The formula derived and used was: 

[U] = (1000(dM)/tl_enNAlp) 

where; 
[U] = U concentration (ng/g) 
d = track density (tracks/mm2) 
M = molecular weight of ^ U (238) 
t = exposure time (hours) 
L = decay constant, for ^ U = 1.771 x 101 4 hours'1 

e = detector efficiency (assumed 0.4 by Ellis and Wall, 1982) 
n = number of contributing chain members (8) 
N* = Avagadros number (6.023 x 1023) 
I = average sampling depth (10* mm) of a-particles 
p = density of solid (assumed 2.65 g/cm3) 

This estimation assumes; secular equilibrium between ^ U and daughter elements; 
insignificant contribution of a-activity from other decay chains (such as 232Th), and a 
uniform density of the rock. 

Proton Induced X-Ray and Gamma Emission Spectrometry (PIXE-PIGME) 

Applications and methods of PIXE-PIGME have been reviewed by Johansson and 
Campbell (1988), and Johansson and Johansson (1976), and the methods and detection 
limits for the installation used in this study were given by Clayton et al. (1990). The 
operating conditions used for the analysis of rock samples at the Australian Nuclear 
Science and Technology Organisation were given by Cohen et al., (1980). PIXE-PIGME 
was used to collect elemental concentration data on crushed rock samples for many 
elements simultaneously. 

Sampling 

Samples from M1, M2, M3, and W2 were selected for analysis with PIXE-PIGME. For 
samples from M1 and M3, large zones of visibly different material were sampled 
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separately. This was the case for M1 at 3 m, 7 m, 9 m, 13 m, and 16 m, and for M3 at 
13 m and 15 m. Weathered zone samples from M2 were separated into size fractions 
by members of the Department of Soil Science at Sydney University (Koppi et al., 1990), 
and a selection of size fractions were analysed with PIXE-PIGME. Four subsamples from 
W2 14 m were analysed. 

Sample preparation 

The samples were air dried and then crushed in a tungsten carbide ring grinder to < 100 
BS mesh size. About 500 mg of sample was then mixed with graphite spiked with Ru 
at a rate of 0.5 % Ru. The ratio of sample to graphite (+Ru) was 5 : 1 . The sample was 
then pressed into a pellet for analysis. 

Analyses with PIXE-PIGME were carried out by the Applications of Nuclear Physics group 
at the Australian Nuclear Science and Technology Organisation, in particular E. J. 
Clayton, D. D. Cohen, G. M. Bailey and E. P. Johnston, and the analytical results were 
given in Clayton et al., (1990). The detection limits for the different elements are given 
in Table 2.1.3. 

X-Ray Fluorescence Spectroscopy (XRF) 

Phosphate was determined by XRF for the same samples that were analysed using 
PIXE-PIGME, except where the amount of subsample was too small. Samples were 
analysed using a Philips PW 145010 x-ray spectrometer, using Nb as an internal 
standard (9 :1 sample: Nb). Three standards were used to construct a calibration curve 
(SO-1, SO-2 and SY-2) between 600 and 1900 ng/g P, and these gave an r2 value of 
0.999 for a linear calibration passing through the origin. 

Delayed Neutron Activation Analysis (DNAA) 

Samples analysed by DNAA for U content included those analysed by PIXE-PIGME and 
samples every metre along W7, M5, C1, C8, M4, KD2 and DDH86. About 10 g of 
sample was weighed into plastic vials, and the analysis by DNAA was carried out by the 
Applications of Nuclear Physics Group at the Australian Nuclear Science and Technology 
Organisation, in particular T. Wall. 

Instrumental Neutron Activation Analysis (INAA) 

Samples analysed by PIXE-PIGME were also analysed by INAA for the concentrations 
of rare earth elements and U. The analysis, which included corrections for interferences 
by U, were carried out by J. Fardy of the Industrial Technology Program, the Australian 
Nuclear Science and Technology Organisation. 
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2.2 Studies on Groundwater Colloids 

Two sets of samples were collected and studied. The first was collected near the end 
of the dry season in 1986 (August), and the second approximately three weeks after the 
end of the wet season (April-May) in 1988. The methods used for collecting and 
processing the two sets was slightly different, and will therefore be treated separately. 

Sample Set 1 

Samples collected 

Groundwater samples were collected by the Australian Atomic Energy Commission, (now 
the Australian Nuclear Science and Technology Organisation) staff between 21/8/86 and 
27/8/86. The samples were collected from KD2, PH55, PH14, PH49, and PH56. Figure 
1.2.1 shows their position in plan view. PH55, PH14, PH49, and PH56 intersect ore grade 
material, although only PH49 intersects the primary mineralised zone, while KD2 is down 
gradient of the ore body in the proposed direction of groundwater flow. PH49 was drilled 
through the graphitic hanging wall unit into the very U-rich zone (labelled UPb oxides in 
Figure 1.2.3). The methods used for sampling and colloid concentrating in the field have 
been described by Ivanovich et al., (1988), and a summary of pertinent details is 
presented here. 

Sampling 

Pumping: The groundwater was pumped from the boreholes with a Grundfos electric 
submersible centrifugal pump. The holes were pumped for several hours before samples 
were taken, to ensure that the groundwater was representative of the aquifers. The 
groundwater was passed through two prefilters. The first was a Cuno Microklean II 
(G78B2) filter cartridge, with an approximate cut off of 5 pm. The second was a 
Nuclepore QRtype pleated cartridge with a well defined cut off at 1 \im. The pumping 
rate was between 2 and 8 Umin, and was set to minimise changes to the standing water 
level. 

Concentrating the colloids: After passing through the prefilters, the water entered a 
200 L holding tank. This was allowed to continuously overflow to remove excess water 
delivered by the pump and to prevent air entering the water. The water then entered the 
colloid concentrating system. An Amicon DC 10LA tangential ultrafiltration system was 
used to concentrate the colloids, with dual hollow fibre cartridges, with a nominal cut off 
of 10 000 MWt. Approximately 1200 L of groundwater was concentrated to < 20 L within 
8 hours. The system was operated in recirculation mode, whereby the colloid 
concentrate is repeatedly recirculated through the cartridges at high velocity. A diagram 
of the system is given in Figure 2.2.1. 

Sample collection: Samples of groundwater, ultrafiltrate, and colloid concentrate were 
collected. Samples were transferred to borosilicate glass bottles and PVC bottles, 
without contact with atmospheric oxygen. Different bottle types were used to test 
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whether any differences in storage vessels could be detected. Some samples were 
acidified for radiochemical and elemental analyses at the Australian Nuclear Science and 
Technology Organisation and Harwell (United Kingdom). The hollow fibre cartridges were 
backflushed with 0.01 M HCI and the washings were collected for chemical analysis. The 
5 and 1 urn prefilters were also collected. Table 2.2.1 gives the dates of sampling, the 
standing water levels prior to sampling, the depth of pump placement, and the 
concentration factor for the colloids. 

Field measurements: Dissolved oxygen (DO), Electrolytic conductivity (EC), pH, Eh, 
and bicarbonate were measured in the field by T. Payne and T. Nightingale. Prefiltered 
groundwater and ultrafiltrate were continuously monitored to detect any changes in the 
above parameters during colloid concentrating. 

Electron Microscopy 

Transmission electron microscopy was used because TEMs provide much greater 
resolution, both for imagery and micro-analysis, than SEMs, and can give diffraction 
patterns which are essential for determining crystallinity and mineral relationships. 

Sample mounting: Colloids in ultrafiltrate and colloid concentrate samples were 
mounted onto 400 mesh copper TEM grids. The grids had been previously coated with 
nitrocellulose plastic (Parlodion) and evaporated carbon. Nitrocellulose was used 
because it is relatively less hydrophobic, and less brittle, than most other films (Bostrom 
et al., 1985). It was hoped that this would minimise aggregation of particles during 
drying, and optimise the spread of particles over the grid. 

Initially droplets of approximately 0.1 ml_ were evaporated onto grids, some under N2 
flushing and some in the open laboratory. The droplet method was used initially because 
it is simple and fast. This method was useful for rapid examination of samples to obtain 
an idea of particle size and composition. It does, however have a number of associated 
problems, which include changes in sample ionic strength, pH, and particle concentration. 
This may change the nature of the particles present, and the way in which they interact 
with each other and the solution around them. Surface tension effects and the 
precipitation of dissolved salts created many problems in the samples during drying. 
Problems that may occur as a result of drying include aggregation, formation and/or 
destruction of particular colloid types, size sorting, and a non-uniform distribution of 
colloids on the grid (Kaesberg, 1964). 

To limit the problems associated with evaporative mounting, colloids were also mounted 
by centrifugation. Centrifuging colloids directly onto grids avoids many of the problems 
associated with the droplet method by avoiding drying of the sample. There is very little 
or no change in the ionic strength or pH of the solution, no surface tension effects, less 
risk of oxidation or outgassing, better control over the volume of sample contributing 
colloids, and since particles should be evenly and randomly spread over the grid, this 
method may be used for quantitative enumeration. 

For centrifugal mourning, TEM grids were coated with Butvar B98 plastic and carbon with 
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glow discharge, and placed at the base of 1.5 mL conical pop top centrifuge tubes 
(Beckman or Kartell). 0.4 mL of sample were added to the tubes which were then spun 
horizontally at 13500 rpm for 90 minutes, in a Beckman microfuge II centrifuge. The 
process was repeated with some supematents to check that most particles weie 
removed. Using Stokes law, the effective volume of water from which colloids of a 
particular size were sampled from, can be calculated. Butvar B98 film was used in this 
method because it gives a relatively strong thin film, without being excessively brittle, and 
is very electron transparent when thin (Handiey and Olsen, 1979; Lawrence, 1987). 
Glow discharge was used when carbon coating the grids to give a very thin, even coat, 
and to make the grids less hydrophobic, thereby improving wetability and minimising 
aggregation of particles (Dickson, 1985). 

The relationship between particle size and sampling volume was calculated using the 
formula derived from Stokes settling law: 

r2 = (npog(R/s)]/(3.81 itfTAS)) 

where; 
r = particle radius ftim) 
n = fluid viscosity (103) 
R = radius of rotation of the grid (cm) 
s = radius of rotation of the sample (cm) 
N = revolutions/second 
T = time (seconds) 
AS = particle density solution density (gem 3) 

Figure 2.2.2 shows the effective sampling volume for colloids of different sizes. Particles 
were assumed to be spherical, with density of 2.65 gcm^. The rotation radius for the 
grids, re the bottom of the tubes, was 7 cm, and the time of centrifugation was 90 
minutes. It was assumed that only particles normal to the grid would be mounted, and 
that particles that collided with the container walls were deposited there. 

Particles deposited on the 1 urn Nuclepore prefilter were also collected and the 1 \am 
prefilters from PH49, PH56, and PH14 were examined. Separated layers of the filters 
were cemented onto 13 mm diameter aluminium stubs, and then coated with 
approximately 300 nm of evaporated carbon. Examination of the samples took place 
between 5 days and 4 months after sampling. 

Examination: Colloids on grids were examined using TEMs. Mostly a Philips EM 430 
was used, operated at 300 keV, in conjunction with an EDAXTracor Northern EDS 
system. Also used was a Philips CM12 TEM, operated at 120 keV and fitted with an 
EDAX EDS system, and a Philips EM 400 TEM. Spot analyses were usually done with 
a spot size of approximately 20-50 nm. Electron micrographs, EDS spectra, and selected 
area electron diffraction patterns were collected for individual particles, and low 
magnification micrographs were taken for particle enumeration for most of the centrifuged 
samples. 
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Particle numbers were estimated from low magnification micrographs (usually 1700 x), 
by manually counting the particles and clusters. Clusters were recorded as individual 
particles, no attempt was made to count the number of particles within clusters. 

Particles on the 1 nm filters were examined with a Philips 505 SEM, using an 
accelerating voltage of 25 keV, with an EDAX EDS system for qualitative chemical 
analysis. Usually spot sizes of 20 or 50 nm were used. Secondary electron images and 
EDS spectra for individual particles were collected. 

Sample Set 2 

Samples collected 

Groundwater samples were collected with the assistance of the Australian Nuclear 
Science and Technology Organisation staff, between 12/5/88 and 17/5/88. This was 
approximately three weeks after the end of the wet season. Samples were collected 
from PH80, PH15, PH14, PH49 and PH96. Figure 1.2.2 shows the position of the hole 
in plan view. PH14, PH15 and PH49 intersect the ore grade material, PH80 was SW of 
the ore zone, and PH96 was SSW of the ore zone. 

Sampling 

Pumping: A Grundfos electric submersible pump was used for pumping groundwater 
from all boreholes sampled except for PH49 28-30 m. Except at PH14, an inflatable 
packer was used to seal the hole below the pump. At PH14 the hole had collapsed at 
approximately 19 m, just below the bottom of the casing; making the use of packers 
impractical. At PH49 an additional sampling was done using a diaphragm pump (AGE) 
between two packers. Table 2.2.2 gives the boreholes sampled, dates of sampling, 
pumping system used and depth of packer placement. The boreholes were prepumped 
for approximately 2 hours before sampling commenced. Prefiltration through 1 |xm and 
5 urn filters was as for set 1. 

Colloid concentrating and mounting: Two colloid concentrating systems were used. The 
Amicon DC 10LA tangential filtration system, described earlier, was only used at PH80 
(due to mechanical failure). The second system was a stirred cell concentrating system 
which consisted of a N 2 atmosphere box, which contained a 600 ml_ Millipore pressurised 
reservoir; a 10 ml_ Amicon stirred cell; a membrane filter with a 30 000 molecular weight 
cut off; a gas drive magnetic stirring plate; a dissolved oxygen (DO) meter; several Kartell 
1.5 mL pop top tubes with Butvar B98 coated TEM grids; a 1 mL pipette; a 100 mL 
beaker, and 2 x 125 mL PVC bottles. A diagram of the atmosphere box system is given 
in Figure 2.2.3. The reservoir was connected to a gas supply of 98 % N 2 and 2 % C0 2, 
with a pressure of up to 70 psi. The N 2 box was continuously flushed with N2, such that 
the dissolved 0 2 meter gave zero readings throughout the box. The reservoir and cell 
were first flushed with IVC0 2 gas and then with prefiltered groundwater, before the 
reservoir was filled and the filter emplaced. Groundwater was pumped directly into the 
reservoir after passing through the filters. The water in the reservoir was forced through 
the stirring cell by pressure of gas. The ultrafiltrate (that water that passed through the 
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stirred cell) was collected and discarded regularly. Some samples of the ultrafiltrate were 
collected directly into the 125 mL bottles at regular intervals. The rate of filtration was 
3-10 mL/minute. Approximately the last 2 mL of ultrafiltrate were collected directly into 
centrifuge tubes (0.5 mL each). The centrifuge tubes contained a TEM grid coated with 
Butvar and evaporated carbon. 

Once the volume of the colloid concentrate (the liquid not passing through the cell) had 
been reduced to 1.5 to 4 mL, the gas pressure was released, the stirring was stopped, 
the volume in the cell noted, and 0.5 mL aliquots of the colloid concentrate were placed 
into centrifuge tubes with TEM grids. 

The tubes were closed tight and spun horizontally at 13750 rpm for 90 minutes. After 
centrifugation the grids were removed and stored. Examinations of the grids commenced 
from one day to two weeks from the time of sampling. Figure 2.2.4 shows the equipment 
arrangement for the field sampling and concentrating system. Field measurements of 
groundwater parameters were taken as for sample set 1. Grids were examined by TEM 
as for sample set 1. 

Oxygen Isolation Test 

A test to determine if Fe(ll) was oxidised to Fe(lll) during colloid concentration was 
conducted. The stirred cell system was tested in the hi, box and centrifuge tubes were 
tested inside and outside the N 2 box. During these tests all solution manipulations were 
conducted under N 2 atmosphere. All equipment was flushed with N2, and the water used 
was distilled, freshly boiled and cooled with NL, bubbling. 

A solution containing 200 mg/L Fe(ll) was prepared from FeS04.7H20. To each 100 mL 
of Fe(ll) solution was added 0.4 mL of a 2 % ammonia solution. This raised the pH to 
approximately 7.4, causing the Fe(ll) to be less stable. The solution was then filtered 
through a 0.45 urn syringe filter and used immediately. A 1 mL aliquot of the solution 
was analysed for Fe(ll) immediately after filtering. A known amount of the Fe(ll) solution 
was kept in open and closed centrifuge tubes, inside and outside of the N2 atmosphere 
box. The amount of Fe(ll) ;vas analysed, using the phenanthroline method, before 
placement and after varying amounts of time, up to 5 hours. A similar solution was 
placed in the Millipore reservoir and pushed through the Amicon stirred cell (with a 30000 
MWt membrane) under N2. The original solution was analysed for Fe(ll) and the stirred 
cell ultrafiltrate was analysed every 10 minutes during filtration. 

The results of this experiment are shown in Figure 2.2.5. The curves show that 
significant oxidation of Fe(ll) occurred in tubes that were open, whether they were inside 
or outside of the N2 atmosphere box, and in closed tubes outside of the N2 atmosphere 
box. This shows that centrifugation of the tubes should be conducted under N2. The 
ultrafiltrate analyses were reasonably constant with time. 
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PART 3. RESULTS AND DISCUSSION 

3.1 The Extent of Uranium Redistribution From the Primary 
Mineralisation 

Uranium concentrations were obtained for rocks from holes W7, M5, C1, C8, M4, 
KD2 and DDH86 at the resolution of one sample/m. The [U] quoted in drilling logs 
(Noranda, unpublished) together with the new data, were used to draw contour 
maps of the distribution of [U] in plan-view and cross-section. The actual data has 
been reported by Edis (1990, 1991). 

Figure 3.1.1 shows the contour map in plan-view for the average [U] in the 
weathered zone at Koongarra. The base of weathering was estimated from the 
drilling records for each hole, and from inspection of the core, and was 
operationally defined to be the depth at which fresh rock first occurred. All the [U] 
values obtained for rock above this were averaged. From this map it can be seen 
that the bulk of the apparent redistribution of U occurred in a SSW direction from 
the primary mineralisation, and the distance of U enrichment was undetermined, 
but was > 300 m. 

Figure 3.1.2 shows the [U] contours for the cross-section from DDH52 to PH94 
(see Figure 3.1.1 for location). In this cross-section it can be seen that at the 
extremity of the U redistribution, most of the enrichment occurred near the surface. 
Holes with U enrichment mainly in the near surface (0-10 m) included W7, M5, C8, 
M4, PH60, PH79, PH89, PH90, PH91, PH93, PH94, PH95, PH96 and PH104. 
These holes occurred near the fringe of low weathered zone [U], as shown on the 
plan-view contour map (Figure 3.1.1). Holes with average [U] > 50 ng/g tended to 
have deeper maximum [U]. As can be seen from Figure 3.1.2, there was an 
abrupt [U] boundary between weathered and unweathered zones, and this was the 
same for all holes away from the primary mineralised zone. This is evidence that 
the U found in the weathered zone SW-SSW of the primary deposit was indeed 
mobilised and deposited, and not simply inherited from the parent rock. 

The [U] in the weathered zone for most holes in the dispersed U area was variable 
with depth. Table 3.1.1 gives the depths of the maximum [U] in the weathered 
zone for some of the holes in the SSW dispersion, along with a comparison of the 
maximum [U] with the average weathered zone [U] and depths containing higher 
than average [U]. There appears to be a trend towards decreasing depth of 
maximum U accumulation with increasing distance from the primary zone. This 
uneven distribution of U through the weathered zone is suggestive of preferential 
pathways for the conducting of U-bearing water, but may also be explained by 
variation of sorbing phases with depth. 

The concentrating of U in the near surface, with maximum [U] for some holes 

50 



occurring in the top 3 m, suggests a significant shallow component to the U 
migration, possibly overland transport in runoff water during high intensity rainfall. 
In some cases, the maximum [U] occurred at a depth near the base of the surficial 
sand deposits. Possibly U-bearing waters occasionally travelled through the 
surficial sands, above the heavy, clayey B horizon. The surficial sands contain 
much less highly sorptive material, such as iron oxides, to impede the transport of 
U. While near surface U-enrichment appears to have occurred over a greater 
distance than general weathered zone enrichment, this component probably 
accounted for much less of the total redistributed U found. 

The pattern of the redistributed U in plan-view was similar to the pattern of the 
hydrochemical zones discussed in Section 1.2. However, it did not correspond to 
the direction of the uranyl phosphate mineral occurrence, which was more toward 
the SE (Snelling, 1980a). Since the hydrochemical zones pertain to present day 
groundwater, and the groundwater conditions required for the formation of the 
uranyl phosphate zone are different to what occurs now (Sverjensky, 1990), it 
would appear that the uranyl phosphate zone was formed at an earlier period, and 
that the SSW U dispersion occurred later and is probably continuing today. 
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3.2 Mineralogical Description of Rock Samples 

The minerals in the samples were examined using the techniques of XRD, FTIR, 
and optical and electron microscope examination of thin sections. The minerals 
present and their distribution relative to features, such as fissures and mineral 
zones, were examined. The minerals were studied to provide data about 
mineralogical alterations and interactions. 

DDH92 123.4 m 

This sample was the deepest examined, and showed no visible signs of alteration 
by weathering. X-ray diffraction analysis of random powders showed that the 
sample contained mainly quartz, chlorite and muscovite. The form of the chlorite 
fits a lib configuration best. Table 3.2.1 gives the positions and proposed 
assignments for the XRD reflection peaks. There was no evidence in the 
diffraction patterns to suggest the presence of weathering products. FTIR 
spectrophotometry only confirmed the presence of the minerals detected by XRD. 

Thin section analysis of the sample showed that it was layered with chlorite and 
quartz bands, typical of schist, a band of muscovite and chlorite, and a chlorite 
knot containing many large muscovite grains. There appeared to be two forms of 
chlorite present. One appeared to be very fine grained, and occurred in small 
zones surrounded by muscovite or larger grains of chlorite. The larger form of 
chlorite (up to about 10 x 100 urn) had clearly defined laminar grains, with clear 
cleavage lines. Occasionally fragments of the larger chlorite grains showed higher 
order interference colours under cross polarised light, and appeared to be length 
fast. These were probably biotite remnants. Fine dark grey material interdispersed 
with the chlorite and muscovite was probably graphite. Veinlets and small zones of 
uraninite were present infilling cracks through quartz and chlorite bands, and 
following boundaries between bands. Grains of pyrite were also detected (brassy 
in reflected light). 

When examined with SEM/EDS, the fine grained chlorite gave EDS spectra 
containing Mg, Al, Si, and Fe. The approximate compositions of fine grain chlorites 
analysed, estimated from spot analyses after appropriate ZAF corrections, are 
given in Table 3.2.2. The coarse grained chlorite gave consistently different 
elemental compositions. Spot analyses of this chlorite type are given in Table 
3.2.3. Although the analyses of the spectra were done without using mineral 
standards (compositions were calculated using the EDAX SuperQuant package) 
the two chlorite types appeared to have significantly different compositions. The 
coarse chlorite was more Fe-rich, while the fine chlorite was more Mg-rich. 

The percent elemental compositions of the two groups of chlorite are shown 
diagrammatically in Figure 3.2.1. The two types were significantly different for all 
the elements (P < 0.001). In Figure 3.2.2 the elemental ratios of the two groups is 
compared. The only ratios that were significantly different between the two groups 
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were those with Fe. This suggests that the larger amounts of Fe in the coarse 
chlorite were at the expense of all the other elements. 

The approximate half ceil formulae for the two chlorite types, using averages for 
the two groups in the calculations described by Deer et al., (1983), were: 

Fine: (Mg Z 5 0 Fe 0 9 5 AI 1 9 2 )(Si a 3 6 AI 0 6 5 )O 1 0 (OH) 8 

Coarse: (Mg i „Fe a 2 9 AI 1 4 0 )(Si 3 0 0 AI 1 0 0 )O 1 0 (OH) 8 

This shows that the main difference was in the Fe content, and that the higher Fe 
in the coarse grained chlorite corresponded to lower Al and Mg in the octahedral 
layers. Greater substitution of Al for Si appears to have occurred in the tetrahedral 
layers of the coarse chlorite. It might be expected that the coarse chlorite may 
have had a higher charge than the fine grained material, and that the weathering 
processes may consequently have had different rates and final products. 

Green-brown pleochroic flaky chlorite, formed by the alteration of biotite to chlorite 
at Koongarra, was analysed using electron microprobe by Ewers and Ferguson 
(1980). They suggested a half cell formula of: 

(Mg^^FeasaAl, ^Tio^Mnoo^tSi^AI, a )O 1 0 (OH) 8 

The normalised elemental composition of this data was within one standard 
deviation of the coarse chlorite data for Mg and Fe, and within 1.5 standard 
deviations for Al and Si. Considering the different ways that the data was collected, 
the results may be considered similar. Murakami et al., (1990) also reported a 
similar chlorite composition for Koongarra of: 

(Mg 1 9 7Fe 2 8 3AI 1 . 1 1)(Si a 8 7AI 1 1 3)0 1 0(OH) e 

Gray and Davey (1991) reported an average chlorite formula, common to both 
Koongarra and Jabiluka deposits of: 

(Mg a 2Fe 2 +

0 . 8Fe\ 2AI 1 . 5)(Si 2 9AI 1 1)O 1 0(OH) 8 

Analysis of fine matrix chlorite in the sample from DDH119 55.6 m gave similar 
results to fine chlorite from DDH92 123.4 m, with a half cell formula of: 

(Mg a 5Fe 0 7Al i 1)(Si3.3 eAI 0 6 5)O 1 0(OH) 8 

The only significant differences between the fine chlorites was a slightly higher Fe 
and slightly lower Al content in the DDH92 123.4 m sample. 

Opaque minerals in the sample analysed with SEM/EDS were mostly dominated by 
U [as uraninite, probably pitchblende (UaOg)], with only very small amounts of 
other elements detected. Present in small amounts with the U minerals were Si, 
P, Al, Mg, Fe, and possibly Ca and K. Due to the small areas occupied by 
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uraninite, usually < 5 urn, some beam contamination from adjacent material may 
have occurred. Small amounts of P were detected in most U minerals, and were 
not detected in any other material on the section. Pyrite (FeSJ and chalcopyrite 
(CuFeS^ were often in close association with uraninite. 

DDH119 55.6 m 

This sample contained mainly unweathered material, with some parts of the 
sample showing signs of alteration by weathering, as shown by the presence of 
oxidised Fe colouration. X-ray diffraction analysis of random powders showed the 
presence of quartz, chlorite, muscovite, talc or chlorite talc, probably pitchblende, 
hematite, biotite, and possibly smectite. The chlorite was probably of class 2Kb 
and the muscovite as 2M1. The d spacings attributed to pitchblende were slightly 
smaller than those given in the literature (Mrose, 1985), and this may have been 
due to some oxidation of U(IV) to U(VI). Table 3.2.4 gives the d spacings, 
intensities and suggested assignments for the random powder diffractogram. 

A few areas of the sample were analysed using FTIR. Scrapings were taken from 
along an apparently open and transport active fissure, which contained grey and 
black coatings (feature 6 in Figure 3.2.3). The nature of these coatings appear to 
be smectitic, with some talc present. This interpretation was based on adsorption 
peaks at wavenumbers 1020 cm'1 (possibly smectite, talc or muscovite), 915 cm 1 

(smectite or muscovite), 840 cm 1 (smectite), 669 cm 1 (talc), 623 cm'1 (smectite), 
525 cm 1 (smectite or talc), and the OH peak at 3620 cm \ closest to AI-OH peaks 
for smectites such as montmorillonite. Muscovite was ruled out by the absence of 
a peak at about 1000 cm 1 . Uranium minerals were not detected in these 
scrapings by FTIR. 

Thin section samples from the core were examined and a diagram of a thin section 
sample is shown in Figure 3.2.3. In this figure is also marked the positions of 
various analyses conducted. The sample contained unweathered and slightly 
weathered material. The bottom part of the sample contained essentially 
unweathered material, with large quartz areas, quartz chlorite schist, muscovite 
and biotite grains, fissures with pale and black coating materials, and an unaltered 
chlorite vein which contained a veinlet of pitchblende. The top approximate half of 
the sample contained evidence for Fe release, mobilisation, oxidation and 
alteration of biotite and chlorite. 

A chlorite vein was present in a fracture along the length of the sample. The vein 
was creamy-grey with an olive-green tinge and almost no pleochroism. Under 
cross-polarised light fine grains could be distinguished, with interference colours up 
to a first order steely blue-grey. Many small cracks occurred through the chlorite 
vein, with one major fissure through the centre of it. This major crack, and many 
of the smaller fissures, contained pitchblende and galena. The pitchblende 
appeared to occur as tiny, approximately cubic crystals. Where the chlorite vein 
was surrounded by quartz grains, near the fracture the quartz appeared to contain 
a greater number of inclusions than the rest of the quartz (up to about 1 mm from 
the edge of the chlorite vein). Possibly the quartz was damaged at the time of 
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fracturing and/or chlorite injection. 

Areas of unaltered matrix or schist chlorite also contained fine grained quartz 
grains, and occasional biotite and muscovite grains. The particles of chlorite 
appeared to be small and densely packed, with very little porosity in the unaltered 
quartz chlorite matrix. Occasional fissures were present through this material and 
these were sometimes coated. Dark opaque material (pitchblende) often coated 
other grey, fissure coatings, but not the other way around. It is unclear whether 
the grey material was transported weathering products, or formed from weathering 
in situ at the fissure wall; although the order of the coatings suggests in situ 
formation rather than deposition. In this area of minimal weathering, some grains, 
particularly biotite, showed signs of Fe oxidation. This was the case particularly 
where the grain was intersected by a crack. 

Figure 3.2.4 shows a micrograph of part of the chlorite vein, with the veinlet of 
uraninite and occasional galena grain. Also shown are x-ray maps for U and Pb. 
This shows the separation of Pb from its presumed parent phase. Uraninite in the 
chlorite vein contained up to 1.4 % PbO. While it has been assumed that Pb 
present at Koongarra was all radiogenic, separate phases of Pb, such as galena, 
often in low U zones (Noranda, unpublished), suggests an authigenic component 
of the Pb. 

In the top half of the sample there was a general reddening of the sample from Fe 
staining of altered chlorite and biotite grains. This alteration may be associated 
with the presence of the large fissure, approximately 0.15 mm wide, running 
through the top part of the sample (feature 6 in Figure 3.2.3). Most of the upper 
half was red to brown, with occasional areas of green matrix. Oxidation of Fe 
appeared to have occurred preferentially along chlorite veins at feature 5 in Figure 
3.2.3. 

Analysis of the uraninite in the vertical vein infilled with chlorite (A in Figure 3.2.3) 
Figure 3.2.4 a) back scattered electron image of the area of the chlorite-uraninite 
vein shown as D in Figure 3.2.3; b) x-ray map of U for the same area; c) x-ray 
map for Pb for the same area.gave almost 95 % U0 2 with very small amounts of 
Mg (~ 0.7 % MgO), Al (-0.9 % AS2OJ, Si (~ 1 % SiOJ, P (~ 1.1 % P A ) and Pb 
(~ 1.5 % PbO). Uraninite in the top half of the sample and remote from major 
fissures (B in Figure 3.2.3) contained more Ca (- 3.7 % CaO). Uraninite coating 
the surface of a major horizontal fissure through material showing signs of 
alteration (C in Figure 3.2.3), contained larger amounts of Si (~ 7 % SiO^ and P 
(~ 7 % P2O5). The increase in the amount of Si and P associated with the U 
phase suggests that the formation of secondary U minerals, such as saleeite and 
sklodowskite, had partially occurred near the surface of fissures carrying 
oxygenated waters. It would also appear that the formation of uranyl silicate and 
phosphate minerals may occur simultaneously. 

Table 3.2.5 shows the analysis of chlorite in the major chlorite vein (E in Figure 
3.2.3) and the nearby matrix (F in Figure 3.2.3). The chlorite in the fracture gave 
an analysis that corresponded to a unit cell formula of: 
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(Mg74Ala 6,Fe2 +

l 5)(Sie 9Al l 5)O2 0(OH)1 6. 

The unaltered chlorite in the nearby rock matrix gave a unit cell formula of: 

(MQsoAI^Fe2*, 4)(SiR7AI,3)Oa )(OH)16. 

The principle difference between the two chlorite lay in the amounts of Mg and Al 
in the octahedral layers, with the matrix chlorite being richer in Al and the infilling 
chlorite being richer in Mg. The structure of the infilling chlorite possibly 
approached a talc-chlorite form. 

Table 3.2.6 gives some representative analyses of materials coating fissures in 
weathered and partially weathered rock (G-J in Figure 3.2.3). The composition of 
material coating the surfaces of the fissures varied, particularly in Fe concentration. 
The material coating a horizontal fissure through more weathered material (I in 
Figure 3.2.3), contained much more Fe than similar material coating a crack 
through apparently unaltered schist (G in Figure 3.2.3). These coating materials 
were low in Mg compared to chlorites (cf. Table 3.2.5) and sometimes Fe, and 
were probably weathering products of chlorite such as smectite. The differences in 
Fe concentration may reflect differences in the degree of oxidation and 
redistribution of Fe occurring in the two areas, with coatings in the more altered 
containing more Fe, possibly as separate phase oxides. A small particle of native 
Au (< 0.1 |xm) was observed on the surface of the major fissure (feature 6 in 
Figure 3.2.3). 

DDH64 80.2 m 

This sample contained basically unweathered rock that had undergone extensive 
alteration of hematite. There were also many primary and secondary U minerals, 
and was the most radioactive sample studied in detail. Random powder x-ray 
diffraction lines for this sample are given in Table 3.2.7. The main minerals 
identified were chlorite (probably lib di-trioctahedral), quartz, muscovite, possibly 
sklodowskite, possibly uranophane, hematite, biotite, uraninite, and possibly 
kasolite. 

FTIR spectra suggested veinlets of a yellow material in this sample were probably 
sklodowskite, with some uranophane. Small red areas gave spectra which were 
difficult to interpret and corresponded with a low Al talc, possibly with some Fe 
oxides. Optical examination of the thin section also showed some biotite remnants 
were present. The sample consisted mainly of quartz and chlorite/biotite banding, 
with a large area of chlorite and muscovite. Some isolated grains of biotite also 
occurred in quartz areas. The chlorite was mostly very fine grained and was 
greenpale brown in colour, while the muscovite and biotite often occurred as 
individual grains up to 500 urn long. 

Some areas of red colouration, especially in the biotite, suggested the oxidation of 
Fe. Some small cracks were present (approximately 5 urn across), which may 
have allowed access of oxidising waters. The veins of the secondary U minerals 
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ran both along and across the schistosity. These veins sometimes followed the 
boundaries of quartz grains, and were sometimes in fractures splitting the quartz 
grains. One vein of quartz was injected through a zone of quartz grains, then at a 
later stage uraninite was injected into the quartz vein and coated the quartz grains. 

DDH92 iaO m 

This sample was well weathered, but with its rock schist structure still intact. 
Bands of quartz grains were separated by layers of red/brown exfoliated laminar 
minerals, probably weathering chlorite and its alteration products such as 
vermiculite. Very fine grey material was also present in pockets, and this was 
probably kaolinite, possibly with smectite. X-ray diffraction analysis of random 
powders showed that the sample contained quartz, chlorite, kaolinite, goethite, 
hematite, and probably vermiculite. 

Table 3.2.8 gives the peaks and assignments for the diffraction pattern. It is not 
possible to confidently distinguish between chlorite, vermiculite and smectite with 
random powder data, however, it did appear to fit closer to a vermiculite and 
chlorite patterns. If this was actually the case, then the absence of smectite would 
suggest that the alteration of chlorite is first to vermiculite, then from vermiculite 
directly to kaolinite. No U minerals were detected in this sample. 

A thin section of this sample was 3xamined. Many of the quartz grains contained 
greenish inclusions, suggestive of garnet. Between some grains of quartz were 
occasional biotite remnant grains. Highly cleaved grains of altered chlorite made 
up the bulk of the sample that was not quartz. The lamellae of the grains ran 
approximately parallel to the schistosity, and ranged from 0.01 to 0.5 mm long. In 
small pockets, for example between altered chlorite grains, very fine yellowy grey 
material occurred and appeared to be a mixture of very fine quartz grains and clay 
material, probably kaolinite. This material also seemed interdispersed between the 
exfoliated lamellae. Most of the altered chlorite grains were coated with varying 
amounts of Fe oxide. Iron oxides were also concentrated as nodules, and these 
Fe concentrated zones were elongated parallel to the foliation of the chlorite 
grains, and also particularly occurred above quartz bands. Very small Mn-rich 
concentrations also occurred in association with Fe concentrated zones. 

Various areas were analysed by EDS during examination using an SEM, and these 
included clay particles showing varying amounts of Fe coating, and high Fe oxide 
concentration zones. Table 3.2.9 gives the ZAF corrected estimates of spot 
analyses (normalised to 100 %, without including O). Areas identified as Mn 
concretions (sites 6 and 7 in Table 3.2.9) contained approximately 65 % Mn (O 
free normalisation), with the bulk of the remainder being Al. Only small amounts of 
Si, Fe, Mg, and Ti were present. Also present, and only detected in the Mn areas 
was Co (about 4 %) and Zn. Only small amounts of P were found associated with 
Mn. Cobalt was only detected in association with the Mn phases, illustrating the 
strong affinity of Mn oxides for Co. 
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Iron concretions were examined (sites 15 in Table 3.2.9), and the Fe content was 
up to 91 % (0 free normalisation). Phosphorus seemed particularly associated 
with these phases. In the areas with many Fe and Mn concretions there appeared 
to be also areas enriched in Na and Al. Some of the Fe concretions appeared to 
be very heavily coated, to replacing laminar clay grains. The formation of Fe oxide 
nodules found in lateritic soil may begin with increasingly heavily coated clay 
minerals. 

The laminar clay material proposed to be altered chlorite, gave varied analytical 
results. All contained some Mg (2.4-16 %, with a mean of 7.5 %), Al (17.2-31.5 %, 
mean = 24.4 %), Si (37.9-56.7, mean = 46.6 %), K(0.7-2.7 %, mean = 1.6 %), and 
Fe (5.3-55.4 %, mean = 19.7 %) (sites 8-17, 24 and 27 in Table 3.2.9). Most 
contained no measurable Na, P, or Mn. 

Fine clay material analysed also gave varied compositions (sites 18-23 in Table 
3.2.9). Most contained some Mg (0-8.4 %, mean = 2.9 %), Al (16.1-31.2 %, mean 
= 25.9 %), Si (47.1-57.3 %, mean = 52.6 %), K (0.5-26.4 %, mean = 8.7 %), Ti 
(0.1-1.6 %, mean = 0.7 %), and Fe (0.7-16.2 %, mean = 8.6 %). Mostly they 
contained no measurable Na, P or Mn. Some resembled kaolinite in composition 
(Si, Al), with an Fe coating. Others, such as material in a split of a quartz grain 
(site 22 in Table 3.2.9), gave spectra suggestive of mica (Si, Al, K). 

Two particles showing strong cleavage were analysed in the cleavage area and in 
the middle of the lamellae. Sites 25 and 26 were in the cleavage area of the 
lamela at site 24, and site 28 was the cleavage area next to the lamela at site 27 
(Table 3.2.9). In both particles the area of cleavage was depleted in Mg and Fe, 
and in one particle no Mg was detected in the cleavage area. One sample was 
also strongly depleted in K and Ti. The intense removal of Mg along the cleavage 
planes suggests that the alteration by weathering of the chlorite was to kaolinite, 
possibly via vermiculite, and not significantly to smectite. This was supported by 
later work (Murakami and Isobe, 1990; Murakami et al., 1990,1991). 

M Series Samples 

Random powder x-ray diffraction patterns were collected for samples from M1, M2 
and M3. From these patterns and the elemental data obtained by PIXE-PIGME, 
some estimates of mineral abundance have been made. 

Samples from M1 

Weathered zone samples from M1 appeared to contain very small, if any, amounts 
of smectite, and generally contained only trace amounts of mica. The exceptions 
were samples from M1 13 m which appeared to be micaceous. Because of the 
apparent simplicity of the mineral assemblage, estimates of the relative 
abundances of kaolinite, mica, quartz and Fe oxides were made using the PIXE 
data (see Section 3.4). For this calculation, all K was assumed to be present in 
mica minerals and mica was assumed to consist of 10 % K,0 and 30 % Al 20 3 

(Deer et al., 1983). All remaining Al was assumed to be in kaolinite, and kaolinite 
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was assumed to consist of 40 % A^CX, and 46 % Si0 2 (Deer et al., 1983). The 
remaining Si0 2 was assumed to be quartz (100 % SiOj). Table 3.2.10 gives a 
summary of the interpretation of the random powder diffraction pattern for M1 
samples, with relative abundances where it appeared reasonable to estimate them. 

Samples from M2 

Minerals in the weathered zone from M2 have been studied by Koppi et al., 
(1990). This group found some smectite at some depths, but the samples were 
dominated by quartz kaolinite and micas. A similar result was observed from 
random powder data on M2 samples used for elemental analyses. Similar 
estimates of mineral abundances as those used for M1 samples were used for M2. 
In addition to mica, kaolinite, quartz and Fe oxide, there also appeared to be up to 
1 % Ti0 2 in these samples. Table 3.2.11 gives a summary of the main minerals 
present at M2. The unweathered samples were difficult to interpret, with a small to 
absent chlorite peak at - 1.45 nm. A broad unidentified peak was observed at 
about 0.85 nm, and this seemed to diminish with decreasing depth, as the 1.45 nm 
peak increased. Possibly a talc-chlorite to chlorite sequence was involved. Pyrite 
and graphite were also possibly present. 

The transition zone of weathering appeared to coincide with a sharp increase in 
the amount of mica at about 25 m, with the amount of K doubling between 32 m 
and 21 m. Koppi et al., (1990) identified much of this mica to be biotite. This 
poses the question: did the depth of weathering coincide with the bottom of a 
biotite-rich zone? 

Samples from M3 

The presence of abundant smectite throughout the weathered zone at M3 made 
attempting quantifying mineral abundances, based on random powder data and 
bulk elemental analysis, unfeasible. Consequently, only a qualitative description of 
the mineral assemblage is given in Table 3.2.12, except for estimates of mica 
content. 

Samples from holes M1 and M2 appeared to be fairly similar weathered zone 
mineral assemblages, consisting mainly of quartz and kaolinite. Samples from M3 
tended to contain smectite throughout the weathered zone. The unweathered 
zone at the three holes appeared to contain similar mineral assemblages with 
possibly more mica at M3. Therefore the differences in the weathered zone 
mineralogy at the three positions may reflect decreasing weathering intensity with 
distance from the fault. Although it was suggested that the base of weathering 
possibly coincided with a lithological boundary at M2, no such boundary was 
apparent at M1 or M3. Differences in the type of chlorite present in the parent 
rock, may also have been a factor in the production of different mineral 
assemblages at the three sites, as may the differences in mica content. 
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Samples from W214 m 

W2 was situated in the U dispersion fan beyond the region of uranyl phosphates. 
The sample generally consisted of strongly kaoiinised quartz chlorite muscovite 
schist. Throughout the core ran bands of clayey material, up to about 1 cm thick. 
These bands were white and grey to black, and were much wetter than the bulk of 
the sample. These gleyed bands were flanked by yellow to orange clayey 
material, up to 1 cm thick, followed by red heavy clay grading into the micaceous 
weathered schist. Each phase was sampled separately for analysis by Mdssbauer 
spectroscopy and PIXE-PIGME. The aim of this work was to obtain data on the 
nature of the Fe oxides at Koongarra, particularly poorly crystalline phases. 
Methods such as XRD are really only useful for highly crystalline phases, and 
since the importance of ferrihydrite in the sorption of U is widely hypothesised (eg. 
Payne and Waite, 1991) other techniques such as Mdssbauer are required to 
measure and characterise these phases. 

The methods and results of the Mdssbauer spectroscopy at room temperature and 
liquid N2 temperature (78 °K) have been given by Cashion and Brown (1990), and 
the methods and results for PIXE-PIGME analysis have been given by Clayton et 
al., (1990). Table 3.2.13 gives the results of the Mdssbauer spectroscopy at 
78 °K and some of the PIXE-PIGME analyses. 

Neither lepidocrocite or hematite were detected in the three samples analysed by 
Mdssbauer, however assignment for the ferric phases was not definite, and further 
analysis at liquid helium temperature would be required for unambiguous 
determination (Cashion and Brown, 1990). Liquid helium spectra were not 
available at the time of writing this thesis. Lepidocrocite was not detected in any of 
the M hole samples in orange material flanking bleached or gleyed heavy clay 
zones. Interestingly, the estimated amounts of ferrihydrite in the three samples 
was very similar, with the major change in Fe content attributed to goethite. 

From the concentrations of Al 20 3, Si0 2 and KJO, it would appear that the clay 
bands contained less quartz and less mica than the bulk of the sample, with a 
higher concentration of MgO. This suggests that these heavy clay bands, which 
show a sequence of increasing oxidation toward the bulk sample, may be 
remnants of chlorite veins, similar to those observed in DDH119 55.6 m. 

Although the grey gleyed subsample appeared to contain similar amounts of 
ferrihydrite to the orange and red subsamples, there was much less U present in 
the gleyed subsample. Possibly the ferrihydrite in the gleyed subsample was of a 
more recent origin, even possibly post drilling, and had very limited exposure to 
U-bearing groundwaters, a process exacerbated by the impermeability of the clay. 
Another possible process involves the goethite phases at the edges of the band, 
resulting from reduced Fe in the saturated clay band migrating to the more 
oxidising edges, acting as a "semi-permeable" membrane, and extracting U from 
the groundwater before it entered the clay band. 
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3.3 Uranium-Mineral Associations 

The association of radionuclides with different mineral phases, and changes in the 
relative importance of particular phases with time and alteration of the rock, are important 
determinants in understanding radionuclide migration and retardation. Earlier studies on 
the weathered ore zone of the Koongarra deposit, using chemical extraction schemes, 
showed that 16-70 % of the U was associated with ferrihydrite, amorphous materials, and 
adsorbed, while 24-65 % was associated with crystalline Fe phases (Nightingale, 1988). 
Similarly, fission and a-track etch analysis of weathered Ranger samples revealed 
concentration of U in Fe minerals, especially in nodules (Gray, 1986). 

The aim of the present study was to determine the mineral phases associated with 
a-activity, and to study the ways in which these associations differed in unweathered, 
partially weathered and weathered rock. The development and redistribution of 
secondary mineral phases was also studied. 

a-Autoradiographs of thin section samples of weathered rock (DDH92 18.2m), partially 
weathered rock (DDH119 55.6m) and unweathered rock (DDH92 123.4 m and DDH64 
80.2 m) were studied. The positions of the sources of a-activity on the thin sections 
were determined by simultaneous optical examinations of the etched plastic and the thin 
sections. The exposure time for the a-track autoradiographs for weathered and 
unweathered rock samples from DDH92 was 672 hours; for weathering rock (DDH119 
55.6 m), 47 and 93 hours, and for DDH64 (80.2 m), 4 hours. The shorter exposure times 
reflected the much higher U content of these samples. 

For well weathered rock, phase classes were based on the minerals present and a visual 
assessment of the amount of oxidised Fe present. Individual grains of clay were 
allocated into one of ten classes showing increasing degrees of red-brown colouration. 
The palest clay panicles found were allocated to class 1 of this "brown scale", and the 
most red-brown were allocated to class 10. Associations of a-activity with individual 
mineral grains were divided into two classes, a) external, being at the grain boundary, 
and b) internal. 

Phase classes in the partially weathered rock (DDH119 55.6 m) were based on the 
minerals present, position relative to fissures and U minerals, and degree of oxidised Fe. 
For unweathered rock, phase classes were based on the minerals present and proximity 
to U minerals. When large grains were present, the internal and external positions of the 
associated a-activity relative to the grain noted. Identification of the phases was mainly 
by properties in transmitted light, with some elemental identification by EDS in 
conjunction with SEM. 

Unweathered Rock. 

Unweathered, unmineralised schist, contained about 3 ug/g (Noranda, unpublished). In 
sample DDH92 123.4 m, a large proportion of the U not associated with U minerals 
appeared to be associated with grain and zone boundaries, particularly of the coarse, 
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laminar Fe-rich chlorite. The approximate amount of U associated with the chlorite was 
about 100 ng/g, which was considerably higher than chlorite from barren zones. Material 
coating fissures appeared to have much higher U content than the host schist (see Table 
3.2.6), including fissures which contained no U minerals. Although the sample from 
which these coatings were studied (DDH119 55.6 m) did contain U minerals, it is 
postulated that fracture coatings in unmineralised samples, in contact with groundwater 
from the mineralised zone, would also contain higher [U] than the bulk rock. 

As expected unweathered rocks from the mineralised zone, U occurred mainly in 
association with U minerals, such as pitchblende and uranyl silicates. In the sample from 
DDH64 80.4m, where pervasive hematite alteration had caused the reddening of the host 
rock, there was an increase in the U content, reflected by a-activity of the altered host 
rock remote from U minerals. 

Partially Weathered Rock 

At the early stages of weathering U became associated with Fe oxides. The Fe required 
to form these phases was probably released from chlorite, biotite and pyrite weathering, 
also at the early stages of weathering. Murakami et al., (1990, 1991) observed the 
presence of Fe phases, possibly ferrihydrite, between layers of chlorite and vermiculite, 
and these may have adsorbed significant amounts of U. 

The bulk of U in the sample DDH119 55.6 m was associated with U minerals, especially 
uraninite. However, some parts of this sample showed signs of alteration, evidenced by 
the presence of Fe oxide minerals. In unaltered chlorite matrix material, remote from 
fissures and veins of U minerals, there was a fairly even a-track density of approximately 
94 tracks mm 2 after 47 hours exposure. This corresponded to about 500 ng/g 2 3 8 U. In 
areas showing alteration there were zones of enrichment of Fe. Many zones of 
enrichment of Fe(lll) appeared to be associated with altering biotite grains or bands. The 
Fe minerals may have formed from : e released from the biotite during alteration. Where 
Fe had become enriched, there was also an enrichment of a-activity. 

The a-track density of the quartz chlorite matrix was about 208 to 256 tracks mm'2. 
Occasional small cracks that contained U-rich phases ran through the rock, but there was 
no enrichment of a-activity in the quartz chlorite matrix adjoining these cracks. However, 
where U-bearing cracks intersected slightly altered biotite grains, there was higher activity 
over the whole grain. Two such biotite grains had an a-track density of approximately 
1100 tracks mm 2, compared to about 230 tracks mm'2 in the surrounding quartz chlorite 
matrix (after 93 hours exposure). Isolated unaltered biotite was not significantly enriched 
in a-activity, compared to the unaltered quartz chlorite matrix. 

Veinlets of Fe(lll) material ran approximately 1 mm down a chlorite vein, from a zone of 
altered biotite and separate phase Fe oxides (feature 5 in Figure 3.2.3). Where the 
chlorite vein contained Fe oxide veinlets, 450 to 2880 tracks mm'2 were detected. This 
can be compared to 128 to 200 tracks mm'2, for the same chlorite vein without Fe 
veinlets (after 93 hours exposure). The quartz chlorite matrix bpside the chiorite vein 
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was not enriched in a-activity or Fe oxides. Figure 3.3.1 shows a photograph of this 
chlorite vein which was partially oxidised and weathered, and contained veinlets of Fe 
oxide, along with the corresponding a-track autoradiograph. The area within the square 
marked on Figure 3.3.1 was mapped for a number of elements using the EDS 
multi-element mapping technique described in Section 2.1. The amount of a-activity 
appeared to be dependent en the amount of separate phase Fe present, and this 
generally tended to decrease with distance from the altered biotite and Fe oxide zone. 
There was also general reddening of the chlorite in the vein, especially near the Fe oxide 
veinlets. However, the a-activity appeared to correspond with the veinlets much more 
than with the oxidised chlorite areas. The chlorite crystals in the small veins appeared 
to be orientated perpendicular to the sides of the vein, and met at approximately the 
centre of the vein where most of the Te oxide veinlets occurred. 

The elemental maps of the chlorite vein, with Fe oxide veinlets, showed that the Fe 
oxide-chlorite boundary was very abrupt. This was the case for all the elements 
analysed, and for the elemental ratio changes. Figure 3.3.2 a, b and c show EDS maps 
for Fe, Mn and Si/AI respectively. When examining these maps, the neighbours of an 
individual pixel need to be considered to determine the correct category for the number 
of counts. 

Apart from high Fe levels, the Fe oxide veinlets were associated with higher Mn levels, 
and higher Si/AI and Al/Mg ratios. The changes in the Si/AI and Al/Mg ratios indicated 
that the chlorite was losing Mg, through the dissolution of brucite layers near the centre 
of the chlorite vein. The Fe concentration gradient between the Fe oxide veinlet and the 
chlorite was abrupt. This suggests that Fe was transported from elsewhere, probably 
from the strongly altered biotite above. Uranium appeared to follow the pattern of the 
Fe veinlets, but the levels were barely above background for the collection time used. 

Weathered Rock 

In weathered rock, the U distribution appeared to be determined by the distribution of 
U containing or adsorbing minerals, rather than simply by the proximity to fissures. This 
suggests a matrix freely accessible to migrating dissolved species. However fissures 
often appeared to play a determinative role in the distribution of r.inerals in the system. 
For example, above and near the primary zone, secondary U mherals, such as saleeite 
occurred coating fissures and schistosity, and down-gradient, where no U minerals have 
been detected, Fe and Mn coatings were observed on fissures surfaces. This in turn 
would have affected the distribution of U. 

In the weathered rock sample DDH92 18.0 m, which contained no apparent uranium 
minerals, the most concentrated a-activity occurred in Mn-rich nodules, which were found 
in areas with Fe oxide nodules. The Mn nodules were approximately 100 (am across, 
and were rare, covering around 0.1% of the slide. The a-track density for these Mn 
nodules ranged from 2533 to 3621 tracks mm'2, with an average track density of 2995 
tracks mm'2. This gives an approximate concentration of ^ U of 124 \ig/g. Figure 3.3.3 
shows a photograph of part of a section from DDH92 18 m, that contained small Mn 
nodules, along with the corresponding a-track autoradiograph. 
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Manganese coatings on the surfaces of fissures, and remnant schistosity have frequently 
been observed (Edis, 1990; Noranda, unpublished; Snelling, 1989), and these tended to 
contain much higher U concentrations than the bulk weathered rock (Edis, 1990,1991a). 
However, although the relationship between Mn phases and U appeared to be strong, 
Mn, as measured by PIXE, was present in the weathered zone in concentrations 23 
orders of magnitude lower than Fe, which also contained associated with U. a-Activity 
was also concentrated within the nodules of Fe oxides. These Fe-rich nodules were 
concentrated in two areas on the slide, and were from 100 \im to 500 jim across, and 
covered about 3 % of the slide. The a-track density ranged from 473 to 1163 tracks 
mm'2, with a weighted average of 820 tracks mm'2. The average concentration of ^ U 
was approximately 34 ng/g. 

The degree of a-activity associated with clay particles, dominated by open laminar altered 
chlorite grains, appeared to be dependent upon the amount of oxidised Fe present. 
Figure 3.3.4 shows the amount of a-activity present within the clay, plotted against the 
"brown scale". The internal and external positions of the sources of the activity are also 
shown. The approximate surface coverage of the section by clay minerals was 58 %, 
with about 26.5 % being light brown ("brown scale" 1-3), 20.5 % being medium brown 
("brown scale" 4-7) and 11.5 % being dark brown ("brown scale" 8-10). The average 
a-track densities for altered chlorite grains were 120, 270 and 385 tracks mm'2, for light, 
medium and dark brown grains respectively. The overall average concentration of ^ U 
for the altered chlorite was approximately 13 jig/g. In Table 3.2.9, EDS analyses of some 
grains are listed. Dark brown clay particles (sites 12-17) contained more Fe than light 
brown laminar clay (sites 9-11). It is apparent from Figure 3.3.4, that even in well 
weathered rock, where clay grains were strongly exfoliated, most U was adsorbed at the 
grain boundaries. Whether Fe oxide was also concentrated at grain boundaries was not 
determined, although it did appear that with increasing Fe oxide coating, internal surfaces 
became more important. 

There were also many small pockets of fine, yellow, earthy material, dispersed through 
areas of chlorite. This material provided very little a-activity, with an average of 101 
tracks mm 2, corresponding to approximately 4 ng/g U, and was probably weathering 
products of chlorite such as smectites and kaolinite. Quartz grains did not contribute 
significantly to the a-activity, and there was no apparent increase in activity near fissures, 
except where there was a coincidental enrichment in Fe/Mn oxides. Table 3.3.1 shows 
the associations of a-activity with the different phases, and the contribution of each 
phase to the total activity of this sample. 

The results show a-activity mainly associated with Fe phases. The rock appeared to 
contain areas enriched in Fe oxides which also showed enrichment of aactivity, even at 
very early stages of weathering (DDH119 55.6 m). In well weathered rock (DDH92 
18.0 m), the Fe oxides appeared to occur in two phases, a) as dense nodules and b) as 
fine material coating clays. Both forms gave rise to significant amounts of a-activity. The 
two different forms of Fe oxides probably played different roles in the capture and 
storage of radionuclides. The nodules may have provide long-term storage, while the 
finer dispersed Fe oxides may have entrap moving species more efficiently, but may 
have been more sensitive to redox changes. 
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Iron oxide veins occurred in rock at early stages of weathering (eg. DDH119 55.6 m). 
Mostly the veins were associated with altered or altering biotite, which was the likely 
source of the Fe. Small veinlets of Fe oxides were also present in some chlorite veins 
that intersected altered biotite and Fe oxide zones. The abruptness of the compositional 
changes, between Fe oxide veinlets and chlorite material, suggested that the constituents 
of the veinlets were transported down the chlorite vein, and were not formed locally by 
the alteration of chlorite. The movement of material into the chlorite vein occurred at a 
much greater rate than through the quartz chlorite matrix. This may have been due to 
a zone of weakness down the centre of the chlorite vein, possibly due to the orientation 
of the chlorite crystals. Open fracturing in the chlorite vein was not evident, suggesting 
that the movement of material within the vein may have proceeded by diffusion 
processes. 

The introduction of conditions conducive to the alteration of biotite and chlorite, probably 
coincided with contact with U-bearing waters. The release of Fe, and the formation of 
Fe oxide phases, may have resulted in the observed enrichment in a-activity in separate 
phase Fe oxides and altered biotite. 

The a-activity associated with clay minerals appeared to occur mainly on the surfaces 
of minerals, with less activity within the grains, even in open laminar grains of weathered 
chlorite. There was a very high association of a-activity with Mn nodules. This 
highlights the potential importance of Mn minerals to the retention of radionuclides 
released from the ore body. However, in the samples examined, the amount of separate 
phase Mn was small. 

Matrix Diffusion 

The degree to which U migrated from fissures, assumed to be water conducting, into the 
matrix, was studied in rock showing various degrees of weathering. This work is 
described in part in Appendix 1. Electron microprobe line scans for U across fissures 
and uraninite veins, spot analyses at various distances from fissures, changes in atrack 
density moving away from fissures, and U analysis by DNAA for material sampled at 
various distances from fissures, were used to estimate changes in concentration of U 
with distance from fissures assumed to be water conducting. 

Unweathered rock 

Figure 3.3.5 shows and EDS line profile for U acros*" a uraninite veinlet within a chlorite 
vein from DDH119 55.6 m (feature K in Figure 3.2.3). As can be seen from this figure, 
the boundary for the U content was very abrupt between the chlorite and uraninite. The 
chlorite in the vein only showed significant U where fissures or cracks occurred. This 
suggests that there was negligible penetration of U into the adjoining chlorite, either at 
the time of U injection or post mineralisation, but possibly some U migrated along 
fissure/crack planes. As discussed earlier, chlorite in veins appeared to be orientated 
such that there was a continuous plane of weakness at the centre of the vein, and this 
may have been the access pathway of the U which formed the veinlet. 
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Figure 3.3.6 shows an EDS line profile for U across a fissure from the same sample 
(DDH119 55.6 m; feature L in Figure 3.2.3). The fissure was coated with uraninite on 
both sides, but with alteration products only on one side, thus giving a comparison 
between alteration products and unaltered chlorite matrix. Very little penetration of U was 
observed into the unaltered schist, while a significant amount was present in the 
secondary coating material. The thickness of the fissure coating was very variable, 
however, even at the thickest point (about 60 urn) the U content of the coating was 
significantly higher than in the unaltered adjacent matrix, up to the coating/matrix 
boundary. There was very little Fe in the coating material in unaltered areas of the 
section (see Table 3.2.6). These coatings probably contained a mixture of phases of 
varying crystallinity, resembling smectites and talc. The lack of visible signs of Fe 
oxidation, and the low Fe content of these coatings illustrates that such secondary 
products also contribute to the retardation of radionuclide migration. 

Gradients of a-activity away from fissures into unfractured and unweathered (and 
unaltered) chlorite quartz matrix, showed levels of a-activity above background to a 
distance of about 150 urn (DDH119 55.6 m). Figure 3.3.7 shows a typical relationship 
observed between a-track density and distance from such fissure surfaces in this sample. 

This figure was constructed from ten grid positions, five positions along each of two 
fissures, and each contained thin, but non-continuous coating of uraninite. Each grid 
position consisted of a 250 urn 10 x 10 grid, with each grid square being 25 x 25 urn 
(see Figure 2.1.2). The data was transformed and plotted in the form of a-track density 
versus /(distance). For a diffusion process, the concentration of the diffusing species 
should decrease as a linear function of the square root of distance from a line source 
(Crank, 1975). As can be seen from Figure 3.3.8, a-track density was proportional to 
/(distance) for approximately 180 \im. If diffusion is assumed to be the controlling 
mechanism for the penetration process, and the time of operation of the process is 
known, then the apparent diffusivity (Da) can be calculated, using the standard thermal 
diffusion equation: 

Cx/C0 = erfc [ (X/2) /(Dat) ] 

where: 

C x = concentration at point x 
C0 = initial line source concentration 
X = distance 
Da = apparent diffusivity 
t = time 
erfc is the complementary error function 

For the current data the assumptions used were a) the track density at /(distance) = 0 
was equivalent to C0, b) to was approximately 108 years ago (the most recent period of 
uraninite formation suggested is 450 My bp (Snelling, 1989, and references cited 
therein)), c) local uraninites supplied the equivalent of a constant line source since t̂  and 
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d) the isotopic ratio of U with its daughter elements, and other decay chain elements, 
was approximately constant with distance. Using this equation and the above 
assumptions, Da was calculated to be about 10 1 8 m2/sec for U diffusion into unaltered, 
unfractured rock. The discontinuous nature of the coating on the fracture surfaces 
suggests that it did not protect the rock from contact with water. This Da value is an 
order of magnitude larger than the highest Da value for chlorite phases estimated in a 
study of individual chlorite grains ( lO^-IO 1 9 m*/sec; Shea, 1984), and lies within the 
range of Da values estimated for granitoid rocks from experiments at a similar scale to 
the present experiments (10 1 9-10 1 6 m2/sec; Shea, 1984). This suggests that matrix 
diffusion into unweathered chlorite rock was a minor factor in the retardation of U 
migration and is insignificant over the time scale of concern for nuclear waste repositories 
(106 years). The much greater penetration indicated by the a-track analysis, compared 
to the line scans, is attributed to the much greater sensitivity of a-autoradiography for U. 
An alternative explanation is that other a-emmitting members of the ^ U chain, such as 
^Ra, have prefferentially migrated into the rock matrix. This would lead to overestimating 
the Da for U, which, in the safety assessment sense, is prefferable to an underestimate. 
The apparent penetration, estimated by microprobe line scan, is about half the distance 
estimated by a-autoradiography, leading to a factor of four difference in the Da value. 
Considering the uncertainty in the in the time parameter, the given value is probably 
within an order of magnitude of the correct value, and reflects an approximate maximum 
Da. 

Partially weathered rock 

Sample DDH119 55.6 m was described in Section 3.2 as being partially weathered, 
particularly the top half, and this sample was examined in the context of matrix diffusion 
in partially weathered rock. 

Rows of electron microprobe spot analysis were made along a traverse, moving away 
from a major horizontal crack near the top of the section (M in Figure 3.2.3). Oxidation 
of Fe in the vicinity of this fissure suggested that oxidising waters had passed through 
this part of the rock, causing alteration and weathering of the chlorite and biotite 
remnants. The data for each point, normalised to 100 %, is given in Table 3.3.2 and the 
positions of the individual spot analyses is shown in Figure 3.3.9. From these analyses 
it appeared that the U content of the rock adjacent to the fissure was increased over 
about 50 \im (ie. distance did not include thickness of U-rich coating). Other trends in 
the data, moving from the host rock towards the fissure, appeared to be an increase in 
P, Pb, Ca and U, and a decrease in Fe, Al/Si and possibly Mg and Mg/AI. While this 
data shows less penetration than the a-track data into unweathered rock (180 urn), the 
a-track method was much more sensitive. A comparison with the U line scans shows 
much more penetration into slightly weathered rock than unweathered schist. 

As discussed earlier, there appeared to be a preferential alteration pathway down the 
centre of chlorite veins, and this was associated with enrichment of U and Fe. No open 
fissuring was apparent, and therefore it may be concluded that the movement of Fe and 
U down the vein occurred by a process of diffusion along a plane of weakness, where 
water could have preferentially entered by diffusion and deposited Fe and U. Also 
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discussed was the observation that biotite, where intersected by cracks and slightly 
weathered, contained more (J than unweathered biotite or chlorite grains also intersected 
by cracks. This suggests that biotite was more internally diffusive, in that water with 0 2 

and U was transported throughout the grain by diffusion. This was likely to have been 
a component of the greater weatherability of biotite relative to chlorite. 

Weathered rock 

As previously mentioned, it appeared that in weathered rock the spacial distribution of 
U was dependent upon the distribution of highly sorbing phases, such as Fe and Mn 
oxides. It was further suggested that associations of U with fissures was via the effect 
of fissures on determining the distribution of these phases, through different redox 
properties at fissure surfaces to the matrix; rather than via the slow penetration of U into 
the adjacent weathered rock. Measurements of changes in [U] with distance in 
weathered rock, suggested that larger samples were needed to overcome heterogeneity 
of sorbing phases at the 0.1 mm scale. Therefore, samples were taken for analysis from 
various distances moving away from a fracture at the scale of mms. 

The sample chosen for this experiment was DDH86 12 m. This sample was a heavy 
kaolinitic clay sample, yellow-orange in colour probably resulting from a light goethitic 
stain. The sample contained a fissure approximately 1 mm wide, which ran cross-cutting 
the remnant schistosity, and was almost entirely filled with a Mn-rich phase. From XRD 
analysis and selective extractions on other samples, this phase was likely to be 
lithiophorite or possibly todorokite, with a poorly crystalline component (Edis, 1991a). 

The Mn phase coating the fissure was sampled by scraping, then samples were taken 
from the uncovered rock surface, 0-1 mm from the fracture, then from -1 mm, 1 -3.5 mm, 
3.5-7 mm, 7-10 mm and 10-13 mm from the fracture surface. The results are shown in 
Figure 3.3.10. While the results show a pattern for U reminiscent of a diffusion process, 
it is not yet clear what the controlling mechanism is. Possibly the results partially reflect 
the distribution of highly sorbing Mn or Fe phases, which were observed to rapidly 
decrease moving into the rock. This may have had the effect of concentrating U at the 
fissure surface, then under conditions leading to the dissolution of the Mn phase, the 
mobility of U could have been enhanced. 
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3.4 The Distribution of Elements Down three Drill Holes and 
Element-Element Associations 

Fifty-two samples were analysed by PIXE-PIGME for 30 elements, XRF was used for 
analysing for P, DNAA was used for U, which was also included in the PIXE set, and 
INAA was used for analysis of rare earth elements and also U. Forty-eight of the 
samples were from three vertical profiles through different zones of the Koongarra U 
deposit. The three profiles were: 

M1 Primary mineralised zone, U leached from the weathered zone. 
M2 Secondary mineralised zone. 
M3 Adsorbed zone, where U was proposed to be adsorbed onto matrix constituents. 

Another three samples were taken from W2 13 m, which contained what appeared to be 
a redox sequence; bands of grey heavy clay material were banded by orange grading 
to red clayey material, in a generally very weathered red micaceous rock sample. 

A description of the PIXE analyses, and the results frcm PIXE, XRF and DNAA analyses 
was given by Clayton et al. (1990), and the INAA analysis for REE was given by Edis 
(1991). Figure 3.4.1 shows the comparison between the three methods used for U 
analysis. The three methods were in good agreement, and it was decided that for 
interpretation the results from DNAA would be used where available. 

Table 3.4.1 gives the range of values detected for various elements. The data has been 
arranged to produce concentration profiles for elements present in detectable quantities 
by the techniques employed, and to determine associations between elements. 

Elemental Concentration Profiles 

Figures 3.4.2 to 3.4.26 show the depth profiles of F, Li, Na, Al, Mg, Si, P, S, K, Ca, Ti, 
V, Cr, Mn, Fe, Ni, Cu, Zn, Ga, As, Rb, Y, Zr, Pb and U, in M1, M2 and M3. Different 
subsamples for the same depth have been plotted separately to show the impact of 
particular kinds of subsampling on element concentrations. Elements analysed, but 
present at levels below the detection limits, were S in M1; Pb in M3, and Se, Br, Sr, Nb, 
Mo and Th in all drill cores. 

Element-Element Correlations 

Correlation matrices were calculated for measured elements using the Statview statistical 
package. Matrices were calculated using the data in two forms; firstly as presented by 
Clayton et al. (1990), and secondly with the Si0 2 component removed. The 
transformation for the Si0 2 adjusted data was: 

(X/[(% total oxides SiO2)/100)] 

where X = sample value for an element concentration. 
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This gave concentration values for the non-Si02 fraction. This transformation was 
considered of interest because Si0 2 tended to dominate the system while essentially 
being geochemically inert. The concentrations of many elements were governed by the 
amount of Si0 2 present, especially as quartz, simply because Si0 2 takes up space and 
dilutes other elements. 

Table 3.4.2 gives the elements correlated with each element at the 5 % and 1 % levels 
of significance for the whole sample data. Treated separately were the weathered 
samples from each hole, all weathered samples together, unweathered samples from M1, 
and all unweathered samples. The null hypothesis tested was that the correlation 
coefficient between each element = 0. Table 3.4.3 gives the same information for the 
Si0 2 adjusted data. In discussions about associations between elements, more 
emphasis has been given to the Si0 2 adjusted data. The sample sizes from which 
correlation coefficients were calculated were smaller than ideal, but it was felt that 
correlations between elements using data from the same hole, would give better guides 
to element-element associations than from pooled data from many holes. Consequently 
the risk of a dramatic effect from an outlier is high, and this needs to be considered when 
elucidating associations, particularly in the case of unweathered samples. Very few 
unweathered samples were analysed in this study, however, Ferguson and Winer (1980) 
compiled a large set of analyses of Cahill formation rocks, which included many samples 
from the Koongarra deposit. Values for unweathered samples from, or in the vicinity of, 
the Koongarra No.1 ore body were recompiled into three groups according to U contents: 

[U] > 500 ng/g 
40 ^ g < [U] < 500 jig/g 
[U] < 40 ug/g. 

Correlation matrices for the three concentration groups were developed using the method 
described above. The means and standard deviations of elemental concentrations and 
the correlating elements at the 5 % level of significance are presented in Tables 3.4.4, 
3.4.5 and 3.4.6. The three [U] groups were chosen to represent highly mineralised, 
weakly mineralised and intermediately mineralised samples, and samples away from the 
mineralisation. 

The concentration of the elements and the manner in which these elements associate 
with each other appeared to vary between the three M holes, and to vary with depth 
within each hole. Some major elements may be useful as mineralogical indicators, and 
are therefore useful in discussing associations between minerals and elements. For 
example, Fe in the weathered zone indicates Fe oxides and Si is a major constituent of 
quartz, clays, mica, chlorite and altered chlorite. Aluminium indicates clays, mica or 
chlorite, K indicates mica, and Mg often indicates chlorite, particularly in unweathered 
samples, and possibly smectites in the weathered samples. Depending on the values 
for K and Mg, Al can sometimes be used to more specifically indicate clays, such as 
kaolinite. 
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Fluorine 

A common occurrence of fluorine in rock and soil, is as a substitute for hydroxyl groups 
in many minerals, particularly micas, chlorites and phosphates (Kebata-Pendias and 
Pendias, 1984). The most common F mineral is the F end-member of apatite, 
fluoroapatitie (Ca10(PO4)6F2). Fluorine is readily adsorbed by clays, and its mobility is 
usually slight as a consequence. In weathered Koongarra samples F appeared to follow 
the distribution of K and was correlated with K. This suggests a predominant association 
of F with mica. Fluorine occurred in similar concentrations in all three M holes, and 
appeared not to be greatly affected by Fe oxide zoning. In M2, F appeared to be slightly 
more concentrated in the 45-100 \im and the < 2 fim fractions than in the < 2 mm or > 
2 mm fractions (see Figure 3.4.2). 

Fluorine appeared to be neither enriched or depleted in mineralised zones. In 
unweathered rocks, F tended to correlate with elements correlating with K, suggestive 
of an association mainly with mica. 

Lithium 

There was no clear overall pattern in the distribution of this reasonably mobile element. 
In weathered M1 samples, Li was correlated with Al, Ti and Zr, suggesting possible 
associations with clays, Ti0 2, and zircon respectively. In weathered M2 samples, Li 
appeared to be mainly associated with the < 2 \im size fraction, and in M3 there 
appeared to be an association between Li and Mn. Lithium was insensitive to Fe oxide 
zoning but was strongly affected by Mn zoning, especially in M3, suggesting scavenging 
of Li by Mn. The depth profile for Li at M1 suggests a leaching of Li from the weathered 
zone, while the distribution at M3 suggests an accumulation, especially near fissures 
where Mn coatings occurred (see Figure 3.4.3). Lithium may be a component of the Mn 
phase, such as in lithiophorite [(AI,Li)Mn02(OH)2], where Li occupies about F(1/3) of the 
Al octahedral sites (Wadsley, 1952). Although rarely reported in other parts of the world, 
lithiophorite has been frequently identified in Australian soil (McKenzie, 1989). 

There appeared to be no obvious difference in the amounts of Li in the high and low [U] 
samples. In the unweathered low and medium [U] groups, Li was correlated to chlorite 
elements like Mg and Fe(ll) (Tables 3.4.5 and 3.4.6). In the high [U] group, Li correlated 
with elements that may be expected to occur with resistant minerals like zircon and 
monazite (Zr, Th, Y, Hf). Many of the weathered zone samples were well below levels 
in unweathered rock, particularly from M1, and some were well above, particularly from 
M3, suggestive of a redistribution with weathering. 

Sodium 

This highly mobile element appeared to be associated with mica in M1 and M2, 
weathered and unweathered zones. In M3, no associations with Na were apparent. In 
M2, Na appeared most concentrated in the 45-100 urn size fraction. 

In unweathered samples, Na was very variable in the low [U] samples, possibly indicating 
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a greater range of rock types than in mineralised regions, although there did not appear 
to be any great differences between the three groups. In the low and intermediate [U] 
groups and the weathered zone at M1 and M2, Na tended to correlate with Al and K, 
suggestive of a relationship with micas. 

Aluminium 

Aluminium was present mainly in clay, mica and chlorite and was used as an indicator 
of these minerals. Sometimes Al was used more specifically as an indicator for clays. 
In M1 weathered samples, elements which appeared to be associated with Al were F, 
Li, Na, Ca, Ti, Zr and Ga. In M2 weathered samples, only Ga was correlated with Al, 
and in M3 weathered samples F, K and Rb correlated with Al. Sodium and Ca were 
correlated with K (mica) in M1, and this may be the nature of their association with Al, 
similarly for F, K and Rb in M3. Lithium may be directly associated with Al in the form 
of clays or indirectly associated via an association with Ti and Zr minerals. Gallium has 
a very similar geochemistry to Al (Kebata-Pendias and Pendias, 1984) and would be 
expected to often follow the same distributions as observed here (see Figure 3.4.5). 

The unweathered samples described by Ferguson and Winer (1980) contained very 
similar amounts of Al in the three [U] groups, but had quite different correlating element 
sets. Elements that correlated with Al in two of the groups were Ti, K, F, Sc, Na, Rb, Zr 
and Be. Interestingly, in no cases did Al correlate with Mg, which would have been 
suggestive of chlorites. However, Al did correlate with elements suggestive of mica, such 
as K and Rb, and elements associated with K or Rb (Na, Ti, Zr, Sc, Zr and Be). 

Magnesium 

Magnesium concentrations were very depth dependent as shown in Figure 3.4.6. Much 
higher concentrations were present in unweathered than weathered samples, owing to 
the high mobility of Mg after alteration of chlorite and vermiculite, which are the major 
sources of Mg. In M2 weathered, Mg was most concentrated in the fine clays (< 2 urn). 
In the weathered samples, Mg may have been in the form of chlorite and vermiculite 
remnants, talc and smectites, as well as an exchangeable cation. In weathered M1 and 
M2, there were only a few samples in which Mg was detectable, and so no correlations 
were made. This also suggests very little smectitic material present in these profiles. In 
the M3 weathered samples, Mg correlated with F, K, Rb and Ti and Zr, and was 
suggestive of greater amounts of smectite, as reflected in XRD patterns. The association 
with Ti and Zr may be through the observed presence of acicular inclusions of rutile and 
zircon in chlorite grains (Duerden et al., 1991; Murakami and Isobe, 1990). There did, 
however, appear to be a mutual association of these elements with mica. M3 contained 
larger amounts of K than M1 or M2, suggestive of a more micaceous material, as was 
observed visually and by XRD. 

No differences in the amount of Mg in mineralised and unmineralised areas were 
observed for unweathered rock. Although Cahill formation U deposits all occur in chlorite 
schist, mineralised zones did not appear to contain more chlorite than unmineralised 
zones. Magnesium correlated negatively with elements representing quartz and mica (Si, 
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K, Rb), and correlated positively with Ni, Fe(M) in the high and medium [U] groups, with 
Li in the medium and low [U] groups and with Zn and F in medium and low [U] groups 
Orespectively. The relationship of Fe(ll) with Mg was possibly from high Fe(ll) chlorites 
associated with U mineralisations. Nickel may also have been included in the interiayer 
hydroxide sheet of chlorite (Barnhisel and Bertsch, 1989), but this has not been reported 
for Alligator Rivers region chlorites. 

Silicon 

Silicon was present in quartz, but also in the alumino-silicates. Silicon was negatively 
correlated with many elements, including some alumino-silicate elements. Only in the 
M series unweathered samples did Si appear to correlate positively (S, K, Cr and Rb) 
(see Figure 3.4.7). 

In unweathered samples from the Ferguson and Winer data set (1980), Si0 2 consistently 
made up about 62 % of each sample. No positive correlations between Si and other 
elements were observed, and several negative correlations were apparent with major 
rock forming and trace elements (Fe(ll), Mg, Zn, Ti, Al, Li, Sc, Ni, F). 

Phosphorus 

Phosphorus was present in similar quantities in all the M series holes (see Figure 3.4.8), 
although M2 and possibly M3, had higher values in the unweathered rock. In M1, P 
appeared to be associated with the Fe oxides, and was also correlated with U and As. 
The correlation with U in M1, plus the non-correlation of U with Fe, suggests that uranyl 
phosphates may have been present in this zone. 

Subsampling of Fe-rich zones showed that U was most concentrated in these areas. 
These uranyl phosphates may have been unevenly distributed throughout the Fe oxide 
containing matrix, and may have been more concentrated in the vicinity of fissures and 
remnant schistosity. In M2 weathered, P was also correlated with Fe (and hence Fe 
oxides), and with U. As the samples came from the zone of uranyl phosphates, much 
of the U is likely to have been in such a form, concentrated in the vicinity of fissures and 
remnant schistosity. In weathered M3 samples, P was correlated with Fe and Cu, but 
not with U. 

In general, for the weathered samples, P was associated with Fe oxides. Phosphorus 
was also associated with U in zones where U mineralisation may have occurred (M1 and 
M2). For unweathered M series samples, P was correlated with S, Ca, V, Cu, As, Y, Pb 
and U (Table 3.4.3). Sulphur, V, Cu, Y, Pb and U all correlated with each other, and As 
correlated with most of these. Thus there appeared to be a block of elements, including 
P, V, S, Cu, As, Rb, Y, Pb and U, which were associated in unweathered M series 
samples and may have involved U mineralisation near the graphitic hanging wall unit. 
All showed higher than usual values, as did Ca and Ga in the high grade primary ore 
zone sample from the bottom of M2. Snelling (1980a) observed apatite inclusions in 
some grains of pyrite, and this was possibly the nature of the relationship between P, Ca 
and S in the unweathered samples. The high [U] sample from M2 48.5-50 m was from 
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just below the graphite hanging wall unit, and contained high sulphide concentrations. 
The correlations may have been due to this single high U sample from a pyrrtic zone. 

Phosphorus in unweathered samples from the Ferguson and Winer set (1980) was very 
variable in concentration and did not appear to be higher in mineralised zones. 
Phosphorus correlated to Ca in the high and medium [U] groups, suggesting that apatite 
was the major P source, and that other forms of Ca, for example carbonates, were not 
major contributors to the Ca content, at least in the two higher [U] groups. The similar 
amounts of P away from mineralised zones, and the similar amounts in the weathered 
zone at M1, M2 and M3 conflict with the theory that the uranyl phosphate zone may have 
been due to the presence of a P anomaly in that area (Sverjensky, 1990). Since P 
tended to be mobilised only very locally with weathering, a P anomaly in the weathered 
zone should have been reflected in the unweathered zone. 

Sulphur 

The distribution of S was very depth dependent, being present in significant quantities 
only in unweathered samples from M2 and M3 (see Figure 3.4.9). Unweathered samples 
from M2 contained much more S than samples from M1 or M3. Some S was detected 
in the < 2\im fraction of M2 25 m, but none at shallower depths. The higher values of 
S in M2 reflect the proximity of the graphitic hanging wall unit, and the accompanying Fe, 
Cu and Pb sulphides. At the early stages of weathering, sulphides were probably 
oxidised to sulphates and leached away. In unweathered samples from the M series, S 
was correlated with P, Ca, V, Cu, As, Rb, Y and U. 

In unweathered samples from the Ferguson and Winer set (1980), S was very variable, 
both in amount present and correlating elements. Calcium was the only element to 
correlate with S in two groups. As mentioned earlier, P correlated to Ca in these 
samples and a relationship between apatite and sulphides was suggested. In the high 
[U] group Pb correlated to S, possibly due to the presence of galena. Also in the high 
[U] group, S correlated positively with Fe(lll) and the light rare earth elements La and Ce; 
but was negatively correlated with Zr, Th and Y (as well as Al, Na and Li). The medium 
[U] range had Cu correlated with S, possibly due to chalcopyrite presence. Phosphorus, 
As, Rb, Y and U, were correlated to S in the M series of samples, but not in the 
Ferguson and Winer set (1980). 

Potassium 

In the present study, K was used as an indicator of micas. Except for a band of 
micaceous material at about 13 m, there appeared to be much less K (and mica) in 
weathered M1 samples compared to M2 and M3, and there seemed to be more K (and 
mica) in unweathered M3 samples than those from M1 and M2 (see Figure 3.4.10). 

In weathered samples from M1, K was correlated with Rb, Y, F, Na and Ca. Fluorine, 
Na and Ca also correlated to Al. Rubidium has similar geochemical properties to K, and 
the two are often associated (Kabata-Pendias and Pendias, 1984). Yttrium may reflect 
rare earth element distributions particularly to light rare earths, which may be related to 
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micas at M1. The relationship of K with F has already been discussed. Sodium and Ca 
may be present with K* ions between expanding mica layers. The main mica types 
present in the weathered samples were likely to be muscovite, and the more ambiguous 
illite. In the unweathered zone, muscovite sericite and biotite were probably the major 
micas. Biotite is more readily weathered than muscovite. In weathered samples from 
M2, K correlated with Rb and Na, and in weathered samples from M3, K correlated with 
Mg, F, Ti, Rb and Zr. 

The potassium content in unweathered rocks was very variable, reflecting the uneven 
distribution of mica in the rocks. Mineralised samples did not contain particularly different 
amounts of mica to unmineraiised samples. Elements that correlated positively with K 
in all [U] range groups were Rb and Ba, while Ti, Al and Na correlated with K in two [U] 
ranges. 

Calcium 

In weathered samples the relationships with Ca appeared to be different for the three M 
holes (see Figure 3.4.11). In M1, Ca appeared to be associated with K (micas), while 
in M2, Ca was only correlated with Cr. In M3, Ca was correlated with Fe and with other 
elements associated with Fe oxides (Ga, As, U, Na, Cr, Ni and Zn). Calcium was more 
concentrated in unweathered samples than weathered samples, especially at M1 and 
M2. The sources of Ca in unweathered rock probably included apatite and possibly 
carbonates. 

Calcium was present in very variable amounts in unweathered rocks, and was correlated 
with Pb and P in the high and medium [U] groups. Other elements that Ca correlated 
with were S, V, Fe(ll), Nb, Ga, Li and F. Some of these elements also correlated with 
Ca in weathered samples. Negative correlations in the unweathered samples were 
significant with Na, Th, Zr, Cu and Si. 

Titanium 

In weathered samples, Ti was correlated with Zr for all holes. Zirconium was present in 
much smaller amounts than Ti and often followed the distribution of Ti. Acicular 
inclusions of rutile, and possibly sphene and zircon, have been observed in chlorite 
grains from M2 25 m (Duerden et al., 1991). Bain (1976) reported that Ti in podsols 
developed on glacial drift occurred almost entirely as cryptocrystalline anatase. Rutile 
and anatase have been observed in the weathered zone at Koongarra, and are likely to 
be the major source of Ti (Gray, 1986). In weathered M1 samples, Ti was also 
correlated with Al, suggesting a possible association with clays. In M3 weathered 
samples, Ti was correlated with K and Mg, suggestive of possible associations with mica 
and altered chlorite. In unweathered M series samples, no clear associations were 
present, but Ti probably occurred as rutile (in chlorite inclusions and separately) and in 
biotite remnants. Titanium is generally assumed to be immobile in weathered systems 
(Milnes and Fitzpatrick, 1989), which is consistent with the depth profiles at M1 and M2. 
Slightly higher Ti contents were observed for the weathered zones at M1 and M2, than 
at M3 (see Figure 3.4.12). 
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In unweathered samples from the Ferguson and Winer data set (1980), Ti was positively 
correlated to mica related elements (K, Rb, Na, Ba, Zr, Nb, Cs and Sc) in the highest and 
lowest [Ul groups. In the medium [U] group, Ti correlated to Al, Sc and F, where F was 
frit; only element that also correlated to K. Gallium and Be appeared to be the only 
elements that were correlated to Ti almost uniquely. Biotite in particular may be 
considered a major source of Ti and the correlating of Ti with mica may suggest 
incomplete chloritisation of the biotite. 

Vanadium 

Vanadium was present in fairly similar and small amounts in the three M holes (see 
Figure 3.4.13). Vanadium appeared to be sensitive to Fe oxide zoning, being most 
concentrated in Fe-rich areas. In M1 and M2, V was correlated with Fe in weathered 
samples. In M3, V was correlated only with Y. In unweathered M series samples, V 
correlated with many elements, being included in that block of elements discussed in the 
description of P distribution. Norrish (1975) noted a high degree of association of V with 
Mn and K, but this was not the case here. Norrish (1975) also suggested that Fe oxides 
may entrap V, as was observed here. Uranium forms vanadate species far more 
insoluble than phosphates, and a uranyl vanadate of the carnotitetyuyam unite series has 
been observed at Koongarra (Tucker, 1975). The amounts of V found, while generally 
small (< 300 ng/g) may influence the mobility of U, if present in a suitable form. 

Tables 3.4.4, 3.4.5 and 3.4.6 show that V correlated to Sc, Ni and Cu in unweathered 
rock for two [U] ranges, in the highly mineralised group, V also correlated with P, Co and 
Zn, and correlated with S in the medium [U] group. In the low [U] group, V correlated 
to U as well as Ni. Some of the U-rich samples contained much more V than than 
U-poor samples. 

Chromium 

There were no clear trends in the distribution of Cr or in its relationships with other 
elements (see Figure 3.4.14). Interestingly, Cr appeared to be concentrated in the 
fractions > 2 ^m and > 2 mm in the M2 profile. Silicon was the only element to have a 
similar size distribution. In the weathered M3 samples, Cr correlated with U, and this 
Tiay have been because of an undetected relationship with Fe oxides. 

Manganese 

The levels of Mn in M1 were considerably lower than in M2 and M3, especially in the 
weathered zone (see Figure 3.4.15). In M2, there appeared to be some enrichment, 
especially in the top 10 m, followed by fairly constant levels with increased depth. M3 
samples from 10 m and 13 m contained Mn oxide coatings, leading to the high Mn levels 
at these depths. These coatings were probably lithiophorite or possibly todorokite. 
Lithium was correlated with Mn in weathered M3 samples, suggesting a possible 
scavenging or incorporation effect of Mn oxides on Li. In M2, Mn was correlated with Fe 
and other elements associated with Fe oxides. The low values of Mn in weathered 
compared to unweathered samples in M1, suggest a leaching of Mn from this area with 

76 



weathering. Furthermore, the low values of Mn in weathered compared to unweathered 
samples in M3, together with the observation of Mn oxides coating fissures, suggests 
deposition of Mn in the vicinity of M3 after leaching from an up gradient position (M1). 
X-ray diffraction patterns from M1 10 m and 13 m black, where the most Mn was 
observed, contained unique peaks which fit closest to litlrophorite as the Mn phase. 

Tables 3.4.4, 3.4.5 and 3.4.6 show that similar amounts of Mn were present in 
mineralised and unmineralised unweathered samples, althoi igh the relationships of Mn 
with other elements were different for the three groups. In the high [U] samples, Mn was 
the most abundant element that correlated with [U], also correlating with Mn in these 
samples was Nb, Zn and Mo. In the medium [U] samples, Mn only correlated to Y, and 
in the low U samples, Mn correlated to Ca and S. 

Analysis of Mn nodules from DDH92 18.0 m (see Section 3.2) showed that these phases 
were the only phases that contained detectable quantities of Co. Taylor and McKenzie 
(1966) found that almost all the Co in many soil types was associated with Mn phases. 
Edis (1991) found a strong relationship between concentrations of Mn, Ba and Co in 
phases extractable by Tamms acid oxalate reagent, in weathered samples from 
Koongarra. 

Iron 

Iron was used as an indicator for Fe oxides in the weathered zone, particularly goethite, 
hematite and ferrihydrite. The most Fe oxide rich zone consisted of 27 % Fe203, while 
the most Fe-depleted zone consisted of < 1 % Fe 20 3. In M1 weathered samples, 
elements that were positively correlated with Fe were P, V and As. Other elements that 
did not correlate sinificantly, but were much higher in Fe-rich than Fe-poor zones were 
Ni, Cu, Zn and U. In M2 weathered samples, the size fraction dependence of Fe was 
variable with depth. At 3 m, Fe was most concentrated in the <2 mm fraction, probably 
due to formation of small nodules > 2 urn. At 13 m and 25 m, Fe was most concentrated 
in the < 2 urn fraction, reflecting the fine nature of unaggregated Fe oxides (see Figure 
3.4.16). Elements that correlated with Fe in M2 weathered samples, were P, V and As 
(as for M1) and Mn, Cu, Y and Zr. In M2, P also correlated with U and Cr, and U had 
a similar particle size distribution to Fe, suggesting that U and Cr may also have 
associations with Fe oxides. In weathered M3 samples, elements that correlated with Fe 
were P and As (as for M1 and M2), and Zn, Ca, Ni and U. Zinc, Ca, Ni and U also were 
correlated with Cr and Na in weathered M3 samples. 

From the depth patterns and correlations of elements, it would appear that the elements 
most affected by the distribution of Fe oxides were P, As, Mn, V, Ni, Zn, Cu and U. The 
strengths of these associations varies between holes and with depth. The distribution 
of many elements, such as U and Mn, may be greatly affected by physical location 
factors, and may be restricted, for example, to the vicinity of fissures, thus being unable 
to penetrate evenly throughout the rock matrix.ln the data compiled by Ferguson and 
Winer (1980), Fe was separated into ferric (Fe203) and ferrous (FeO) forms. The Fe(ll) 
: Fe(lll) ratios for the three [U] groups were not particularly different, nor were the 
amounts present. However, the correlating elements were quite different between groups 
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and between Fe oxidation states. In the low [U] group, Fe(ll) only negatively correlated 
with Co, while for the high and medium [U] groups Fe(ll) correlated with Mg, suggestive 
of high Fe(ll) chlorite. Nickel also correlated with Fe(ll), as it did with Mg, in the high [U] 
group, and in the medium [U] group Fe(ll) also correlated with Li and Zn, which also 
correlated to Mg. These correlations with chlorite related elements further suggested the 
presence of high Fe(ll) chlorites associated with the U mineralisation. Iron(lll) did not 
correlate with any major rock forming elements, only with the trace elements S, La and 
Ce in high [U] samples; Ca, Nb and Ga in medium [U] samples, and P, Pb, Zn and Mo 
in low [U] samples. The nature of Fe(lll) in unweathered rocks is unclear, but may be 
due to hematitic alteration of the host rock. While hematitic alteration is present in the 
ore zone, and not in rocks down gradient, this may be connected more to the 
unconformity with the sandstone then with the U mineralisation since Fe(lll) did not 
correlate with U. 

Nickel 

Nickel appeared to be associated with Fe oxides in weathered samples. In M2 
weathered samples, Ni was most concentrated in the <2 urn fraction. In M2 and M3, Ni 
correlated to U, and in M3, with other elements that were correlated to Fe. There was 
possible more Ni present in unweathered samples from M1 than from M2 or M3 (see 
Figure 3.4.18). In the unweathered sample data, compiled by Ferguson and Winer 
(1980), there was little difference in Ni content between mineralised and unmineralised 
samples, although Ni did correlate with U in samples with < 40 ng/g U. Nickel also 
correlated with Mg and Fe(ll) suggestive of an association with chlorite. Tucker (1975) 
suggested elevated Ni concentrations associated with U mineralisation at Koongarra. 

Copper 

Copper was generally present in small amounts in M1 compared with M2 and M3, and 
M2 had far more Cu than M3. Copper appeared to be very sensitive to particle size, with 
the < 2 urn fraction being by far the most concentrated (see Figure 3.4.18). Copper was 
correlated to Zn in M1, Fe in M2 and P in M3. In M1, the Cu concentration seemed to 
be influenced by the distribution of Fe oxides. The depth profiles for Cu were quite 
erratic and inconsistent down the three holes, and did not follow similar trends to any 
other element. Harter (1979) reported that for subsurface soil horizons adsorption of Cu 
was highly related to vermiculite content. In the present study, the sources of the Cu are 
unclear, since the three profiles tended to contain more Cu in the weathered than the 
unweathered rock, although the high [U] sample from the bottom of M2 showed high Cu 
content. 

In unweathered samples, Cu correlated to V in the high and medium [U] samples. In the 
high [U] sample, Cu also correlated with Pb, which correlated to G, ana >r, the medium 
[U] group Cu correlated directly to S. This suggests the chalcopyrite may be an 
important Cu phase. Compared to the unweathered samples oollated by Ferguson and 
Winer (1980), samples from M2, particularly the high [U] sample just below the graphite 
hanging wall unit, contained very high Cu concentrations, and this may be related to the 
very high S concentrations observed at this point. 
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Zinc 

Zinc occurred in similar concentrations in the three M holes, and similarly to Cu, was very 
particle size dependent. In M2, Zn was most concentrated in the < 2 |xm fractions (see 
Figure 3.4.19). In M1 and M2, the Zn concentrations peaked near the base of 
weathering. In M1 weathered samples, Zn appeared to correlate with U, as well as Cu, 
and in M3 Zn correlated with Fe oxides. In the medium [U] unweathered samples Zn 
correlated to chlorite elements like Mg and Fe(ll), but this did not occur in high or low [U] 
samples. 

Gallium 

Generally Ga followed the distribution of Al, and was present only in trace amounts (see 
Figure 3.4.20). In weathering, Ga behaves like Al, and is often correlated to clay 
fractions in soils. Gallium also often shows a correlation with Fe and Mn oxides 
(Kabata-Pendias and Pendias, 1984). In M3 weathered samples Ga correlated with 
three elements that correlated with Fe oxides (Ca, As, U). In unweathered samples from 
the Ferguson and Winer set (1980), the Ga concentration was similar for the high and 
medium [U] sampler, which appeared to contain more Ga than the low [U] samples. 

Arsenic 

Generally present in trace amounts, As appeared to be greatly affected by the distribution 
of Fe oxides in the weathered zone, correlating with Fe in the three M holes. A strong 
relationship between As and Fe oxides has been reported by several authors (eg. Belzille 
and Tessier, 1990). In the unweathered zone, As was probably present with pyrite, being 
most concentrated in the high grade primary ore zone at the bottom of M2 (see Figure 
3.4.21). 

Rubidium 

Rubidium was generally closely associated with K owing to similar geochemistry during 
weathering. Rubidium always correlated to K (mica) for the unweathered samples 
presented by Ferguson and Winer (1980). The bonding forces to silicates appear to be 
stronger for Rb than K, leading generally to a decrease in the K/Rb ratio with soil forming 
processes (Kabata-Pendias and Pendias, 1984). No clear trend with depth was observed 
here, with K : Rb ratios of 187204 in the weathered samples and 16227 in the weathered 
samples. The reasons for the high Rb value observed at the bottom of M2 (high grade 
primary ore), and the correlation of Rb with P, S, V, Cu, Ga, As, Y, Nb and U in 
unweathered samples are uncertain, but may be related to the nature of the hanging wall 
unit constituents (see Figure 3.4.22). 

Yttrium 

Although present in trace amounts, Y may indicate the distrioution of rare earth elements. 
Similar concentrations of Y were observed in the three M holes, with the largest amount 
being present in the sample from the bottom of M2 (high grade ore) (see Figure 3.4.23). 
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Yttrium was correlated with Zr in M2 and M3, suggesting that zircon may be a major 
source of rare earth elements in the weathered zone. In M1, Y was correlated with K 
(mica). Yttrium correlated with Zr in the high [U] range samples (Table 3.4.4) and with 
various rare earth elements (La, Ce, Hf) in unweathered samples (Tables 3.4.4, 3.4.5 
and 3.4.6). 

Zirconium 

Similar geochemically to Ti, Zr correlated with Ti in weathered samples from M1 and M3 
and in the low [If] range unweathered samples from Ferguson and Winers1 data set 
(1980) (Table 3.4.6). Zirconium probably occurs mainly in zircon grains, with some also 
present in sphene. Zircon may be a major source of Th and rare earth elements (see 
Y). In unweathered samples with high and medium [U] concentration, Zr correlated with 
Th (Tables 3.4.4 and 3.4.5) and Zr correlated with Y in the high [U] group. Edghill (1990) 
reported the observation of zircon grains in weathered schist at Koongarra. Zirconium 
is considered an immobile element (Milnes and Fitzpatrick, 1989) that tends to become 
enriched with weathering and the removal of other constituents. This appeared to be the 
case at M1 and M2, but the Zr distribution was too erratic at M3, troughing at the base 
of weathering (see Figure 3.4.24). 

Lead 

There were only significant values of Pb present in weathered samples for correlations 
to be tested at M1, where Pb correlated only with U. In M2 all values of Pb in the 
weathered zone, except at 3 m and 8 m, were below detection limits. Levels of Pb were 
generally higher in the weathered zone of M1 than M2, even though there was much 
more U in the M2 weathered samples. This illustrates the greater mobility of U than Pb 
and that U was leached from the weathered zone at M1. In the sample from M2 3 m, 
the levels of Pb were higher than the levels of U. This suggests that U may have been 
leached from this material. From the size fractionation at M2, it would appear that Pb 
in the 3 m sample was associated with small Fe oxide nodules. The highest value for 
Pb was obtained from the high grade ore zone at the bottom of M2 (see Figure 3.4.25). 

Lead was also much more concentrated in unweathered mineralised samples than low 
or medium [U] samples (Tables 3.4.4, 3.4.5 and 3.4.6). Lead correlated with U in the 
medium [U] range unweathered samples only. In the high [U] samples Pb correlated 
positively with S, Ca (which also correlated positively with S) and Cu, and negatively 
correlated with Al, Ti, Na and Th (Al, Na and Th also correlated negatively with S). In 
the medium [U] range samples, Pb correlated with Ca (as well as U) and negatively 
correlated with the light rare earth elements La and Ce. The correlations with S suggest 
a relationship with sulphides, such as galena, and the much larger amount of Pb in 
mineralised samples suggests a large radiogenic origin of much of the Pb, however some 
of the samples with < 40 ng/g U also contained large amounts of Pb, up to 300 fig/g, 
suggestive of an authigenic component. 
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Uranium 

At M1, the levels of U in the weathered zone appeared depleted compared to the 
unweathered samples, whereas in M2 and M3, most U was in the weathered zone 
(except for the high grade ore sample at the bottom of M2) (see Figure 3.4.26). At M1, 
U correlated with P, suggesting the possibility of uranyl phosphates, and was sensitive 
to Fe oxide zoning. In weathered M2 samples, the U again correlated with P and 
followed a similar size fractionation to Fe. In M3 weathered samples, U was not 
correlated with P, but was correlated with Fe. Table 3.4.7 compares the amounts of U 
and P, and gives the proportion of P that could be included in uranyl phosphates. It can 
be seen in Table 3.4.7, that in all cases there is ample P present for all the U to be in 
the form of uranyl phosphates, suggestive that a P anomaly, superimposing the uranyl 
phosphate zone, is not required to account for the presence of uranyl phosphate 
minerals. At M1, U also correlated with Pb and Zn, and at M2 also with Ni and Rb. At 
M3, U was also correlated with other elements correlated with Fe (Ca, Ni, Zn and As), 
as well as with Na, r'.x and Ga. 

In unweathered M series samples, U was correlated with a block of trace elements; P, 
S, V, Cu, Ga, Rb, Y, Nb and Pb. These elements also correlated with each other, and 
may be involved in the U mineralisation near the graphitic hanging wall unit. Correlations 
for unweathered M series samples may have been strongly influenced by a single high 
[U] sample at this point. In unweathered samples from the Ferguson and Winer set 
(1980), U did not correlate with any major rock-forming element. Nash and Frishman 
(1983) also found U correlated with no major elements at Ranger. Ferguson and Winer 
(1980) reported a similar result for Jabiluka. 

Ferguson and Winer (1980) reported significant correlations between U and other 
elements, over a number of [U] ranges, for the pooled data of Cahill Formation rocks. 
Elements correlating with U in different [U] groups, at the 95 % level of confidence 
were: 

[U] > 500 jig/g : As, Nb, La, Ce, Mo, Pb, Sc and Co. 
[U] > 40 ng/g : As, Nb, Cu, W, Mo, Pb, Sc and Co. 
[U] < 40 *ig/g : P. 

Some of the above elements either correlated to U for the unweathered Koongarra data 
(Nb, Mo, Pb) or were not present in high enough quantities to give significant values (As, 
W). Some elements correlated to U in Cahill formation rocks at the regional scales, but 
did not appear to do so for unweathered rocks at Koongarra (Sc, Co, Cu, P, La and Ce). 
Lanthanum and Ce (the light rare earth elements) were negatively correlated to U at 
Koongarra. Arsenic and Cu positively correlated with U in unweathered samples from 
the M series. Elements correlating with U at Koongarra but not at the regional scale 
were Mn, Cs, Sn, Ca, Th and Ni. Manganese and Cs, while correlating with U in the high 
[U] samples, did not appear to be more concentrated in the high [U] groups compared 
to the low [U] group. 

Elements that seemed to be uniquely associated with the Koongarra mineralisation, 
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compared to the regional scale, the Jabiluka deposit (Ferguson and Winer, 1980) or the 
Ranger deposits (Nash and Frishman, 1983), were Ni, Sn and Th. The relationships 
between U and Sn, Y, La and Ce, appeared to be the reverse to that observed regionally 
and at Jabiluka. 

Rare earth elements 

The Cahill formation rocks in the Northern Territory have a pattern of rare earth elements 
similar to post-archaean Australian sediments (PAAS) (McLennan and Taylor, 1979, 
1980). Rare earth element patterns in samples from M1, M2 and M3 were compared to 
PAAS, by first normalising the concentrations to the samples La value, then normalising 
the value to the corresponding concentration of the element in PAAS. Figure 3.4.27 
shows plots of La and PAAS corrected rare earth element concentrations. Most samples 
from M1 showed patterns similar to that shown by M1 32, showing relatively much larger 
amounts of heavy rare earth elements (HREEs) with a maximum at about Dy. The 
exceptions were subsamples of heavy bleached clay bands, and the unusually 
micaceous sample at 13 m and the surficial sample. These samples had trends similar 
to PAAS. Both weathered and unweathered schist samples from M1 gave high HREE 
REE patterns. Virtually all samples from M2 showed REE patterns near to PAAS, as in 
M2 32 m. The exception was at 25 m, where higher relative HREE contents were 
observed. Samples from M3 also gave similar trends to PAAS (see M3 31 m in Figure 
3.4.27), with one exception. This was the high Mn subsample from M3 13 m, which 
showed a HREE enriched REE pattern, similar to those observed for samples from M1. 
The fissure coating material may reflect the pattern of REE in the ground water, since it 
can be regarded as a precipitate, and not the bulk rock. Consequently, it may be 
suggested that REE trends in fracture coatings reflect the source of the groundwater. 
This would require an equal entrapment of LREEs and HREEs, and this was not 
necessarily the case. 

The patterns of the REEs in samples from M1 suggest that the primary mineralised area 
is characterised by a negative La anomaly, and is relatively very high in HREEs, with a 
maximal at about Dy. This is similar to published data on high [U] samples from the 
Cahill formation (McLennan and Taylor, 1979, 1980). Similar relative REE patterns 
occurred at the base of weathering at M2 (25 m) and in an M3 sample containing large 
amounts of Mn coating fissures (13 m black). Trends of REEs similar to the zone of 
primary mineralisation may suggest contact of the sample by water from that zone. 

Bleached heavy clay bands and the surficial sample at M1 showed REE patterns similar 
to PAAS and non-mineralisation zone samples at Koongarra. Two possible explanations 
may be proposed; that these samples never experienced the REE signature of the 
mineralised zone, either at the time of primary mineralisation or during weathering, or, 
that the weathering and pedological processes involved in these samples, including redox 
processes, resulted in the preferential leaching of HREEs. The proposed explanation 
here is that, U mineralisation was associated with the deposition of REEs greatly 
enriched with HREEs, and that this occurred preferentially in chlorite/biotite phases. This 
would explain near PAAS patterns at M1 13 m. This HREE enriched inprint would be in 
geochemically different positions to the pre-existing suite in zircon and monazite. 
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Consequently it may be expected that the HREEs may be preferentially leached. If the 
bleached clay bands corresponded to very weathered mica bands, both proposed 
explanations may have occurred to give these zones a near PAAS REE pattern. 

Summary 

The elements discussed above can be placed into several broad groups, based on 
different aspects of their distributions. They can be classified according to apparent 
mineral-element associations; response to weathering; relative concentration in the three 
zones (reflected by the three M series), or the effect of particle size. 

Elements with concentration distributions that appeared to be affected by the distribution 
of Fe oxides in the weathered zone included P, As, Mn, Ni, V, Zn, Cu and U. Those 
which showed affinity for mica-type minerals included Rb, F, Na and Ca. Chlorite and 
immediate alteration minerals, such as vermiculite, would be quickly weathered away in 
the weathered zone. In many unweathered samples, inclusions of Ti and Zr containing 
minerals were present and these may have remained associated with chlorite/vermiculite 
remnants at M3, and with clays (very weathered chlorite) at M1, although these elements 
often appeared more associated with micaceous minerals possibly biotite. Yttrium and 
probably REEs appeared to be associated with Mn oxide minerals, particularly at M3. 
Uranium and P were associated in zones where secondary U mineralisation may have 
occurred. In unweathered samples, some elements showed a particular affinity for S-rich 
zones, and these were Pb, Ca, Fe(lll), La, Ce, Sc, V, Cu and possibly Mn and P. 

Elements that appeared to be leached with weathering were Ca, U, S, Mn, Mg, Li and 
possibly Zn, K, F, Rb, V, Ni and Na. Elements that appeared to be less sensitive to 
weathering, or which were distributed in ways that could be explained in terms of mineral 
assemblages, were Cu, Si, Cr, As, Zr, Al, Pb, Y, Ti, P and Ga. However, Ga, P, Rb, S, 
V, Y, Pb, As and possibly Ca and Cu were particularly enriched in the primary ore zone 
at the bottom of M2. The elemental mineral relationship appeared to change with 
weathering for some elements, particularly U, P, V, Li, As, Mn, Fe, Mg, Cu, Ca and S. 

Some specific elements were much more or much less concentrated, in particular holes. 
Calcium and S concentrations were higher in unweathered M2 and M3; U, Cu and Rb 
concentrations were higher in M2; Pb levels were higher in M1 (except for the bottom 
and top of M2); Mn appeared depleted in M1 and enriched in the weathered zone at M3. 
Mg levels were higher in the M3 weathered zone than in the weathered zone at M1 and 
M2. Rare earth element trends appeared to show strong enrichment in HREE relative 
to REES at M1, and trends similar to PAAS in the majority of M2 and M3 samples. 

Four particle size ranges were analysed in the M2 samples and elements which were 
more concentrated in the < 2 urn fraction or in the > 2 urn fraction identified. The more 
concentrated elements in the < 2 \mm fraction were Ga, Li, Mg, Ni, Al, F, Zn and Cu. The 
elements with consistently increased concentration in the > 2 nm size range were Si, Cr, 
Zr, Ti and Mn. Iron and U were more concentrated in the > 2 urn particies at 3 m, but 
in the < 2 urn size range at 17 and 25 m, probably resulting from small Fe oxide nodules 
near the surface. Potassium, Rb, Ca and As were only minimally affected by particle 
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size; V and Y were increased in the > 
increased for the < 2 urn size at 17 m, anc 
but increased in the < 2 urn range at 3 m. 
As, P, S or Pb. 

2 urn size range at 3 and 25 m, but were 
I Na was increased for > 2 urn at 17 and 25 m 
Particle size effects were not investigated for 



3.5 Colloidal Studies 

Two sampling sets were collected and studied using different techniques and under 
different conditions. Therefore the results of each set will be presented and discussed 
separately, and then summarised together. 

Sample Set 1 

The first sample set was collected in August 1986, from pump holes PH56, PH14, PH49, 
KD2, PH14 and PH55 (see Figure 1.2.1), using the tangential filtration rig for 
concentrating the colloids. Colloid concentrate and ultrafiltrate samples were stored in 
either PVC or borosilicate glass bottles for a minimum of five days before mounting and 
EM examination. 

Chemical analyses 

Table 3.5.1 shows the values for chemical properties measured in the field. The values 
for pH and Eh suggest that U was present in the +6 state. The oxidation state of Fe is 
less clear, although the data points lean towards the Fe3*. Figure 3.5.1 shows the pH/Eh 
diagram for Fe with the range in which Koongarra groundwater occurred. Results for the 
field parameters show that there was little modification of the groundwater chemistry 
during ultrafiltration. A slight air leak occurred during sampling of KD2, which elevated 
dissolved oxygen (DO) levels in the ultrafiltrate. Also, during the sampling of PH56, some 
cascading of relatively oxidised groundwaters from more surficial aquifers may have 
occurred in the later stages of pumping, and may thus have influenced the samples 
studied. 

Table 3.5.2 shows the concentration of various elements in the colloid concentrate and 
ultrafiltrate samples. There was little difference between the two sample types. 
Concentrations of K, CI, S0 4 and U were consistently, but not significantly, higher in the 
colloid concentrate samples. Levels of Na, Mg, Si, Ca and Mn were not higher in the 
colloid concentrate samples, but were occasionally higher in the uttrafiltrates. Aluminium 
levels were generally very low (except in the colloid concentrate from PH56); as was 
expected considering the solubility of AI(OH)3 in this pH range. The amount of Al in the 
PH56 sample exceeded the solubility of AI(OH)3, so colloidal Al may have been present 
in this sample. Measurable levels of U and Fe were also retained by the Amicon 
ultrafiltration fibres (Ivanovich, 1988), either through colloid capture or adsorption. 

Electron microscopy 

Mounting artifacts: The initial mounting procedure used was evaporative mounting of 
a droplet of sample directly onto the grids, both with and without N 2 flushing. Many of 
the features observed on the grids mounted in this fashion were thought to have been 
produced by the drying process and the precipitation of dissolved species. Micrographs 
of some likely precipitation products are shown in Figures 3.5.2 to 3.5.5. The examples 
shown consisted of Na, Mg and CI from PH49 colloid concentrate (Figure 3.5.2), Zn and 
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CI from PH56 colloid concentrate (Figure 3.5.3), S from PH49 ultrafiltrate (Figure 3.5.4) 
and Al and Si from PH14 colloid concentrate (Figure 3.5.3). Particles shown in Figures 
3.5.2 and 3.5.3 were thought to be evaporation products because Zn, Mg and Na 
chloride or carbonate would be expected to be soluble. The materials shown in 3.5.4 and 
3.5.5 were non-crystalline, and when examined at high resolution (at about 300 000 x 
magnification), the particles in Figure 3.5.5 showed no structure to suggest that they 
consisted of accumulated particles. 

Titanium colloids: Crystalline, Ti-rich colloids, subangular in shape, of size 0.08 x 
0.06 \im to 0.17 x 0.13 urn were observed, often in dendritic clusters up to 1 |im long. 
Figure 3.5.6 shows a cluster of these particles. Twenty-four such clusters were observed 
from approximately 0.5 ml_ of colloid concentrate from PH56, evaporatively mounted 
approximately 25 days after sampling. These colloids resembled the anatase particles 
observed in soil by Weaver (1976). Anatase has been detected by XRD at Koongarra 
in soil (Gray, 1986) and in weathered rock (Foy and Pedersen, 1976). The electron 
diffraction patterns of the particles shown in Figure 3.5.6 were too disordered to provide 
a definite identification. The movement of colloidal anatase may have been important in 
the formation of zones of enrichment and coatings on the surface of pores, minerals and 
fractures, and offers an alternative process to transport of Ti as hydrous gels. The Ti was 
probably released during the alteration of biotite, followed by the oxidation of Ti3* (Evans 
and Raftery, 1980). Ti0 2 particles, probably mostly as rutile, but possibly also some 
anatase, have been observed as acicular inclusions in chlorite grains (Murakami and 
Isobe, 1989; Snelling, 1980). These acicular inclusions probably formed at the time of 
metamorphism of biotite to chlorite when released Ti, unable to fit in the chlorite 
structure, formed separate phases. 

Ca-rich particles: Crystalline, Ca-rich particles of various shapes and sizes ranging from 
0.06 to 0.6 [im were found in colloid concentrate samples from PH56 (see Figure 3.5.7). 
These particles were probably CaC03 and possibly formed as a result of post-sampling 
outgassing of C0 2. Thirteen groups of these particles were observed from approximately 
0.5 ml_ of evaporatively mounted sample. 

Particles containing Mg and Si: Non-crystalline particles, rich in Mg and Si, were found 
in the colloid concentrate samples from PH56 and PH49 after evaporative mounting. 
These particles were semi-ovoid, with diameters of 0.15-0.30 urn, and were often 
clustered together as shown in Figure 3.5.8. Small amounts of Fe, S, CI and Ca were 
often present in these particles, and Pb was detected in one particle. Six groups of 
non-crystalline Mg/Si particles were observed from about 0.5 mL of colloid concentrate 
sample from PH56, and 25 from PH49. Three crystalline particles rich in Mg and Si, and 
in one case containing Zn with a platy morphology were observed in colloid concentrate 
samples from PH56, and an example is shown in Figure 3.5.9. Talc [Mg6Si(Si802o)(OH)J 
has been detected at Koongarra (Snelling, 1980) and may have been a component of 
fissure coating material (see Section 3.2). 

Assorted particles: A few more types of particles were found only once in PH56 colloid 
concentrate samples. These included a native Au colloid (0.08 jim; Figure 3.5.10); a 
particle containing Al, Ni and Fe (1 urn; Figure 3.5.11), and a group of particles rich in 
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Fe and W (up to 1 jim; Figure 3.5.12). All three were crystalline. The W and Ni 
containing particles may have been contamination from equipment used before the 
concentration step, such as the pump. The Au colloid is more likely to have been 
genuine. A small grain of native Au was also observed in a thin section from Koongarra 
DDH119 55.6 m, on a fissure surface. 

Iron-rich particles: Iron-rich particles were dominant in all samples examined. Often 
these particles contained other elements, including Mg, Si, P, S, CI, K, Ca, Mn, Zn, Pb 
and U. These particles were mostly amorphous to weakly-crystalline, subangular to 
spheroidal in shape with a granular appearance and were probably aggregations of 
ferrihydrite. In ultrafiltrate samples the ferrihydrite particles were mainly single spheroidal 
particles, with diameters in the range of 0.15-0.30 urn. In colloid concentrate samples the 
Fe-rich particles ranged from 0.02-0.30 \im, and often occurred in long aggregates and 
clusters. The long aggregates were 0.15-0.30 urn wide and up to 5 fim long. Figure 
3.5.13 shows the various morphologies of the Fe-rich particles. 

Some objects resembling bacterial cells occurred in colloid concentrate samples from 
PH56, and these were coated with Fe-rich particles. These particles were only observed 
in PH56 colloid concentrate samples, and were not observed in the initial examination 
using mounting by evaporation. A small (< 0.05 \im long) apparently organic particle was 
also observed in one of the samples from PH56 colloid concentrate. Figure 3.5.14 shows 
electron micrographs of some organic colloids. 

There were approximately 10 times more Fe-rich particles in colloid concentrate samples 
than in ultrafiltrate samples from the same pump hole. Figures 3.5.15 and 3.5.16 show 
comparisons between ultrafiltrate and colloid concentrate samples for PH56 and PH55, 
and Table 3.5.3 gives the estimated particle concentrations derived from counting particle 
numbers on micrographs. Clusters and aggregates were counted as single particles for 
this analysis. 

Uranium was associated with many Fe-rich particles in samples from pump holes with 
high groundwater [U] (PH14 95 \ig U/L, PH49 217 \ig U/L). The high sorption capacity 
of ferrihydrite for U has been well documented by several authors (eg. Ames et al., 
1983c; Hsi and Langmuir, 1985), as has the association between U and Fe oxides in the 
weathered zone of Koongarra (eg. Nightingale, 1987). 

The presence of P and Pb in some of the ferrihydrite particles is of interest. While the 
levels of P in the weathered zone were not small (137-2073 \ig P/g sample), levels in the 
groundwater were generally low (5-600 ng/L; Duerden et al., 1991). Levels of Pb in the 
groundwater were not measured in this set of samples, but Pb in later samples of 
0.45 fim filtered water was below the detection limit of ICP-MS. Therefore the presence 
of P and Pb with these particles suggests that some may have been present in contact 
with the groundwater for some time, rather than simply being post-sampling precipitates. 

Ferrihydrite was the only type of colloid observed after four months of storage. Since 
these particles were present in ultrafiltrate samples as well as colloid concentrates, and 
were larger than about 10 nm, post-sampling oxidation and aggregation, and must have 
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produced some ferrihydrite during sampling or storage. However, the particles in the 
colloid concentrate samples were more numerous and included a larger size and 
morphology range, than in the ultrafiltrate samples. This suggests that some ferrihydrite 
particles were present in the groundwater before sampling. 

Flushing samples with r\L, during mounting did not effect the type or number of colloids 
found on the grids. This suggests that the mounting step was not the stage in which 
oxidation occurred. No differences were observed between samples stored in PVC and 
those stored in borosilicate glass containers. 

Oxidation and aggregation of the samples during sampling and storage had caused the 
formation of at least some of the Fe-rich colloids, and may have also changed the 
colloidal population in other ways. The presence of red precipitates in some samples 
while still in unopened containers, including ultrafiltrate samples, is evidence that 
oxidation and aggregation had occurred. The oxidation of Fe(ll) to Fe(lll) would have 
been followed by the formation of insoluble Fe oxides, hydroxides and oxyhydroxides 
such as ferrihydrite, which aggregated to form some of the Fe-rich particles observed. 
The freshly precipitated particles would have had highly adsorptive surfaces for dissolved 
species of U. 

The levels of Fe in the ultrafiltrate samples show that most of the Fe in the groundwater 
was in the ferrous state, since the solubility limit of "amorphous" Fe oxide was exceeded. 
It is conceivable that the groundwater, especially that near the surface, may become 
more oxidising, causing the formation of ferrihydrite colloids. As mentioned earlier, the 
pH/Eh regime suggests that Fe was near the Fe(ll)/Fe(lll) boundary. Payne et al. (1991) 
suggested that the amounts of Fe in the groundwater were in agreement with equilibrium 
with ferrihydrite. 

Particles 1-5 ^m: Particles deposited on the 1 urn filters were mainly clay-like, with 
chemical compositions corresponding to chlorite, kaolinite and mica. Iron was present 
on the filters as separate phases and as coatings on clay particles. Some of these 
Fe-rich particles from PH49 contained Pb and possibly some U. Micrographs of some 
particles found on the 1 urn prefilter (after filtration at 10 urn) are shown in Figures 3.5.17 
and 3.5.18 for PH56 and PH49 respectively. The presence of U on these prefilters was 
confirmed by Ivanovich et al., (1988). The SEM examination of the filters showed that 
there were few particles present, and that the filter pores were not blocked. The Fe-rich 
phases were possibly related to the ferrihydrite particles observed in the liquid samples. 

Summary of sample set 1 

Little colloid material was present in the groundwater at the time of sampling. The 
number of colloidal particles observed was small, corresponding to the small differences 
in the chemical analyses of the colloid concentrate and ultrafiltrate samples.The types of 
colloids observed which were likely to have been present in the groundwater included a) 
anatase-like colloids (Ti02), 0.07-0.17 ^m in diameter, b)crystalline and non-crystalline 
Mg/Si particles (0.1-0.6 urn), c) the native Au colloid (0.06 urn) and d) probably some 
ferrihydrite-like particles. With the exception of ferrihydrite, none of the colloids present 
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from a particular borehole were present in adjacent bore holes. This localised occurrence 
suggests that little colloidal movement occurred through the site. The poor stability of the 
colloids during storage suggests that the life of individual colloids may be quite short. 
Clays were the main particle types of size 1 -5 urn, compared to a colloidal population 
dominated by oxides. Some Fe oxiaes were present between 1 and 5 urn, and were 
possibly related to the Fe particles < 1 urn. 

Sample Set 2 

The second set of samples were collected in May 1988, from various depths of pump 
holes PH 80, PH15, PH14, PH49 and PH96 (see Table 2.2.2 in Section 2.2). The same 
field chemical analyses were carried out as for sample set 1, and the measured 
parameters and values are shown in Table 3.5.4. For this set of samples, the stirred cell 
was the main concentrating system used, partly due to failure of the tangential filtration 
rig early in the field trip. As described earlier, samples were isolated from the 
atmosphere, and were mounted in the field by centrifugation, immediately after 
concentrating the colloids. Due to the small volumes involved, no colloid concentrate 
samples were collected for elemental analyses. Elemental analyses were however 
carried out on 0.45 urn filtered groundwater samples using ICPMS, as shown in Table 
3.5.5. 

Electron microscopy 

Iron-rich particles: Farrihydrite-like particles were observed on all grids for all samples, 
and similar amounts of these particles appeared to be present in ultrafiltrate and colloid 
concentrate samples. Also the particles were quite fine compared to those observed in 
sample set 1. This suggests that oxidation of Fe2+ occurred during the mounting step, 
after concentrating the colloids, and that the Fe was present in the ferrous state. Iron 
particles were also often closely associated with other particles in colloid concentrate 
fractions, and therefore the crystallinity of these Fe particles was uncertain for this set. 

Clay particles: Two types of clay particles were present in the groundwater from three 
of the holes sampled. Highly crystalline particles, with elemental compositions 
corresponding to kaolinite and chlorite were present on grids from PH49 colloid 
concentrate samples, and kaolinite was found on PH14 and PH96 colloid concentrate 
grids. Approximately 7 x 107 particles of kaolinite particles, and 3 x 107 particles of 
chlorite, were present per L of 1 jim filtered groundwater from PH49 28-30 m depth. 
Approximately 1.4 x 106 kaolinite, and 3.6 x 105 chlorite, particles were present per L of 
1 (im filtered groundwater from PH49, sampled with a single bottom packer at 28 m. 
PH14 and PH96 colloid concentrate grids only contained occasional kaolinite particles. 
The estimated particle concentration in the 1 urn filtered groundwater was about 105 

particles/L for both PH14 and PH96. 

The sizes of the clay particles ranged from 0.14 to 1.1 urn, with an average size of about 
0.64 urn. The particles appeared to be platy, and were often in clusters. Iron particles 
were often associated with clay platelets, and in PH49,28-30 m, Pb and U colloids were 
also associated. Figure 3.5.19 a-b shows typical kaolinite particles and a typical chlorite 
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particle from PH49 28-30 m is shown in Figure 3.5.20. 

Silica Particles: Particles giving only Si in EDS spectra were found in samples of colloid 
concentrate from PH49 28-30 m. These were of a similar size and appearance to the 
clay particles, although they often appeared more blocky. The Si particles were mostly 
crystalline, and the crystalline particles were probably quartz, although the orientation did 
not allow detailed diffraction patterns. An example of crystalline Si particles is shown in 
Figure 3.5.21. The approximate concentration of Si particles in 1 \im filtered groundwater 
from PH49 28-30 m was 1.8 x 107 particles/L 

Lead Colloids: Highly crystalline Pb-rich colloids, sometimes with Zn, were observed 
on colloid concentrate grids from PH49 28-30 m. These particles appeared to be mostly 
spherical, with diameters 0.04-0.30 \im with an average diameter of about 0.12 urn. An 
electron diffraction pattern from one of these particles gave a basal spacing of 0.305 nm, 
which corresponds to the (111) hkl spacing for Massicot (PbO). Some Pb particles are 
shown in Figure 3.5.22. The approximate number of Pb particles in the filtered 
groundwater was about 1.2 x 108 particles/L. 

Uranium colloids: Highly crystalline particles, rich in U, were found in colloid 
concentrate samples from PH49 28-30 m. Many of these particles also contained varying 
amounts of Fe. The particles were mainly spheroidal, with a similar size and morphology 
to the Pb colloids (~ 0.04-0.30 jim; see Figure 3.5.23). Counting of the number of U 
particles present was hampered by the morphological similarity to Pb particles. Based 
on 46 EDS identifications, there were about three times more U particles than Pb 
particles. The concentration of U particles was consequently estimated to be 3.6 x 10s 

particles/L. 

Titanium colloids: One Ti colloid was found on a grid from PH49 < 28 m colloid 
concentrate (see Figure 3.5.24). This particle was crystalline and spherical with a 
diameter of about 0.3 ^m. There was too much interference from Fe oxides and clay 
particles to obtain an unambiguous electron diffraction pattern. This particle was possibly 
an anatase particle, similar to those observed in sample set 1. 

Crystalline Fe: Occasional Fe-rich particles from PH49 < 28 m were very crystalline, 
with well-defined morphology, and the particles were probably present in the groundwater 
at the time of sampling. An example of these particles is shown in Figure 3.2.25. 

Si, Mn and Fe: Three particles containing Si, Mn and Fe were found in a sample from 
PH49 < 28 m. These were spherical with diameters of about 0.1 urn. Such particles 
may have been in the early stages of developing into Fe/Mn nodules or fissure coatings. 
The high affinity of Fe and Mn nodules for radionuclides is well known, and was 
discussed in more detail in Section 1.7. The three particles are shown in Figure 3.5.26. 

Other pump holes sampled: Only non-crystalline Fe-rich particles were present on 
grids from samples from PH80 and PH15. Colloid concentrate and ultrafiltrate samples 
from the same pump hole appeared to contain similar amounts of Fe-rich material. The 
two different concentrating systems were only used together at PH80, where no 
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groundwater colloids were detected, making comparisons between the two methods 
impractical. 

Particles 1-5 urn: Particles deposited on the 1 urn prefilters were mainly clay-like, 
particularly kaolinite-like, with occasional mica- and chlorite-like particles. Some Fe 
oxides were present on the filters, both as coatings on clay particle and as separate 
phases. Quartz grains were also occasionally present. The heaviest particle loads were 
observed from PH49, particularly 28-30 m. One Pb and two U particles (or clusters of 
particles) were observed on filters from PH49 28-30 m. This sample also contained more 
chlorite-like particles than PH49 < 28 m or samples from other holes. 

Discussion of sample set 2 

In general, the number of colloids present in the Koongarra groundwater appeared to be 
low, mostly in the range of 106 particles/L or less. For comparative purposes the mass 
of spheres of similar diameter and number can be calculated. For example, 106 spherical 
colloids of diameter 1 \im and density 2.65 gem 3 , would weigh approximately 1.4 ng. 
This amount of material is minor compared to the amounts of elements associated with 
clay particles (Si, Al, Mg, K) dissolved in the groundwater. About 108 colloids of similar 
size to the average clay colloids found at PH49 28-30 m (0.7 pm), would weigh 
approximately 47 fig. In the 0.45 pm filtered groundwater at this sampling point there 
was 26 400, 240, and 8 900 ng/L of Mg, Al and Si respectively. Thus, even with the 
higher particle load, the amount of colloidal material contributed little to the concentration 
of the major colloidal elements in the groundwater, v»,th the possible exception of Al. 
Ross et al., (1987) reported similar numbers of colloids in groundwater from an aquifer 
in sandstone, in the English east midlands. This group found 106-107 particles, between 
0.1 and 1.0 nm/L groundwater, consisting of clays, silica, Fe oxides and calcite. They 
also found no significant difference between colloid concentrates and ultrafiltrates in 
elemental composition. 

The concentrations of Al in groundwater were in excess of the solubility of AI(OH)3, given 
[Kgibtaite = 1.5 x 10 3 4 ] (Collis-George et al., 1967), that is:-

» W = PAI + 3pOH 
pAI = 33.8 - 3(pH-14), at pH 6.3 (table 3.5.4) 
pAI = 1C.7 
Al ( a q ) = 5 ng/L 

This suggests the presence of Al-containing particles within the colloidal size range, and 
the main Al-containing particle type observed was kaolinite. At PH49 28-30 m the Al 
concentration in the 0.45 urn filtered groundwater was 0.24 mg/L If this was all in the 
form of kaolinite, this would correspond to about 1 mg of kaolinite [AI4(Si4O10)(OH)a]. If 
1 mg of kaolinite was made up of 1 urn spheres, there would be about 7 x 108 particles. 
While these assumptions are rather gross, this estimate and the microscopy estimate are 
within an order of magnitude. The sodium adsorption ratio (SAR) of the system can be 
estimated from the concentrations of Na, Mg, and Ca in the groundwater, by:-
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SAR = ([Na]/[([Ca] + [Mg])/2]1/2) 

The SAR values were less than 1, therefore it would be expected that dispersion of clays 
is unlikely to have occurred, and that coagulation/deposition was a more likely scenario. 
This would have led to a small distance of travel before removal of colloids from the 
groundwater. 

In PH49, PH55 and PH56 the concentration of Al increased with depth, and in PH49, 
more clay particles (kaolinite and chlorite) were detected at 28-30 m than at < 28 m. 
These findings suggest an increase of colloidal Al, possibly in clay material, with depth 
in some holes. Also at PH49, the ratio of kaolinite to chlorite appeared higher in the 
< 28 m samples than in the 28-30 m samples. This was probably due to different 
sources of groundwater at the two depths, with more water coming from the weathered 
zone for the < 28 m samples than the 28-30 m samples. This different source scenario 
may also explain the differences in particle load. In the weathered zone, where it may 
be argued that there was a greater number of unconsolidated clay particles available for 
transport, there was also likely to have been a much greater potential for filtration of 
entrained particles. This is because in the weathered zone there may have been more 
approximately matrix flow, although along preferred pathways; whereas in the 
unweathered zone, fracture flow would have dominated. 

Associations of radionuclides with the colloidal fraction of the groundwater was only 
detected near the centre of the ore body, in PH49. In this hole, at depth 28-30 m, 
colloids of U and Pb were found. If the U colloids were spherical, as they appeared to 
be, with a diameter of about 0.12 urn and a density of about 5 gem'3, they would have 
contributed approximately 2 jig U/L of groundwater. In the 0.45 j*m filtered water at this 
position, there was 265.4 \ig U/L While the colloidal contribution to the U content was 
minor, it is possible that trace insoluble elements, such as Th may have been present 
predominantly in a colloidal form. 

The levels of U in the groundwater at PH49 were well below solubility limitations for U(VI) 
species (Sverjensky, 1990), and the pH/Eh data suggest that the groundwater was 
oxidising with respect to U(IV) (Brookins, 1988). The source of the U colloids may have 
been from a more reducing environment, for example from in the vicinity of the nearby 
graphitic hanging wall unit with associated sulphides. One formation process for the U 
colloids could have been U(VI) coming into contact with a more reducing environment, 
being reduced and exceeding the solubility limit for U(IV) (Langmuir, 1978), and 
consequently forming colloids. Colloids formed in this manner would be expected to be 
short-lived once introduced to more oxidising waters. The high amount of clay material 
present in the groundwater suggests that the fracture walls in the vicinity of PH49 28-
30 m were not very stable, and that U colloids may have been entrained from fissure walls. 

It appears that colloidal transport in the Koongarra deposit was occurring to a very minor 
extent. It is possible that insoluble elements, such as Th (Discussed further in Duerden 
et. al., 1991) were present in trace quantities in the groundwater either as true colloids, 
or incorporated into other colloids such as clays. It would appear that the occurrence of 
colloids was quite localised. 
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Summary and Discussion of the Colloid Samples 

Table 3.5.6 shows a summary of the bore holes pumped, the depths of packers when 
used, and the colloids observed. The colloids listed in Table 3.5.6 were significantly more 
numerous in colloid concentrate than ultrafiltrate samples, and were unlikely to have been 
products of mounting or contamination. The colloid types are presented according to the 
major element constituents. The following discussion of the results is presented 
according to the type of colloid. 

Iron-rich colloids 

Iron-rich ferrihydrite-like colloids were present in all samples, including ultrafiltrates. In 
sample set 1, colloid concentrate samples contained more ferrihydrite colloids than the 
corresponding ultrafiltrate samples. However, the comparison took place after about four 
months of storage in liquid, over which time changes may have occurred. Uranium and 
Pb were detected with the ferrihydrite colloids from PH49 and PH14 in sample set 1; 
illustrating the potential importance of these colloids for trace element transport if they 
occurred naturally in the groundwater. 

In sample set 2, similar amounts of ferrihydrite-like material appeared to occur in both 
colloid concentrate and ultrafiltrate samples. It is thought that this material formed during 
the mounting of the samples, when oxidation of Fe2+ may have occurred. No U or Pb 
was detected with these particles in sample set 2. Very crystalline Fe-rich particles with 
well-defined morphologies also occurred in colloid concentrate sample from PH49 < 
28 m. 

It is unclear whether ferrihydrite-like colloids occurred in the groundwater at any time. 
The results from sample set one suggest that they did, although these colloids may have 
been present in the samples as a result of sampling, storage, and manipulation. 
Nonetheless, theoretically ferrihydrite-like colloids in the groundwater could have provided 
an important transportation process for insoluble species. 

Clay particles 

In sample set 1, clay particles were only observed on the 1 urn prefilters. None were 
found in the liquid samples for particles < 1 urn. The clay particles on the filters were 
mainly kaolinite (Si, Al), chlorite (Si, AJ, Mg) and occasionally mica (Si, Al, K). Iron 
coatings were observed on some clay particles. Prefilter samples from PH49 had a 
much greater particle load than samples from the other holes. 

Samples from set 2 did contain clay particles < Vm. Sub-micron kaolinite (Si, Al) was 
observed in samples from PH14, PH96 and PH49 (colloid concentrates only). The size 
of the clay platelets was about 0.14-1.1 urn. The concentration of kaolinite in the 
groundwater was mostly low, estimated to be about 105 particles/L for PH14 and PH96, 
about 106 particles/L at PH49 < 28 m, and about 108 particles/L at PH49 28-30 m. At 
PH49 28-30 m, about 30 % of the clay particles appeared to be chlorite (Si, Al, Mg) and 
the rest appeared to be kaolinite. The presence of chlorite at this depth possibly reflects 
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a less weathered source of groundwater. Clay particles up to 10 \im were found on the 
1 jim prefilters, and prefilters from PH49 had a much higher particle load than prefilters 
from other holes. 

Groundwater from PH49 28-30 m (sample set 2) contained many more clay particles 
than at < 28 m. Also, Al levels in groundwater from PH49, PH55 and PH56 increased 
with depth, to well above solubility limits for gibbsite. It is possible that the Al 
concentrations reflect clay particle load. 

Titanium colloids 

Many crystalline colloids, showing only Ti in EDS spectra, were observed in colloid 
concentrate samples from PH56, sample set 1. These were sub-angular in shape, with 
individual diameters of about 0.1 urn. In sample set 2, one colloid of similar composition 
was found in a PH49 < 28 m colloid concentrate sample. 

The occurrence of these anatase-like particles in two holes, using two mounting 
techniques (evaporation and centrifugation), suggested that they were genuine 
groundwater colloids. No radionuclides were detected with these colloids, so the 
potential for them to be pseudo-radiocolloids is unknown. However, the high affinity of 
many trace elements for Ti0 2 is well documented (eg. Milnes and Fitzpatrick, 1989). 

Magnesium/silica colloids. 

Particles consisting mainly of Mg and Si were found in colloid concentrate samples from 
PH56 and PH49 in sample set 1. These were mostly "amorphous" spherical particles, 
about 0.15-0.3 urn in diameter. Occasional crystalline particles were found in colloid 
concentrate samples from PH56 (set 1). No radionuclides were detected in association 
with these colloids and none of this type of colloid was found in sample set 2. 

Uranium and lead colloids 

Colloids with compositions dominated by either U or Pb were found in samples from 
PH49 28-30 m (sample set 2). These were crystalline particles, with similar morphologies 
(approximately spherical) and size (about 0.04-0.3 \itr\). The concentration of these 
particles in the groundwater was estimated to be about 10s particles/L, with more U than 
Pb colloids. Selected area diffraction patterns of the Pb colloids correspond to PbO in 
the form of massicot. The diffraction patterns for U colloids were not as informative, but 
an oxide of mostly U(lV) was most likely. These colloids were often in close association 
with clay particles, apparently attached to the surface. No U or Pb colloids were found 
in PH49 above 28 m, except for two U and one Pb particle found on the 1 urn flat bed 
prefilter. 

PH49 transected the U ore zone. At about 30 m deep it was near to a region of 
pitchblendes with Pb and U oxides. It was also close to the graphitic hanging wall unit. 
It is possible that the pitchblende zone was the source of the colloids, and that the 
litholcgic boundary may have coincided with a localised increase in fracture size and/or 
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number as well as sulphide buffered reducing conditions. 

The processes involved in the formation of these colloids is not clear. The colloids may 
have formed in solution from a supersaturated solution occurring, for example, from the 
reduction of U(IV), they may have been dislodged from fissure walls. The spherical 
morphology and the probable slow groundwater flow rate suggest a from-solution 
process, while the oxidising pH/Eh regime and the high clay particle load suggest a 
dislodging process. It is unlikely that pumping caused an increase in either of these 
processes, since an air bladder pump was used which filled passively and did not vibrate. 

Other particles 

Other types of particles were observed, and may have been present in the groundwater, 
but in small numbers. Three spherical particles containing Si, Mn and Fe, with diameters 
of about 0.1 urn, were found in a sample from PH49 < 28 m (sample set 2). The native 
Au colloid was observed in a PH56 sample (sample set 1), which was irregularly shaped, 
and about 0.1 urn long. While these particles are interesting geochemically, it is unlikely, 
given the low numbers, that they would have contributed significantly to the redistribution 
of materials around the site. 

Overall, the number of colloids that were present in the groundwater was small, and 
consequently colloidal involvement in the movement of elements around the site was 
probably minor. The amounts of trace insoluble species associated with the colloids by 
mass of particles was not determined but is required to make a conclusion on the 
potential for colloidal transport of such species were the particle ioad increased. 
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PART 4. SUMMARY AND CONCLUSIONS 

Uranium had migrated at least 300 m from the primary mineralisation, toward the SSW, 
since primary U mineralisation was intersected by weathering conditions. This led to 
increased concentrations of U in the weathered zone, which extended to a depth of 20-
30 m. 

The distribution of U concentrations in the weathered zone at Koongarra suggested at 
least two components of U migration: a rapid surficial transport component, and a 
slower, but probably more significant transport component in the weathered zone with 
depth. There may also have been an unweathered zone transport component that did 
not significantly increase the U content of the rock. The direction of the weathered zone 
enrichment of U was different to the apparent direction of the uranyl phosphate zone; 
which suggested that the uranyl phosphates formed earlier, under different groundwater 
conditions to the present. 

There appeared to be several forms of chlorite present in the unweathered schist at 
Koongarra. From chlorite formulae given in the present study and in the literature (Davey 
and Gray, 1991; Ewers and Ferguson, 1980; Gray, 1986; Murakami et al., 1991), the 
range of chlorite forms (using the nomenclature of Hey, 1954), was from medium 
ripidolite for chlorite replacing biotite grains (Ewers and Ferguson, 1980), to high Fe 
penninite for chloritic material infilling fractures (DDH119 55.6 m in the present stddy). 
Talc-chlorite may also have been present, as suggested from x-ray diffraction data for 
samples from the graphitic hanging wall unit. From element-element correlations, chlorite 
present in high grade U ore appeared to contain more Fe(ll) and Ni than in low grade U 
ore. Other elements associated with chlorites (but not necessarily more so in high [U] 
samples), were Li, Zn and F. 

The differences in structure and chemical composition probably led to different 
weathering products and weathering rates. More work is required to understand the 
spacial distribution of chlorites in the site, and to determine whether the nature of the 
chlorites bears any relationship to ore genesis, or to the distribution of radionuclide 
retarding secondary phases. A fracture filling chlorite vein was observed containing a 
veinlet of pitchblende in unweathered rock (DDH119 55.6 m), suggestive of a relationship 
between the fracture filling chlorite and the later U mineralisation. 

Mica became increasingly abundant with distance from the major fault with the Kombolgie 
sandstone and it is likely that the biotite component also increased due to less 
metamorphism to chlorite. Differences in chlorite composition, mica content and distance 
from the fault (where the most intense weathering occurred), resulted in much higher 
smectite contents in the weathered zone beyond the graphitic hanging wall unit compared 
to the primary mineralised zone. Elements that appeared to be associated with micas 
at Koongarra were K, Rb, F, Na, Ca, Al, Ba, and possibly Ti and Zr. Titanium and Zr 
were likely to be associated with biotite and with chlorite replacing biotite grains as 
inclusions. Sulphides may also have been important in determining weathered zone 
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mineral assemblages. In unweathered rock, elements that appeared to be associated 
with sulphide mineral zones were Pb, Cu, Fe(lll), La, Ce, Sc, V, Ca and possibly Mn and 
P. Calcium and P may have been associated with sulphides through an association of 
apatite with pyrite. A high [U] ore sample from a sulphide-rich zone contained high 
concentrations of P, S, V, Cu, Y, Pb, U, As, Ca and Ga compared to other samples. 

Uranium minerals present in the unweathered rock included several generations of 
pitchblende and uranyl silicates, particularly sklodowskite and uranophane. In slightly 
weathered rock (DDH119 55.6 m) uraninite appeared to be partially altered to uranyl 
silicates and phosphates, such as sklodowskite and saleeite respectively. Where the 
rock showed hematitic alteration without weathering, there was a higher U content than 
in the unaltered chloritic rock. Away from U minerals, U in the quartz chlorite muscovite 
schist appeared to occur mainly at grain, zone or band boundaries, and there appeared 
to be a preference for the chlorite grains with higher Fe content. 

In the unweathered zone, many elements correlated with U, that also correlated with U 
at other deposits in the region (Nb, Mo, Pb, As and Cu). Some elements were 
correlative with U at Koongarra but not at other deposits (Ni, Sn and Th), while others 
correlated with U at other deposits but not at Koongarra (Sc, Co, P, Y, La and Ce). The 
relationships between U and La, Ce and Sn were the opposite at Koongarra to that at 
other deposits. No major rock forming element correlated with U at Koongarra or at 
other deposits (Ferguson and Winer, 1980; Nash and Frishman, 1983). The primary 
mineralisation at Koongarra was characterised by enrichment in the heavy rare earth 
elements, relative to the light rare earths and post-archeaen Australian shales. Fluids 
involved in U mineralisation were also possibly enriched in heavy rare earth elements, 
Nb, Mo, Cu, As, Ni, Sn and Th. This fluid may have been rich in bicarbonate to complex 
and mobilise these elements. 

Uranium was much more concentrated in fissure coating material than in the 
unweathered quartz chlorite rock. These coatings included alteration products such as 
smectite and talc. These associations were probably due to the greater porosity and 
accessibility and greater sorption capacity of the coating material. The low Fe content 
of these coatings shows that smectite may be an important radionuclide retarding phase 
in unoxidised rock. 

Matrix diffusion of U into the quartz chlorite matrix from fissures was observed to be very 
low, with increased [U] only up to about 180 urn from the fissure surface. The apparent 
diffusivity was estimated to be about 10 1 8 m2sec-1 for unaltered, unweathered and not 
visibly fractured quartz chlorite rock. Greater amounts of diffusion of U appeared to have 
occurred into fracture coating material, and penetration of U appeared to increase with 
alteration. The fracture coatings observed appeared to have developed from the rock 
in situ rather than from transported constituents. 

Increases in rock [U] remote from fractures was much greater when accompanied by 
oxidation of the rock. Estimating diffusivity in these cases was not attempted because of 
the dynamic, non-steady-state nature of the system. More specifically, the more 
weathering the greater the rate of diffusion, and the greater the rate of diffusion the 
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greater the weathering rate, due to increased accessibility to the matrix constituents for 
reactive ions and sorbing species. 

Veins of chlorite showed greater diffusivity of U than the quartz chlorite matrix, probably 
due to a continuous plane of weakness down the centre of the vein. The enrichment of 
U was accompanied by Fe enrichment and oxidation of the chlorite. Biotite grains 
appeared to be more susceptible to weathering than the chlorite, and showed increased 
U at early stages weathering. Possibly greater internal diffusivity was a component of 
this greater weatherability. 

The redistribution of U during weathering appeared to follow the distribution of Fe oxides. 
This suggests an association of U with Fe oxides at early stages of weathering. Iron was 
released from minerals, and oxidised, from the alteration of chlorite, biotite and pyrite, 
and formed Fe oxides. Uranium present in the groundwater responsible for the 
weathering would then have adsorbed onto the freshly precipitated and highly sorptive 
Fe oxides. Uranium concentrations appeared to be correlative to the degree of 
weathering, and the corresponding amount of Fe oxides. 

In well weathered rocks, U was associated with secondary oxides/oxyhydroxides, 
particularly of Fe and Mn. These phases were distributed as fissure coatings, nodules, 
and dispersed coatings on clay minerals. Manganese oxide phases were found to 
contain higher [U] than were Fe oxides, although the larger amounts of Fe oxides made 
them more important by mass. An important role of fissures in weathered rock appeared 
to te through the effect on the formation and distribution of minerals such as Fe and Mn 
oxides. It is not clear whether this enhanced retardation of radionuclides. Some diffusion 
from fissures into clayey rock may have occurred for either U or Mn/Fe. Iron and Mn 
oxides were often associated with fissures and bands of quartz grains in the weathered 
zone, and these locations may have corresponded to preferred transport pathways. The 
physical location of Fe and Mn oxides was ideal for the removal of radionuclides from 
solution. The form of Mn oxide coating fissures was identified as lithiophorite, and was 
enriched in Li, Co, Ba, U and possibly Zn. The Mn content of the rock was sensitive to 
weathering and Mn appeared to be leached from the weathered zone in the primary U 
zone and deposited down-gradient. 

The different forms in which Fe (and Mn) oxides occurred probably had different roles 
in the migration and retardation of radionuclides. Nodules probably provide long term 
storage of entrapped species, while the finer, more dispersed, forms, with a greater 
surface area for sorption, may be more important for the capture of dissolved U in the 
current groundwater. The finer forms may, however, be more vulnerable to charges in 
the redox conditions. Many of the Fe oxide nodules appeared to be the result of 
increasingly heavy coating of Fe onto exfoliated clay grains, to the point of replacement. 
a-Activity associated with grains of altered chlorite appeared to occur mainly at the grain 
boundaries. Internal surfaces seemed to become more important with increasing Fe 
oxide coating. Elements that appeared to be sensitive to Fe oxide zoning were P, As, 
Mn, Ni, V, Zn, Cu and U. Phosphorus was detected only in association with Fe oxides, 
except where uranyl phosphates occurred. Elements that appeared to be leached from 
U mineralised zones as a result of weathering were U, Mg, S, Mn, Ca and Li, and 
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possibly K, Rb, F, Ni, Zn, V and Na. Local redistribution with weathering occurred for Fe, 
U, P, Mn, As, U, Cu, Ca and V. 

In the weathered, leached primary and uranyl phosphate zones, U correlated to P and 
both followed the distribution of Fe (spatially and size fractions). This suggests a 3-way 
association between Fe, U and P. The correlation with P was suggestive of a 
mineralogical control of U distribution in these areas, which was in turn affected by the 
distribution of Fe oxides. In the rock down-gradient of the uranyl phosphate zone, U 
correlated directly to Fe. This suggested a sorption control of U by Fe oxides. 

Phosphorus was mainly in the form of apatite in the unweathered rock, and there 
appeared to be an association between apatite and sulphide-rich zones. In the 
weathered zone, where P was mainly associated with Fe oxides, there appeared not to 
be a P anomaly associated with the zone in which uranyl phosphates occurred. 

Redox processes in the weathered zone have resulted in a large degree of near-field 
heterogeneity in respect to Fe oxides and associated elements. In some cases, the large 
difference in Fe content between clay zones and Fe-rich zones was attributable to 
differences in the amounts of crystalline Fe oxides and not ferrihydrite. Large variations 
in Fe oxide content and associated elements such as U complicates prediction of 
transport by sorption modelling. 

Very little colloidal transport occurred in the groundwater of the site, with only Th, and 
possibly U and Fe, detected in significantly larger amounts in colloid concentrations 
compared to ultrafiltrates using wet chemical analysis (Ivanovich et al., 1988). The 
enrichment of U and Fe was only small. Differences between colloid concentrates and 
ultrafiltrates were more clearly demonstrated by direct observation of colloids. 

Groundwater colloid types were mainly kaolinite, chlorite, anatase, U oxide, Pb oxide, 
magnesium silicates and Fe oxides. Composition of the colloidal population may have 
changed seasonally, with a greater variety and number of particles occurring at the end 
of the wet season, when water flow rates and shear stresses may be expected to have 
been higher. Iron oxides may have been in the groundwater at the end of the dry 
season, and may have contributed to the mobility of U and Th. Colloidal Au was also 
detected once in the groundwater, and once on a fissure surface. 

Uranium colloids were detected in groundwater near the graphitic hanging wall unit which 
was high in U and sulphides. However, these colloids were probably short-lived and only 
occurred locally, and therefore probably did not contribute significantly to the migration 
of U. Uranium was not detected in any particles, except U and Fe particles from high [U] 
holes. For very insoluble elements, such as Ti, Th, Pb and Au, colloidal transport was 
probably the main mechanism of transport, but the levels involved were very small. The 
number of colloids present which may have acted as pseudocolloids for radionuclides 
was quite small in most holes. The number was approximately < 10s to 10s particles/L, 
with the highest particle load in the vicinity of the graphitic hanging wall unit. 
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Table 1.2.1. Groundwater chemistry in ihe Kombolgie formation and the No. 1 
ore body (from Duerden era*., 1991). 

Komboioto formation 
borafntoKOi 

Cahil (No. 1 ©re body) tuniiattuit 
borehole PH49 

depth 70.5-/2.5 m 80-82 m 28-30m 28-30 m 44-46 m 

dan Now 1988 May 1988 May 1988 Nov 1988 Nov 1988 
PH 6.18 5.82 6.74 6.84 7.01 
Eh(mV) •220 +235 +130 +130 +280 
ECOiSfcm) 108 124 236 230 247 

Mg2*(mg« 8.9 2.4<») 26.4 25.0 24.0 
Ca*» 4.6 2.0 3.9 5.2 8.5 

ft** 1.6 1.0 0.8 1.1 0.5 
K* 0.2 0.3 0.7 0.8 0.9 

Na* 0.9 1.0 1.4 1.2 1.3 

Si 8.2 6.5 8.9 9.2 8.7 

HCQr 87.0 43.0 154.0 159.0 180.0 

o- 3.4 2.6 4.9 8.5 2.0 
F- 0.3 0.1 0.2 0.3 0.4 

PO»*- < 0.005 0.030 0.310 0.090 0.060 
SQ* 3" 0.20 < 1 2.0 0.29 0.11 

UO19IU 0.5 3.7 274.0 102.0 131.0 

£ +v« (maqA.) 1.07 0.39«) 2.48 2.45 2.51 

£-va(nwq/t.) 1.22 0.78 2.67 ' 2.87 3.03 

Units are mg/L except where otherwise stated. 
(a) The Mg 2 * value for this analysis was anomolously low, and was 

probably the reason for the poor charge balance. Samples taken at KD1 
at other times gave Mg 2 * values in the range 4.8 to 10.2 mg/l, average 
6.7 mg/L If this value is used. £ +ve = 0.71 meq/L. 

Table 1.2.2. Uranium concentrations moving down-gradient. (0.45 pm filtered 
groundwater). The order of the boreholes is in approximate increasing distance 
down-gradient from the primary mineralisation. 

borehole 
(m) 

tnnkjm 
(itgA) 

K01 44-42 
70.5-72.5 

0.49 
0.49 

CIO <40 0.70 
W1 13-15 

13-15 
23-25 
23-25 

3.2 
7.9 
65.9 
39.8 

Ml 24-26 
35-50 
46-48 

128 
248 
109 

PH15 <21 30.6 
W4 13-15 

13-15 
23-25 
23-25 

412 
440 
431 
345 

PH49 27-29 
28-30 
33-35 
44-46 

107 
102 
71.2 
139 

M2 40-46 3.11 
PHI 4 <26 

<22 
17.8 
46.6 

C9 34-40 26.4 

W2 13-15 
23-25 

16.1 
79.4 

C8 24-26 
38-40 

9.71 
2.27 

MS 20-22 
26-28 
34-40 

22.0 
28.8 
31.0 

PH55 26-28 
36-40 ?:8? 

M4 34-40 4.08 

PH58 25-27 
38-40 

2.02 
1.01 

W5 13-15 
23-25 

0.42 
1.B9 

W7 13-15 
23-25 

0.12 
0.22 

PH96 <26 0.30 
PH94 26-28 

40-42 o:i« 



Table 2.1.1. Description of rock samples and methods of analyses. 

hoi# depth or* 
zoo* 

degree of 
weathering 

approx. methods of 
analyses 

Hi
ll 56 

123 
18 
80 

vary sight 0.5 XnO.PnRSEM.Prol 
^ 0 * 0 ^ ^V* f<% tf*a**.a> 

. 

Hi
ll 56 

123 
18 
80 

vary sight 0.5 XnO.PnRSEM.Prol 
^ 0 * 0 ^ ^V* f<% tf*a**.a> 

Hi
ll 56 

123 
18 
80 

unweathered 0.5 XRO. FTlR SEM, «-»mjimuuj«smy Hi
ll 56 

123 
18 
80 

weathered 
unweathered 

<0.01 
2.0 Hi

ll 56 
123 

18 
80 

weathered 
unweathered 

<0.01 
2.0 XRO. FDR. SEM.a-autoradtoyiaphy 

Ml 3 very weathered <aoi P0CE-PIGM6.DNAA.XRF.WAAXR0 
Ml 7 vary weathered <0.01 
M1 9 very weathered 0.01 
M l 13 vary weathered 0.01 
Ml 16 weathered 0.05 
Ml 19 parrjaty weathered 0.05 
M1 23 slightly weathered 0.05 
Ml 27 unweathered 0.1 
M1 31 unweathered 0.1 
M1 37 unweathered 0.05 
Ml 43 unweathered 0.05 
M1 49 unweathered 0.05 
M2 3 2 very weathered 0.05 
M2 8 2 vary weathered 0.1 
M2 13 2 vary weathered 0.1 
M2 17 2 weathered 0.1 
M2 21 2 weathered 0.1 
M2 25 2 partially weathered 0.05 
M2 32 4 »«gr«y weathered 0.05 
M2 36 4 unweathered <0.01 
M2 42 4 unweathered <0.01 
M2 48 1 unweathered 2.0 
M3 4 3 very weathered 0.01 
M3 7 3 vary weathered 0 01 
M3 10 3 weathered 0.03 
M3 13 3 weathered 0.03 
M3 15 3 weathered 0.03 
M3 20 3 partialy weathered 0.03 
M3 26 3 paroaty weathered <0.01 
M3 ,32 4 unweathered <0.01 
W2 14 3 vary weathered 0.01 PIXE-PIGME. Mossbauer spectroscopy 

Ore zones: 1. primary U mineralisation, 2. secondary U mineralisation, 
3. dispersion fan and 4. barren zones. 

Table 2.1.2. Microprobe element standards. 

element standard 

Na Albtte 

Al Chromite 

Mg ChromMe 

Si Rhodonite 

Mn Rhodonite 

P Apatite 

S BaS0 4 

Pb Galena 

u U metal 

K Ormodase 

Ca WoHastonrta 

Tl Rutile 

Fe Hematite 

Table 2.1.3. Minimum detection limits (MDL) for PIXE-PIGME analyses (tfg/g) 
(from Clayton atal., 1990). 

element MDL 
(ug/g) 

element MDL 
(pg/g) 

6l#ffl6nt MOL 
(»g/g) 

PKE Fe 

M 

15 

19 

Nb 

Mo 

14 

18 Si 1650 

Fe 

M 

15 

19 

Nb 

Mo 

14 

18 

P 700 Cu 4 Pb 22 

S 200 Zn 3.5 Th 40 

o 
K 

Ca 

100 

50 

45 

Qs 

As 

Br 

3.5 

2.6 

3.2 

u 30 o 
K 

Ca 

100 

50 

45 

Qs 

As 

Br 

3.5 

2.6 

3.2 

PKSME 

o 
K 

Ca 

100 

50 

45 

Qs 

As 

Br 

3.5 

2.6 

3.2 F 20 
•n 27 Rb 13 LI 10 

V 30 Sr 6.5 Na 50 

a 20 Y 5 Mg 4000 

Mn 20 Zr 5.5 Al 4000 

http://XnO.PnRSEM.Prol
http://XnO.PnRSEM.Prol


Table 2.2.1. Sample collection details tor sample set 1. 

umpie date 
Minding 

water level 
depth ot concentration 

factor 
torcoMoids 

KD2 21/8/86 5.27 20 147 
PH55 22/8/80 4.35 15 66 
PH14 23/8/86 5.14 20 131 
PH49 26/8/86 6.89 15 45 
PHS6 27/8/86 5.03 15 157 

Table 2.2.2 Pumping information for sample set 2. 

date hole pump/pack* depth of packer 

12/5/88 PH80 Grondtos/Single 20 m 
12/5/68 PHI 5 Grundfos/single 21m 
13/5/88 PHIS Grundtos/single 21 m 
14/5/88 PHI 4 Gnmdtoa none used 
16/5/88 PH49 AGE/doubta 28-30 m 

17/5/88 PH49 Grundtos/singta 28 m 
18/5/88 PH96 Gnmdlos/slngle 24 m 

Table 3.1.1. Depths of maximum |U] for holes in the SSW U dispersion fan. 

hole 
depth of 

manmumlU] 
(m) 

muenumlU) average |U| 
in weathered 
zone(»o/g) 

depth range* (m) wth high fU| Cig/g) 

PH17 10.5-12 1430 557 7.5-135 (> 1000) 

PH18 12-13.5 1090 410 7.5-13.5 (> 800) 

DOH54 5-10 920 690 

DDH13 15-20 400 240 

DOH10 15-20 260 120 

PH53 18.5-20 215 80 

PH54 18.5-20 460 230 7.S-21.5 (> 300) 

PH56 17-18.5 580 240 13.5-23 (> 300) 

PH57 0-10.5 417 210 4.5-6; 7.5-10.5; 13.5-20 (> 300) 

PH58 1.5-3 400 64 

PH62 12-13.5 425 187 7.5-10.5; 12-18 (> 300) 

PH66 9-10.5 690 153 6-135 (>2O0) 

PH73 7.5-9 560 125 6-9 (>500) 

PH80 10.5-12 378 157 1.5-3:9-20 (>20O) 

PH81 21.5-23 125 49 15-24.5 (> 80) 

PH83 4.5-6 194 94 

PH84 17-18.5 287 118 4.5-9:12-20 (> 100) 

PH85 12-13.5 165 85 

PH87 6-7.5 384 104 4.5-9; 18.5-20 (> 200) 

PH88 4.5-6 350 88 4.5-10.5; 13.5-15; 20-24.5 (> 100) 
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Table 3.2.4. DDH119 55.6 m XRO line spacings and assignment. 

d spacing 
(nm) 

reflection 
Intensity 

assignment dSpiCatlQ 
(nm) 

reflection 
Intensity 

assignment 

1.426 3.2 C 0.269 0.3 P 

1.009 2.8 M 0.257 0.9 M.C 
0.936 1.0 T 0.254 1.1 C 
0.710 3 8 C 0.246 2.9 Q 
0.503 0.8 M 0.239 O.S C 
0.474 1.S C T 0.228 3.0 Q 

0.460 0.7 T 0.223 1.2 
0.450 0.9 0.213 1.7 Q 

0.426 6.9 Q 0.201 1.0 M 
0.354 2.5 C 0.198 1.0 
0.334 47 Q 0.182 3.6 Q 
0 312 0.9 T.P 0.168 0.9 Q 
0.284 O.S M.C 0.166 0.5 

0.281 0.3 0.154 2.5 Q 

C » chlorite M-muscovrte T-tata Q-quartz P - pitchblende 

Table 3.2.5 Electron microprobe analyses of chlorite vein and the matrix 
chlorite in core from OOH119 55.6 m (weight %). 

oxide chlorite vein 
(E In Figure 3.2.3) 

cWortto mArtx 
(Fin figure 3.2.3) 

MgO 24.4 17.4 

AI203 17.1 24.4 
SiOz 32.3 34.9 

P205 0.0 0.1 
PbO 0.1 0.0 

UOj 3.9 0.0 
KsO 0.0 0.0 
CaO 0.1 2.1 
FeO 8.6 8.6 

soz 0.1 0.0 

Total 86 6 87.4 

Unit cell formula: 
Vein (Mg7.4.Al2.6.Fe(ll)1.5)(SI8.5.Ali.5)O20(OH)i8. 
Matrix (Mg5.o,AI4.2.Fe(ll)i.4)(Si6.7.Ali.3)02o(OH)i6. 

Table 3.2.6 Electron microprobe analyses of material coating a fissure In core 
sample DDH119 55.6 m (weight %). 

oxide 

unaltered area 
in figure 3.2.3. 

altered area 
In figure 3.2.3. 

oxide 
G H 1 J 

MgO 6.5 0.8 7.3 1.0 

A * * 21.0 1.7 18.7 1.2 
SO2 50.9 1.5 53.5 6.9 
PzOs 0.5 1.3 0.0 5.9 
PbO 0.0 1.4 0.0 0.9 
UOi 3.3 100.2 0.5 67.2 
KjO 0.9 0.0 1.0 4.0 
CaO 0.2 0.0 0.4 1.6 
FeO 0.8 0.5 7.2 O.S 
S02 0.1 0.0 0.0 0.0 

Total 83.9 107.4 88.6 69.2 



Table 3.2.7 D0H64 80.4 m XRD line spacings and assignment 

d spacing 
(ran) 

Redaction 
Intensity 

Assignment d W Reflection 
Intensity 

Assignment 

1.41 6.6 C 0.298 1.2 S. Up 

0.997 2.4 M 0.291 0.5 Up 

0.833 6.8 s 0.288 0.3 M.S 

0.789 6.3 up 0.283 1.2 C 

0.707 16 C 0.278 0.6 S 

0.659 0.7 Up 0.274 0.3 S 

0.634 0.5 s 0.270 0.4 H. S. Up 

0.589 0.9 s 0.263 0.4 S.Up 

0.542 0.7 Up 0.257 0.7 M 

0.500 0.7 M 0.254 1.3 C.M.S 

0.479 0.5 S 0.246 2.4 Q.M 

0.471 S.2 C.Up 0.243 0.4 C M 

0.452 0.9 M 0.238 0.4 C M 

0.431 1.3 M.S.Up 0.228 0.8 Q 

0.425 1 0 * Q 0.224 0.7 Q.M 

0.417 1.7 S 0.213 0.7 a M 
0.403 0.5 S 0.209 0.3 Up.S 

0.395 2 M.Up 0.201 0.9 C 

0.354 1 0 * C.Up,S 0.198 0.8 a 
0.334 1 0 * a M 0.196 0.5 Up.S 

0.328 0.3 s 0.182 5.4 Q 

0.324 0.7 0.167 0 7 Q 

0.320 0.5 M.Up.U 0.156 0.4 c 
0.302 . 0.3 M 0.154 

2 ° 
C» chlorite M » muscovrte S = sklodowskite Up = uranophane 

Q« quartz H» hematite U-uraninite 

Table 3.2.8. DDH92 18.0 m XRD line spacings and assignment. 

d spacing 
(nm) 

reflection 
intensity 

assignment d spacing 
(nm) 

reflection 
Intensity 

assignment 

1.456 73.0 C,V 0.256 0.9 K.C.V 
0.725 6.2 K.C.V 0.246 7.5 Q 
0.485 1.6 K.C.V 0.244 0.7 K.C.V 
0.488 0.6 K.C.V 0.239 0.5 K.C.V 
0.447 0.9 K .CV 0.228 1.6 Q 
0.426 7.3 Q 0.224 1.1 Q 
0.417 2.8 K.C.V 0.218 0.5 K .CV 
0.361 4.4 K.C.V 0.213 1.3 Q . 
0.356 3.0 0.207 0.6 K.C.V 
0.334 7.7 Q 0.198 0.5 Q 
0.325 0.8 K.C.V 0.182 3.7 Q 
0.290 4.1 K.C.V 0.18 0.4 Q 
0.269 0.6 K G 0.171 0.7 
0.264 0.4 G 0.167 0.8 Q 

C = chlorite Q = quartz V » vermiculite K - kaolinite H - hematite G - goethite 



Table 3.2.10. Minerals in M l samples detected by XRO. 

H mineral abundances 

sample mfca kaotnite quartz Fe oxides 
Ml 3m general <2 46 38 13 
Ml 3m red <1.4 37 52 16 
Ml 7m whte <1.6 35 69 1.8 
M17m red <1.2 27 60 14 
Ml 9m white <o.e 42 61 1.2 
M19mrad «0.2 28 36 28 
M113 m white 23 29 45 0.9 
Ml 13 m brown 26 36 24 16 
Ml 16 m general <1.2 49 29 17 
Ml 16 m orange <o.e 59 26 17 

Ml 19m general - 0.5 H mica, quartz some chlorKe or 
kaoMie and Fe oxides 

vermlcuHe, 

Mi 23 m general - 3.5 * mica, quartz, cNorke, possfcty trace 
kaotnite. vermicuMe and Fe oxides 

M1 27 m general - 1.5 H mlea. quartz, ehlcrte 
M1 31 m genera] -1.1 H mica, quartz, ctworle 
M137m general - 6.6 H rrdca. quartz, cnlorte 
Mi43m general -12.1 H mica, quartz. chlorite 

Ml 49m general - 7 2 H mlea. quartz, chkrte 

Table 3.2.9. Approximate elemental composition of spot analyses (oxygen free 
normalised). 

Element weight H, without Including oxygen 

site Ni Mq Al SI P K T1 Fe Mn other 

Fe concentrated zones 
i 5.1 5.7 14.2 24.8 7.1 2.0 0.6 40.5 0 
2 15.9 0 30.7 12.7 8.0 1 0 31.9 0 
3 0 0.6 0.9 3.4 3.4 0 0.2 90.9 0.2 Cu0.4 
4 0.2 0 34.4 41.B 0 .04 .03 10.6 12.3 
5 0 5.1 10.8 21.8 1.4 0 

Mn concentrated zones 

4.0 55.4 0 

6 0 3.0 22.2 0.5 0.6 0 1.1 2.2 64.8 Co 4.5 
Zn 1.1 

7 0 1.7 20.5 3.0 0.3 0 

day material 

1.7 3.9 65.3 Co 3.7 

8 0.9 10.3 27.9 53.1 0 1 1.4 5.3 0 
9 3.6 6.7 29.4 50.0 1.6 1.3 0.6 6.8 0 
10 0.9 2.7 31.5 56.7 0 1.1 1.3 5.9 0 
11 1.0 11.2 20.9 53.6 0 2.4 2.8 8.4 0 
12 0 2.1 25.7 40.1 0 1.1 5.3 25.8 0 
13 0 10.3 17.2 38.2 0 1.7 6.6 25.9 0 
14 0 16.1 21.5 46.8 0 0.7 0 14.7 0 
15 0 12.0 22.9 50.4 0 2.1 0.1 11.8 0.4 
16 0 10 24.3 49.3 0 2.1 0 14.0 0 
17 0 2.4 27.3 42.9 1 1 1.9 22.9 0.1 Cu0.5 
18 0 6.3 21.3 38.8 0 2.3 2.1 28.9 0.3 Cu0.2 
19 0 3.0 27.2 52.4 0 3.8 0.9 12.4 0 
20 0 5.4 19.7 37.9 0 12.7 2.6 31.7 0 
21 0 0 35.8 60.1 0 0.4 0.1 3.6 0 
22 0 3.7 21.5 34.1 0.4 1.2 2.5 36.8 0 
23 0 1.5 27.5 48.2 0 1.4 2.4 18.5 0 
24 0 0.7 28.3 51.7 0 14.8 6.1 3.9 6 
25 0 0 16.1 56.0 0 26.4 0.1 0.7 0 
26 0 0.8 31.2 51.3 0 0.5 1.6 14.3 0.1 
27 1.7 4.3 29.4 57.3 0 2.2 1.2 3.9 0 
28 0 8.4 23.3 47.1 0 4.6 0.2 16.2 0.1 Co 0.2 



Table 3.2.11. Minerals in M2 samples. 

% mineral abundances 

sample mica kaoliniie quartz Fe oxides 

M23m<2mm 10 33 44 14 

M23m >2mm 4 9 86 11 

M28m <2mm 35 20 40 13 

M2i3m <2mm 45 16 25 12 

M2 i3m 4S-100mm 65 17 15 9 

M2l7m <2mm 37 17 38 11 

M2l7m >2mm 6 3 98 3 

M22lm <2mm 40 20 29 12 

Ml 25m <2mm 23 quaru, cMorRe. muscovlte. poutjry 
some vermtoulke and smectite 

M225m >2mm 16 mainly quartz. cNorKe and possbry 
vermicuiite and smectite 

MS 32 m general 21 quaru. chlorite and muscovae 

M2 36m general 1 quaru and chlorite; less peak at 8.5 

M242m general 0.4 sroJar to M2 42 m. but with smal peak 
at 14.5 lor chlorite 

M248m genera) 6.2 quaru and probably talc-chlor»e; 
possibly also talc, pynte. graphite and 
urarinKe; broad peak at 0.85 nm 

Table 3.2.12. Minerals identified by random powder XRD In samples from M3. 

sample mineral! identified 

M34m 

M37m 

M 3 l 0 m 

M313 m general 

M313mwMe 

M3l3myetow 

M313 m black 

M315m 

M320m 

M326m 

M332m 

kaoHnite. quartz. Pa oxide (closest to hematite), i ome i me^ec f peo^ge^cNorta 

kaotinite. quartz, mica, smectite, some Fe oxide (closest to goetmte); peak at 1.42 nm 
(smec«e)riadsfK)ulo«rai1.20nm;pos»lxylnterstratH«mlnerala 

kaoimte. quartz, smectite, posstxy kMrstratifiada, Bthlophortte or possfely todoroWte 
(peaks at 0.472 and 0.95 nm) 

smectite, kaoante, quartz, about 18 *• mica, soma Fa oxides 

vktuaNy no smecWa or Fe oxide, M e mica ( -17 H), vttuaHy dean kaoHnaa and quaru 
with trace smectie 

kaotnae and quartz, trace smectite, soma mica ( - 1 1 H ) and Fa oxide (closest to 
goethae); possbry trace brooklte or anataaa 

quaru, kaoHntte, llthtophorite or poasUy todoroMta, trace amacMs and Fa oxide; 
meedy quartz, some mica (- 8 H) 

hard and soft subeamplee very sknlar, mainly quartz, kaoMte. chlorite, vermleullte or 
smectite: sharper stronger kaoanHe peak In soft subsampie; weak peak at 0.472 nm 
suggesting trace chlorite: vttualy no mica (- 1 H ) 

sightly weathered quartz, chlorite, mica (- 6 » ) and posslxy some vermleulse or 
smectite 

quartz, chlorite and some mica (- 6 H) 

quartz, chlorite and some mica ( -12 H) 



Table 3.2.13. Elemental and Fe oxide composition of bands of material from 
W214m. 

9 W red general 9 W orange red general 

HFeasFe?* 27 5 1.4 
HFaasgottfti >14 69 61 

*F**sltn«iydite 59 26 38 
HFe 6.1 10.8 14.7 6.5 

U N O 2.1 0.7 0.3 
HgMtNM >1.7 12.7 11.2 

% tenihydiits 6.1 4.8 7.0 

**V»J 22 17 13 11 
HSiOj 53 47 51 83 
H I^O 0.3 0.8 0.3 2.1 
HMgO 3.5 3.0 3.7 2.1 
mgfgCa 2.0 1.1 0.3 0.5 
rngfgTI 2.0 5.1 12.6 2.6 

ugrgCr 463 447 135 701 

mgjgMn 0.4 0.2 1.5 1.5 

jig/gPb 141 117 25 53 

pgrgU 71 290 297 165 

Table 3.3.1. Association of a-activity with different phases in weathered rock 
(DOH9218.2 m) after 672 hours exposure. 

mineral phase 

quartz ightday rnodJurn 
day 

dark day Fe 
nodule 

Mn 
nodule 

track density (tmnv*) 

Hot total area 

Hot total activity 

0 

39.0 

0 

120 

26.5 

20 

270 

20.0 

34 

385 

11.5 

28 

820 

3.0 

16 

2995 

-0.1 

2 

Table 3.3.2. Normalised electron mteroprobe data for two spot traverses from a 
fissure into partially altered rock (from DOH119 55.6 m; feature M in Figure 
3.2.3). 

spot traverse 1 

distance torn Assure surface (urn) 

5 15 30 40 50 60 

MgO 
AijOa 
SKfe 

PzOs 
PbO 
UO2 

K 2 0 

CaO 
FeO 
S 0 2 

total 

15.1 
26.6 
28.0 

1.4 

1.8 
17.3 

5.0 

0.9 
2.8 

0.0 

100.0 

1.1 
1.3 
7.4 
6.3 
1.0 

72.1 
4.3 
1.7 
0.5 
0.0 

100.0 

6.6 
13.1 
36.2 

2.5 

1.2 
29.7 

4.6 
1.4 

3.0 

0.0 

100.0 

11.6 
21.5 
44.1 

0.6 

0.6 
10.7 

6.1 
0.7 

3.6 

0.0 

100.0 

9.7 
26.0 
51.2 

0.3 
0.3 
4.7 
3.1 
0.3 
3.5 
0.0 

100.0 

17.6 
26.4 
43.0 

0.0 
0.0 
0.7 
1.1 
0.1 
9.0 
0.0 

100.0 

spot traverse 2 

distance from fissure surface (urn) 

8 18 30 45 65 

MgO 
Al20 3 

SIO2 

P20s 
PbO 
UO2 
K 2 0 
CaO 
FeO 
SO2 

total 

0.5 
0.4 
7.3 
6.3 
3.8 

70.6 
2.3 
3.9 
0.2 
0.4 

100.0 

4.3 
8.0 

22.7 
3.8 
1.1 

49.0 
3.9 
2.8 
1.4 
0.0 

100.0 

6.3 
23.4 
52.0 

1.3 
0.5 
8.8 
4.9 
0.4 
2.1 
0.0 

100.0 

6.7 
28.4 
56.6 
0.0 
0.3 
0.6 
3.9 
0.2 
3.1 
0.0 

100.0 

20.5 
26.6 
42.3 

0.2 
0.0 
0.3 
1.3 
0.1 
8.6 
0.0 

100.0 



Table 3.4.1. Bulk element concentrations of samples from M l , M2 and M3 
(ug/g unless otherwise stated). 

Ml M2 M3 

weathered unweathered weathered unweathered weathered unweathered 

F 132-544 430-754 6 8 - 5 6 7 465-662 110-615 311 -722 

U •O0-S4 5 3 - 1 9 8 <10 - 8 1 32 -131 3 1 - 3 0 9 4 7 - 6 3 

Na 8 4 - 4 6 6 102 -388 147 - 1671 9 7 - 4 0 4 122 -288 112 -218 

Almgrg 69-145 5 3 - 8 5 1 8 - 1 8 9 4 1 - 6 8 6 2 - 1 1 9 5 2 - 8 4 

Mgmg/g < 4 -4 .4 4 4 - 8 8 < 4 - 4 4 3 3 - 5 0 4 .4 -15 2 3 - 6 4 

Simo/g 241 - 4 0 1 273-365 192-483 278 -370 254 -349 237 -344 

P 161 - 2073 323-605 2 7 5 - 5 5 0 356-1285 138-481 379 -826 

S <200 <200 <200 930 - 17428 S200 338 -341 

Kmryg 0.11-2.2 0 4 4 - 1 0 3 .1 -54 0 .36-17 0.5-15.4 5 .3-10.2 

Ca < 4 5 - 1 1 2 208-1180 6 1 - 3 3 5 70-8443 9 5 - 2 0 1 488-3153 
Timg/g 1.8-4.3 1.4-3.8 0.84 - 8.9 2 - 3 . 7 1.6-15.9 3 .8-15.3 

V < 30 -292 114-203 4 7 - 2 3 1 6 6 - 2 5 5 4 4 - 2 3 0 6 2 - 2 3 4 

Cr 106-562 141 - 1 8 2 156-843 205-1486 200 -429 130-291 
Mn 1 2 0 - 4 8 262-804 306-3921 233-823 3 1 9 - 17376 1184-1312 

Femglg a s - 2 0 3 4 4 - 7 8 2 2 - 1 3 0 52 -121 3 0 - 1 9 6 106-130 
M 34 -267 9 2 - 4 9 8 5 1 - 3 4 0 5 0 - 1 6 0 4 8 - 3 1 3 4 1 - 5 6 

Cu < 4 - 3 6 < 4 - 7 1 97 -1825 14 - 917 <4 -275 3 0 - 1 5 2 

Zn 5.4-187 5 9 - 2 9 5 1 6 - 9 7 3 7 0 - 1 6 9 3 8 - 8 0 5 4 - 2 3 0 

Ga 2 5 - 7 2 2 2 - 4 4 < 3 .5 - 53 1 2 - 3 8 8.3 - 23.3 7.1 - 19.1 

As < 2.6 -27.5 < 2 .6 - 11.5 • ^ 6 - 7 . 6 < 2 .6 -78 <2.6 - 34 < 2.6-5.4 

Br < a 2 <3.2 < 3.2-4.4 < 3.2 -8 .7 <3.2 - 3.4 <3.2 

Sr <6.5 <8.S < 6.5-15.8 < 6 . 5 - 7 <6.5-9.1 <6.5 

Nb <14 -19.1 < 1 4 - 1 5 < 1 4 - 1 8 <14 -71 <14 < 14-17.5 

MO <18 <18 < 1 8 - 3 0 <18-83 <18 <18 

Rb < 13-117 1 5 - 5 4 2 1 - 1 9 8 <13-313 < 1 3 - 1 1 2 2 7 - 5 1 

Y 8 .6 -66 13 .4 -43 f . 5 - 4 2 1 0 - 7 7 1 1 - 6 3 1 8 - 6 0 

Zr 187-521 128-415 1 7 - 2 3 9 5 1 - 1 6 8 3 4 - 2 9 6 1 1 6 - 3 0 3 

Pt> < 22-126 7 9 - 2 8 6 < 22 -751 « 22-10122 «22 <22 

U 26 -544 353-1394 182-1912 11 -16712 117 -619 21 - 2 4 4 

Table 3.4.2. Element-element correlations (P < 0.0S and 0.01*) for M series 
holes, whole sample data (- denotes an inverse correlation). 

M1 weathered (n -11 ) M2 weathered ( n - 9 ) M3 weathered (n. •9) 

F Na*,AI.K*.Ca*.Y U. Na*. AT. -ST. K*. Ca*. Tf. 
v.Qa.Rb*.zr,u 

U", Al, Mg, K*. TT. Mn. 
Zr" 

Rb*. 

U NT. Cu, Zn". U Na. At, K*. Ca*. TT, NT, Zn, 
RB", Zr, U* 

Al. Mg, -SI, K 

Na Al, K*, Ca*. Y. P AT, -ST, K*. Ca*. TT. V, Ga 
Rb \U 

Nl 

Al Tl Y, F, Na -sr, K", Ca, TT, Fe, Ga, Rb*, 
Zr.U" 

Mg. K*. Rb, Zr 

Mg Too few Too few •SI.K'.TI.V.Rb'.Zr 

Si •P, -V. -Fa. -Nl, -SI. -U -K*. -Ca. .Tr, -V. -Fe*, .Ga*, 
-Rb, -Zi. -U 

•Mn 

P -Si, V. Cr*. Fe', Nl, As". U* -Cr,Rb.Zr".U Cu* 

s Too lew Too few Too few 

K Ca'.Y.F.Na* Ca\Tr,Rb*,Zr, ir Tr, Rb", Zr* 

Ca F, Na*, K* Tl*. V , Ni, Zn*, Rb", Zr*. U Rb*. v , Zr* 

71 Ni,Cu,Zn*.Y.Pb. U,AI V . Fe. Nl. Zn, Qa", Rb". Zr", U Rb*.Y*,Zr* 

V Fe, As, -Si. P Zn", Ga" Mn, Nl, Rb 

Cr P* •Zn 

Mn Too few Cu*. As* Nl 

Fe As*. U*. -Si, P*. </ Ga,Y Cu, Zn 

Ni Cu". Zn", U". Li*, -SI. P Z a U 

Cu Zr.", U'. U, Tl. Nl -Rb 

Zn Pb, U, U*. TV, Nl", Cu" 

Ga Zr 

As P", V. Fe" Too few 

Rb Too few Zr'.U* Zr" 

Y F,Na.AI,K,TI Zr* 

Zr U 

Pb U,TI.Zn Too few Too few 

•>u U-Sl,P".TI".Fe,NI,Cg.Zn, 
Pb 

F.LT.NJUAT.-SI.P.K'.Ca.TI, 
Nl, Rb.Zr 



Table 3.4.2. Contmued. 

atwaa*ltarad(n-29) M'unwMtfMrad(n»5) alunwaaiherad(n-lO) 

F u \ Nar. A T . Mg. -sr. te. ca*. 
TP.Zn*.Rb*.U* 

Mg,Ca Mg. -SI Ca*. -Cr, -Zn. Ga*. -Zr 

U Na*. AT. K*. Ca*. TP. Mn. NP. 
Cu.Zn*.Rb*.U*.P 

Al. -Ma -SI. P. Mn. Fa. NP. Zn, 
Zr 

M-,-SI\P.-K,V.Fa*.NP. 
Zn*.Ga*.-Rb\Y 

Na AP. Mg*. -SI. K*. Ca*. TP. NP. 
2n*. Rb". U. P. U* 

MQ.K.Y -P, K. -V. -Fa*. -M. -Zn, -Y* 

Al •sr . rc .Ca.P. i i .U ' .Na ' •SLP.Fa.Ga.U -SP.P.T",V.Fe*.NP.Ga*. 
Li* 

•*? Ca*.U**Zn*.F.Na* Ca.-Zr.PtxF.-AI. Na -SP.-S,-K*.Ca.v.-Cr.'-Ma 
-Cu.Ga*.As.U.F 

SI -P. -TP. -V*. -Fa*. -F. -Na. -Al -P.-V.-Fa*.-Ga*.-U.-A' -P*.S,K,-V.Cr.-Fe*.-NI. 
-Ga*. -As, Rb. -Y. -Pb*. -F. -Al 
-Mg* 

P V.Fa*.As*.Y.-Si FeMJ.AI.-SI -K*. V , Fa*. NP, Zn, Ga*. As*. 
-Rb*. Y*. U. -Na. Al, -SI 

s Tootaw Tootaw K*. -V, Cr*. Mn*. Cu. -Ga. V, 
•Rb*. -Mg. Si 

K Ca*. TP. NP. Cu*. Zn\ Rb*. U*. 
P.U*.Na*.AI 

RfcNa • v . c r . Mn*. -Fa, - K -Ca 
-Ga. -As. Rb*. -Y*. -Pb*. -U. -U 
Na.-Mg",Si.-P*.S* 

Ca TP. NP. Cu. Zn*. -Ga. Rb*. U*. 
P.U*.Na*.Mg*.K* 

-Zr.F.Mg TP. -NP. -Zn*. -Zr*, F, Mg 

TI Mn,NÍ.Cu.Zn*.R>\U*.P. 
U*. Na*. Al Mg. -SP. K*. Ca* 

Ga* -Zr.AI.Ca* 

V Fe*.ZaAs*.-SP.P -Si -0.-Mn.Fe*. NJ. Ga'.As*. 
-Rb". Pb. U, U*. -Na AP. Mg. 
-Si*. P*. -S. -K" 

Cr -Ga Mn*. Cu*. -Ga. Rb". -Pb*. -U. 
-F.-Mg,Si,S*.K*.-V 

Mn NP.Cu*.-Ga*.U*.U.TI U Cu -Ga. Rb". -Y. -Zr*. -Pb. -U. 
-Mg.S*.K\-v.Cr" 

Fa As*. -SP. P . V" Ga.UM.-Si.P- Ni,zn.Ga*.As.-Rb.Y*.u*. 
-Na*.AP.-Si.P,-K.V 

M Cu*. Zn*. Rb*. U*. U*. Na*. Mg. 
K*.Ca*.UMn*.NP 

Zn-.LP Zn".-flb.Y.U".-Na.M\.Si. 
P. -K.-Ca\V.Fa 

Cu -Ga\Rb.U\U.K*.Ca, -n« 
Mn'.NP 

Tootaw -Ga.Rb.-Mg,S.-K.Cr\Mn 

Table 3.4.2. Continued. 

alweatharad(n-29) Ml umreatharad (n - S) al unwaatfwed (n -10) 

Zn Pb. U*. P. U*. Na". Mg". K*. 
Ca". TP. V. NP 

U N I -F. U", -Na. P. -Ca". Fa, NP 

Ga Y,-U.-Ca.-Cr.-Mn*.-Cu* AJ,-SI. TI, Fa -Rb, Pb". P, U". AP. Mg. -SI. 
P , -S, -K. V . -Cr. -Mn, Fa". 
-Cu 

As P*. V . Fa* Tootaw Pb. U". Mg, -SI. P", -K. V , Fa 

Rb U*. P. U". Na*. K*. Ca*. Ti*. 
Ni", Cu 

K -Y*. -Zr, -Pb, -U*. Si. -P". S", 
K". -V, Cr. Mn", -Fa. -NI, Cu. 
•Ga 

Y P'.Ga Na U, -Na", -SI. P*. -K", -Mn. NI. 
-Rb 

Zr U-Mg.-Ca •F, -Ca". -Ti, -Ma Fa". • » 

Pb Zn Mg -SP, -K*. V. -Cr". -Ma Ga, As, 
-Rb 

U P. IP, Na. K*. Ca", Ti*. Mn*, 
NP.Cu.Zn.-Ga.Rb* 

Mg,-K", V,-Cr",-Mn As 

http://Ca.-Zr.PtxF.-AI
http://FeMJ.AI.-SI
http://-Zr.AI.Ca*
http://-0.-Mn.Fe*
http://Ga.UM.-Si.P-
http://NP.Cu.Zn.-Ga.Rb*


Table 3.4.3. Element-element correlations (P < 0.05 and 0.01*) for Si02 
adjusted data (- denotes an inverse correlation). 

M1 weathered {n-11) 
• 

M2w—hared(n-9) M3 weathered ( n - 9 ) 

F Na*.Al,K*.Ca*,Y\.Fe Na* Al. Mg*. K*. Rb*. Zi 

U ALTP.-V.Zr* -Y Mn 

Na P.AtK\Ca\ -Fe.Zr P .K Ca.Cr.NLZn.Ga.U 

Al F. U Na. -P. S, Ca*. TP. -V. -
Fe.Ga..As,Zr* 

Ga F.K*. Rb 

Mg Too lew Too tew F, K. TP.-Cu, Rb\ Zr 

P JU.Fe'.As.U V. CT. Fe. U -K, Fe, Cu* 

K P.Na\Ar.Ca*.-v.-Fe.Rb. 
Y* 

Na.Rb* Mg.P.Tr.-M,-Cu,Rb,Zr 

Ca P. Na*. AT. tO. -V. -Fe. Rb. Y* Cr Ga As. U*. Na'.Cf.Fe, NP,Zn* 

Tl ir.Ar.-V.-Fe.Ga.^As.Zr" Zr Mg*. K*. Rb*, Zr* 

V -LL-AI,-Ca.-TlF«\-Zr P.Fe'.Zr 

P .Ca 

Y 

Na.Ca.Zn.Ni.U Cr 

P.Fe'.Zr 

P .Ca 

Y 

Na.Ca.Zn.Ni.U 

Mn Too lew Fe\As,Y\2r U* 

F« -F. -Na, -Al P . -Ca. -TL V . AS. 
-Zr 

P.V.Mr>\Cu.As,Y*.Zr* P,Ca,NLZn*.As.U* 

Ni U U*. Na*. F, Ca*. Cr, Fe, Zn, As 

Cu Zn Fe -Mg. P, -K. -Rb 

Zn Cu.U Na.Ca*.Cr.Fe*.Ni 

Ga AI.TI Al Ca.As.U 

As -Al. P. - U Fe Mn,Fe.Y Ca. Fe. M. Ga. U* 

Rb Too lew K.U F. Al, Mg. K, TP. -Cu, Zr 

Y F.IC.Ca* -Li, Mn*, Fe', As, Zr* Zr.V 

Zr LP. Na. AT. Ti*. -V. -Fe V, Mn. Fe*, Y* Y. Rb, TP, K. Mg*. F 

Pb u Too lew Tiolew 

U P.Zn.Pb P.NlRb Na*. Ca*. Cr. Fe*. NP, Ga, As* 

Table 3.4.3. Continued. 

al weathered <n-29) M1 unwetthered (n - 5) all unweathared (n -10) 

F Na.Al,Mg.K*.TP,Rb,Ca* Ca.NP,-Zn', Rb Mg 

LI Mn'.-Ga •Mg*, NT. Zn ALNP 

Na F.K\Cr.U*.Ca* K AP. K. Mn' 

Al F.-Fe\Ga\.As.Zr* Cr.-As U, Na', K* 

Mg F.-P.TP •Lr.Ca.-NP.-Zn* F.-Mn'.-Fe'.Ga 

P -Mg. Cr, Fe", V Fe S', Ca'. V, Cu', As'. Y, Pb', 
U' 

S Too lew Too lew P , Ca, V, Cu', As', Rb. Y. U* 

K P, Na*. Rb*. U*. Ca. -As Na.Mn.Rb Na.AP 

Ca Na*,Nr,Cr*.Cu,Rb*.U*,F.K F, Mg. NP, Zrf, Tl P*. S 

Tl P , Mg*, Rb Ca Mn*,-Ga 

V Cr. Fe*. P P, S, Cu*, Ga', As*, Rb', Y \ 
Nb', U* 

Cr Na,P,Fe,Cu,U\NP,Ca*,V Zr*,AI 

Mn Li* K Na', -Mg -. Tl, Fe*. -Ga 

Fe • A I \ P \ C r . A s \ V Y.P •Mg'.Mn'.-Ga* 

M Cu'.Zn, Rb, U*,Ca*,Cr* -P . LP. -Mg*. Ca*. Zn* LI' 

Cu Cr.Zn,U*,Cu.NP Too lew P*. S*. V*. As', Rb', Y', Pb', 
u* 

Zn Cu,M -P . U, -Mg*. Ca*, NP 

Ga AP,Zr*,-Rb.-U*.-U Mg,-Tl, V.-Mn,-Fe, As, Rb, 
Y, Nb'. Pb', U' 

As Fe*. -Al, -K •Al P . S W . C u ' . G a R b ' . Y * . 
Nb. Pb'. U* 

Rb P.K*.TI,-Ga.U*.Ca*.NI F.K P . S', V . Cu*. Ga. As*. Y \ 
Nb, Pb', U' 

Y Zr* Fe P'. S*. V . Cu*. Ga. As', Rb'. 
Nb', Pb*. U* 

Zr Ga*,Y*.AP Cr* 

Nb Too lew Too lew v,Ga*,As.Rb,Y*.Pb.ir 

Pb Too lew 
• 

Too lew P , Cu*. Ga*, As*, Rb*, Y*. Nb, 
U* 

U 
> 

Na*, K*. Cr*. Cu*. -Ga*, Rb*. 
Ca.NP 

P . S*. V , Cu*. Ga*. Rb'.Y*. 
Nb*, Pb* 

http://�Lr.Ca.-NP.-Zn*
http://Na.Mn.Rb


Table 3.4.4. Concentrations and correlating elements of elements from 
unweathered samples with |U] > 500 ug/g (n - 13. P < 0.05). From Ferguson 
and Winer. 1980. 

mean (ad) correlating elements 

HSXfe 63(5) -Fs00.-Mg.-Zn 
H T O 2 0.31 (a i4 ) K. Pb, -Pb, -Cu 
HAI203 13 <3) -Fa(1IO. Na, K. -S, Rb. -Pb. Th. Zr. U Zn, Be, Ht. F 

*̂ F92^3 1 6 (3.1) jy. -F8( l l ) .S.UCe.-U 
* F e O 3.0(1.8) -Si.-Fe(ll1). Mg. Ni 
HMnC 0.07 (0.06) U. Nb. Zn. Mo 
"*MgO 8.1 (2.2) -Si. Fe(ll). Ni 
* C a O 0.23 (0.11) -Na.P.S.Pb.-Th,-Zr.-Y.V 
•HNajO 0.04 (0.03) Al -Ca. -S. -Pb. Th. Zr, Y, U Zn, F 
"HK20 1.3(1.0) Tl. Al Ba. P*. Be 
H P Z O J 0.17 (010) Ca.-Tn.-Y,V 
<*s 0.16(0.3) -Al. Fe(iio. Ca.-Na.Pb.-Th. -Zr. -Y. La. Ca. -U 
wg/gBa 102(55) K.Rb,Y.Cs.Zn.Be.Mo 
pgfgRb 42(41) Ti.AI.K.Ba.Be.Hf. F 
ng/gSr 3.7 (0.8) none 
ugig Pb 898(1726) -•p,.AI,Ca.-Na.S.Cu.-Th 
pg/gTh 19(9) Al,-Ca. Na.-P.-S.-Pb, Zr. Y. U.-V, Be, Ht, F 
iigfeu 1905(1682) Mn. Nb. Cs. Mo, Sn 
ugrgZr 166(47) Al ,<a.Na.-S.Th.Y.UF 
ngfgNb 27(14) Mn. U. Cs. Mo 
ugigY 20(11) -Ca. Na. -P. -S. Ba. Th, Zr. U. Cs. -V. Hf. W 
M ^ U 8.2 (10.5) Fe(lll).S.Ce.-Ga 
uo/gCe 29(25) Fe(III).S.La.-Ga 
wg/gu 76(26) -Fe(lll).N.i.-S.Th.Zr.Y,HI 
wgfgCs 3.2 (a 4) Ba.U.Nb,Y.Mo.W 
ugfgSc 18(5) V.Co 
yg/gV 231 (115) P. -Th. -Y. Sc Co. Ni. Cu, Zn. -HI 
pgrgCo 22(16) Sc.V,Zn 
ugfgNi 71(32) Fe(IQ.Mg.V.Ga 
pgfgCu 71 (117) -TLPb,V.-HI 
ug/gZn 94(93) -SI Mn. Co. -Hf 
ugrgGa 34(12) •U-CQ.V.NI 
ng/gBe 3.1 (1.3) AtNa.K.S.Ba.Hl,F 
pgigMo 8(11) Mn,U.Nb.Cs,W 
uglgSn 8(11) Ba.U 
ngrgHt 4.8 (2.2) Al. Na. K. Ba. Rb, Th. Y, U, -V. -Cu, -Zn. Be. F 
ugrgw 4(3) Y.CS.MO 
uglgF 653(142) Al, Na. Rb. Th. Zr. Be, Hf 

Table 3.4.5. Concentration and correlating elements of elements from 
unweathered samples with 40 < [U] < 500 ug/g (n - 10, P < 0.05). Data from 
Ferguson and Winer, (1980). 

mean(sd) correUtting elements 

ttSKfe 62(8) •U-AL-FaOl).-Ma-U-Sc.-ft.-Zn 
HTIQj C.4 (0.2) •S lALScF 

%Al203 13.8 (2.4) •SI. 71. Se. F 

% F62w3 2.1 (0.8) Ca.Nb.Qa 
HFeO 4.4(1.8) -Si. Mg, U, Zn 

%MnO 0.06 (0.02) Y 

%MgO 9.1 (33) -Si,FeflO,-K,.Rb,U,Ni,Zn 

%CaO 0.15 (0.05) Fe(lll), P, Pb, Nb. -Cu, Ga 
%NajO 0.05 (0.02) K 
HK.2O 1.5(1.0) -Mg, Na, Ba. Rb, -U. -Nl F 

HP2O5 0.10 (0.04) Ca.Zr 

%S 0.05 (0.03) Scv .Cu 
iig/gBa 109(88) K. Rb 
ttg/Q Rb 63(43) •Mg.K,Ba,-Li.-Nl 

itg/g Pb 25(13) Ca.U.-La,-Ce 

ug/gTh 21(5) Zr 

ug/gu 197 (123) Pb,-Ce 

Mg/gZr 184(54) P.Th 
iig/gNb 11(2) Fa(llO,Ca 
ngfgY 16.0 (5.4) Mn.La 
110/gLa 10(8) -Pb. Y, Ce 
ug/gCe 26(16) -Pb. -U. La 

yg/gU 75(24) -SI. Fefll), Mg.-K.-Rb 
ug/gSc 14.0 (4.6) •ScTi,AI,S,V,Cu 
yg/gV 126(30) f . ScCu 

ug/gNI 62 (24) -Si,Mg,-K,-Rb.Zn 

ug/gCu 21 (27) -Ca.S.Sc,V 

wg/gZn 53(17) -Si.FeOQ.Mg 
ngygGa 31 (13) Fe(ll1).Ca 

ugfgF 741 (141) TIAJ.K 

http://-Fs00.-Mg.-Zn
http://Ca.-Na.Pb.-Th
http://Ca.Nb.Qa
http://Mg.-K.-Rb
http://-Si.FeOQ.Mg


Table 3.4.6. Concentrations and correlating elements of elements from 
unweathereol samples with [U] < 40 pg/g (n - 7. P < 0.05). Data from Ferguson 
and Winer, 1980. 

mean (ad) correlating moments 

H s o a 61(8) -Mg.-U.-F 
HTlOa 0.6 (0.5) M.-Ca.NAK.Ba.flb.Sr.&.Nh.ScGa.B* 
HAtjCb 13(4) TV-Ca. Ma. K.-P. Ba. Ri . Sr. 2r. M>. Cs. Sc. Be.-Mo 
HFfcjOs 4.7(4.5) P.Pb,Zn.Mo 
%FeO 5.0 (2.6) -Co 
%MrO 0.06 (0.09) Ca.S.-Ga.-Be 
%MgO 7.7(4) -S i .UF 
HCaO 0.34 (0.30) -Tl.-AJ. Mn, S.-Zr,-Nb,-CS.-Sc,-Be 
"KiNajO 0.16 (0.3) Ti,AI,K.Ba.Cu 
%Kao 1.7 (1.5) Tl. Al. Na. -P. Ba. Rb. 2r. Nb, Cs. Sc 
HP205 0.16 (0.08) •Al Fe(lll). -K. -Rb, Pb. -Nb. -Y 
H S 1.7 (2.7) Mn.Ca.-Cs.-Be 

ng&Ba 134 (151) TI,AI,Na.K.Rb 
po/gnb 72(61) •n, AJ, K. -P, Ba. Zr, Nb. Cs. Sc 
p^gSr 13(11) TIAI. Be 

ugrgPb 192(766) Fe(tii).P.-Y.-U-Ce,Co,Zn 

n H D i 15(14) Nb 
MSAU 8.3(5.2) -U-Ce.V .NI 
VQlgZr 111 (32) TL Al.-Ca. K, «>. Nb, Cs. Sc Be 

M^gNb 7.6 (2.2) •n. Al.-Ca. K.-P. Fb. Th. 2r. Cs. Sc 
W 9 * 15.6 (6.6) -P. -Pb. La. Ce. -Co. -Zn 
ttMLa 21 (14) -Pb. -U. Y. Ce. -Ni 
wg/gCe 44(14) -Pb.-U.Y.U-NI 
u*9 U 51(22) -Si.Mg.F 
ugfgCs 4 4 (27) Al.-Ca.K-S.Rb.Zr.Nb.se 
ugrgSc 17.0 (2.5) TLAl,-Ca.K.Rb.Zr.Nb.Cs.Be 
WfcV 142(6) U N I 
wgfgco 33(96) -Fe(ll).Pb.-Y 

M94M 53(17) U.-La.^ . ' 
MO/gCU 182(32) Na 
MS^Zn 96(344) Feflin.Pb.-Y 

WgGa 18(66) n-Mn.Be 
M9/gBe 2-9(5) Tt,Ai.-Mn.-Ca,-S.Sr.Zr.Sc.Ga 
pg^Mo a e (1.6) •M.KQO) 

wcygF 759 (218) •SI.M9.U 

Table 3.4.7. Comparison of U and P contents in weathered samples from M1, 
M2andM30ig/g). 

depth P U sample 
typ« 

U 
P 

M1 3 176 28 general 0.145 

Ml 7 781 143 red 0.242 

Ml 7 161 31 while 0.229 

M1 9 2073 247 red 0.144 

M1 9 148 31 white 0.222 

M1 13 973 265 brown 0.273 

M1 13 137 21 white 0.212 

Ml 16 1350 462 general 0.383 

M1 19 605 317 general 0.583 

Ml 23 519 512 general 1.066 

M127 575 1481 general 2.424 

M131 438 1061 general 2.824 

M2 3 275 401 <2mm 1.593 

M2 3 319 296 >2mm 1.094 

M2 8 429 1858 <2mm 4.457 

M213 446 720 45-100 urn 1.614 

M213 322 1246 <2mm 3.630 

M217 550 1462 <2mm 2.809 

M217 245 336 >2mm 1.629 

M2 21 343 1221 <2mm 3.638 

M2 2S 522 488 <2tnm 1.006 

M2 25 406 188 >2mm 0.522 

M3 4 1285 103 general 0.097 

M3 7 199 117 general 0.588 

M3 10 216 262 general 1.339 

M313 481 345 general 0.794 

M313 157 148 white 0.962 

M315 363 290 hard 0.953 

M315 345 412 sort 1.391 

M3 20 379 276 general 0.889 

M326 399 208 general 0.612 

M3 10 218 262 general 1.339 
saleeite: Mg(UO2)2(PO4)2.8-10H20 U/P - 7.677 g/g 
meta-torbemite : Cu(UO2)2(PO4)2.4-8H20 U/P - 7.677 g/g 
renardite : Pb(UO2)2(PO4)2(OH)4.7H20 U/P -15.35 g/g 

http://-Mg.-U.-F
http://Mn.Ca.-Cs
http://Al.-Ca.K-S.Rb.Zr.Nb.se
http://Feflin.Pb.-Y
http://n-Mn.Be


Table 3.5.1. Chemical analyses made in the field (sample set 1; from tvanovich 
etaf.. 1988). 

KD2 PH55 PH49 PH56 PH14 

PH groundwater 

uwafltraM 

6.95 6 6-6.9 

6 6-8 9 

6.6-6.8 
6.4-6.7 

6.9 
6.7 

6.7-7.1 

6.7-7.1 

Eh(mV) gioundwater 

uarafltrate 

170-175 

175 

140 

150 

165-185 

160-180 

150 

140 

180-205 

185-200 

a a t r n g l l ) groundwater 

u> aHuae 

0.4-0.9 
1.7-2.7 

0.3-0.6 

0.5-0.7 

0.3-0.5 

0.5-0.6 

0.5-5.6 

0.5-3.8 

0.2-0.5 

0.3-1.0 

E.C(uSfcm) groundwater 

ukrallrae 

160-170 

160-170 

170-180 

180 

230-250 

250-260 

260-290 
280-290 

HCOsCmglL) groundwater 

uftrafikrate 

97-109 109-121 

111-121 

127-139 
124-134 

102-116 123-133 

121-133 

pC02(atm) groundwater 

ufcraffltrato 

0.01 0.02-0.03 

0.02-0.03 

0.02-0.04 

0.03-0.06 

0.02 0.02-0.04 
0.02-0.04 

Table 3.5.2. Chemical analyses of ultrafiitrate and colloid concentrate samples 
{-* (sample set 1). 
CJ 

K 
mg/L 

Na 
mg/L 

Mg 
mg/L 

Si 
mg/L 

Ca 
mg/L 

Al 
mg/L 

Fe 
mg/L 

Mn 
mg/L 

HCO3 
mg/L 

a 
mg/L 

SO4 
mg/L 

U 

K02 UF 

CC 
0.65 
0.63 

1.69 
1.63 

15.5 
11.1 

12.5 
9 8 

0.92 
0.70 

<0.02 
0.02 

1.14 

1.06 

0.04 

0.03 

103 3.0 
3.6 

<0.5 

<0.5 
0.08 
0.09 

PH55 UF 

CC 

1.07 

1.11 

1.58 

1.62 

17.1 

18.2 

12.5 

12 6 

1.28 

1.38 

<0.02 

0.02 

0.77 

0.80 

0.07 

0.07 

115 

116 

2.8 

2.8 

< 0 5 

<0.5 

0.40 

0.44 
PH14A UF 

CC 

0.71 
0.74 

1.49 
1.44 

21.7 

22 2 
9.2 

9.0 
2.29 
2 38 

0.04 

<0.02 

0.43 
0.46 

0.36 
0 37 

127 6.2 
7.0 

0.8 
1.1 

87.6 
95.2 

PH14B UF 
CC 

0.65 
0 69 

1.36 
1.37 

19.8 
18.2 

9.5 
9.0 

1.50 
1.43 

0.02 
< 0 02 

0.14 
0.13 

0.20 
0.17 

• 5.1 
5.9 

0.7 
1.1 

207 
217 

PH49 UF 

CC 
0.58 
0.60 

1.12 
1.09 

24 

23 
8.3 

6.0 
1.6 
1.6 

0.02 
<0.01 

0.40 
0.46 

0.13 
0.13 

132 
129 

3.9 
4.0 

0.5 
0.6 

181 
217 

PH56 UF 

CC 

0.39 
0.43 

0.75 

0.60 

17.1 

18.9 

10.5 

10.3 

1.9 

2.1 

0.05 

0.15 

0.31 

0.34 

0.13 

0.14 

109 - - 11.0 

13.0 
UF = Ultrafiitrate 
CC = Colloid Concentrate 
HCO3 levels were determined for unfiltered groundwater 
below detection limits: PO4 3* <1.0 mg/L 

NO3" <1.0mg/L 

Table 3.5-3. Estimated particle numbers in the groundwater (sample set 1). 

sample study 
date 

number 
of areas 
counted 

area or 
count 
(urn*) 

number of 
panicies/L 
mean(sd) 

49 CC 
49 UF 
56 CC 
56 UF 

14 CC 
55 CC 
55 UF 

4.1.87 

18.1.87 
24.2.87 

11.2.87 

18.1.87 

26.1.87 
26.1.87 

3 
2 
3 
2 
2 
2 
2 

'869 
1669 

479 
479 

1434 
479 
479 

3.0« 10* (1.4 - 1 0 8 ) 

2.4 » 10 8 (2.0 » 10 7) 
1.8 « 1 0 1 0 (2.5 "10 9 ) 

2.2 « 10 9 (3.0 »10 7 ) 
7.4 « 1 0 8 (8.0 « 10 7) 

3.3 " 1 0 1 0 (1.1 »10 9 ) 
2.0 » 10 9 (8.0 » 10 7) 

Table 3.5.4. Chemical parameters measured in the field (sample set 2). 

bore depth 
<m) 

PH Eh 
(mv) 

E.C. 
(jiS/cm) 

HCO3 
(mg/L) 

PH14 <26 6.42 •162 207 128 
PH15 <21 6.66 • 115 227 137 
PH49 <28 6.44 • 155 204 130 
PH49 28-30 6.74 • 130 236 154 

PH80 <20 6.31 • 160 163 98 
PH96 <26 6.55 • 120 96 56 



Table 3.5.5. Chemical analyses of 0.45 Mm filtered groundwater samples 
(sample set 2). From Duerden and Payne. 1988. 

bare depth 
(m) 

Ma 
(moA) 

Mg 
(mgrt.) 

Al 
(moA) 

Si 
(moA) 

P 
(rngft.) 

K 
(moA) 

Ca 
(moA) 

71 
(moA) 

Mn 
(moA) 

Fa 
(moA) 

U 
(M9A) 

PH14 

PHI 5 <21 
PH49 < 28 
PH49 28-30 
PH49 42-44 
PH55 28-28 
PH55 40-42 
PH56 26-28 
PH56 43-45 
PH80 <20 
PH96 <22 

1.32 
1.01 
1.32 
1.35 
1.3b 
3.16 
1.57 
1.15 
1.13 
1.15 
2.18 

20.3 
21.5 
20.1 
26.4 
28.7 
17.9 
18.3 
16.0 
16.3 
16.2 

7.0 

<0.02 
0.02 
0.02 
0.24 
0.41 

<0.02 
0.12 
0.04 
0.16 
0.03 
0.02 

10.9 
8.2 

9 9 
8 9 
9.8 

14.0 
12.1 

10.1 
8 7 

10.9 

13.6 

0.04 
0.17 
0.07 
0.08 
0.04 
0.18 
0.11 
0.12 
0.04 
0.03 
0.06 

0.62 
0.59 
0.53 
0.68 
0.81 
1.05 
1.65 
0.47 
0.57 
0.37 
1.37 

S.O 
3.6 
3.1 
3.9 
7.9 
4.4 
3.7 
3.6 
4.4 

1.33 
2.08 

0.005 
0.001 
0.002 
0.006 
0.007 
0.002 
0.007 
0.005 
0.016 
0.001 
0.006 

0.420 
0.350 
0.182 
0.154 
0.032 
0.142 
0.097 
0.040 
0.030 
0.234 
0.055 

1.11 
0.42 
0.82 
0.78 
0.46 
5.60 
0.70 
0.87 
0.55 
0.35 
0.41 

52.3 
136.6 

265.4 

300.2 
04 
1.0 

11.9 
11.4 

135 
0.25 

Table 3.5.6. Summary of pumping information and colloids found, 

liquid samples < 1 \im 

bore 
hole 

packer 
depth (m) 

cotoids obtarvad 
(main elements) 

sample 
set 

PH49 nona 
28-30 

28 

Fe.Mg/SI 
AVSi, Mo/AVSl, Pb. U, SI 
AVSI, Mg/AI/Si. Tl, SVMn/Fe, Fe 

1 
2 
2 

PH56 none Fe.TVMg/SI.Au 1 

PH55 none Fe 1 

PH14 nona 

nona 

Fe 

AVSi 

1 

2 

PH15 21 none 2 

PH80 20 none 2 

PH96 24 AVSi 2 

KD2 none Fe 1 

filter samples 5-1 pm 

bore 
hola 

packer 
depth (m) 

conoids observed 
(main elements) 

sample 
set 

PH49 nona 
28-30 

AVSI, Mo/AVSi, SI, Fe 
AVSi. Mg/AVSI. AVSVK. U. Pb. Fe 

1 

2 

PH56 none AVSI.McyAVSI.AVSVK.Fe 1 
PH14 none AVSI, Ma/AVSi, Fe 1 

http://AVSI.McyAVSI.AVSVK.Fe
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Figure 1.2.2. Plan view of the site of the Koongarra U ore deposit. 
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Figure 1.2.3. Stylised cross-section of the Koongarra deposit, showing the 
outline of economic ore. host rock geology and U mineralogy (adapted from 
Snelling. 1980b). 

Figure 1.2.4. Hydrochemical zones in the vicinity of the Koongarra deposit. 
See text for description of zones. Adapted from Duerden et a/., 1991. 
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Figure 1.3.1. Eh-pH diagram for part of the U-C-O-H system, with part of the 
Fe-S-O-H system superimposed. Adapted from Brookins, 1988. 

SURFACE DDH3 

10m 

Figure 1.4.1. Comparison of U concentration (pg/g) and relative mineral 
abundances along drill hole DDH3 (from Murakami era/., 1991). 



25*0.1 bar 

pH 

CO 

P H 

Figure 1.5.1. Eh-pH diagrams for part of the a) Fe-C-Si-O-H and 
b) Fe-S-O-H system. Adapted from Brookins, 1988. 
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Figure 1.5.2. Eh-pH diagram for part of the Mn-C-S-O-H system. Adapted 
from Brookins, 1988. 



Figure 1.7.1. A conceptual representation of a porous rock matrix, showing the 
potential pathways of diffusion of water and dissolved species into the matrix. 
Adapted from Neretnieks (1986). 

Figure 2.1.1. Cross-section of the Koongarra No. 1 ore deposit, showing the 
position of the Ml , M2 and M3. 

Figure 2.1.2. Diagram of a-track counting system, for a-track density changes 
from a fissure into the rock matrix. 
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Figure 2.2.1. Diagram of the tangential filtration system used to sample and 
concentrate groundwater colloids in sample set 1. 
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Figure 2.2.2. Effective volume from which colloids of various size were sampled 
by centrifugation. 
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Figure 2.2.3. Ma atmosphere glove box with colloid concentrating and mounting 
equipment. 
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Figure 2.2.4. Equipment arrangement for sampling colloids in the Meld for 
sample set 2. 
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O open inside N 2 box A open outside Nj box 
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115 T—i 1 ' I ' I ' f 
0 50 100 150 200 250 300 350 

time (minutes) 

Figure 2.2.5. Changes in Fe(ll) content in water in sealed and unsealed 
centrifuge tubes inside and outside of a N2 atmosphere box, and in water 
pushed through a stirred cell with a 30 000 MWt membrane. 
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Figure 3.1.1. Contour map for the average |U) of Ihe weathered zone (plan-view). 
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U 40 

D fine chlorite (n-7) 
• coarse chlorite (n-6) 

Figure 3.2.1. Elemental composition of the two types of chlorne from DDH92 
123.4 m (composition does not include O or OH component). 
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Figure 922. Elemental ratios of the two types of chlorite from DDH92 123.4 m. 

, 1cm . 

Figure 3.2.3. Map of the thin section from DDH119 55.6 m. 1) partially altered 
quartz/chlorite schist; 2) unaltered quartz/chlorite schist; 3) quartz grains; 
4) chlorite vein with enclosed uranlnite vein; 5) chlorite vein; 6) major fissure 
through slightly altered rock; 7) small fissures; 8) veins of uranlnite. A) position 
of uranlnite analysis; B) position of uranlnite analysis remcte from fissures; 
C) position of uraninite analysis; D) position of Pb and U x-ray maps; E and 
F) positions of chlorite analysis; G) position of analysis of 2 fissure coatings; 
H) position of analysis of U-rlch fissure coatings; I) position of analysis of 
fissure coating; J) position of U-rtch coating material; K) position of U line profile; 
L) position of line profile of U across a fissure; M) pos!*'?n of spot lines moving 
away from the fissure surface. 



a) 

b) 

Figure 3.2.4 a) back scattered electron image of the area of the chlorite-
uraninite vein shown as D in Figure 3.2.3; b) x-ray map of U for the same area; 
c) x-ray map for Pb for the same area. 143 
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Figure 3.3.5. a) A back scattered electron image of a chlorite-uraninite veinlet 
contained in a chlorite vein in unweathered schist (DDH119 55.6 m; feature K in 
Figure 3.2.3). The line was the location of the line profile for U shown in b). 
b) U x-ray profile across uraninite veinlet. 

hwtfk]^ 
Figure 3.3.6. a) A back scattered electron image of a fissure through 
unweathered schist (DDH119 55.6 m; feature L in Figure 3.2.3). The line was 
the location of the U x-ray profile shown in b). b) U x-ray profile across the 
fissure. 
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Figure 3.3.7. Plot of a-track density versus distance from fissure in 
unweathered schist (DDH119 55.6 m). 
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Figure 3.3.8. Plot of a-track density versus Vdistance from fissures in 
unweathered schist (DDH119 55.6 m). 

Figure 3.3.9. Back scattered electron image showing the positions of electron 
microprobe spot analyses in partially weathered rock (DDH119 55.6 m, feature 
M in Figure 3.2.3). 
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Figure 3.3.10. U concentration in very weathered rock at various distances from 
a heavily coated fracture (DDH86 12 m). 
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Figure 3.4.1. Comparison of U concentrations in rock samples analysed by 
PIXE, DNAA and INAA. 
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Figure 3.4.26. Uranium concentration depth profiles down holes M1, M2 and 
M3. Points denote samples. Point labels describe subsamples. Points with 
GEN or no label denote general samples. 
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Figure 3.4.27. PAAS and La corrected rare earth element contents of some 
samples from M1.M2 and M3. 
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Figure 3.5.1. Eh-pH diagram for part of the Fe-C-SI-O-H system, showing the 
range for groundwater from Koongarra. Adapted from Brookins, 1988. 



Figure 3.5.2. Precipitate containing 
bar = 1.0 um). 

Na. Mg and Ci IPH*9 colloid concentrate; 

Figure 3.5.3. Precipitate containing 
0.5 pm). 

Zn and CI (PH56 colloid concentrate; bar •• 

Figure 35.1 Suiohur-ricn particle (PH49 colloid concentrate: bar = 1.0 »im). 

Figure 3.5.5. Precipitate giving weak Al and Si peaks in EDS spectra (PH14 
colloid concentrate: bar = 0.5 ym). 

ft* 
Figure 3.5.6. Crystalline Ti colloids (PH56 colloid concentrate; bar - 0.5 >im). 

Figure 3.5.7. Crystalline Ca particles (PH56 colloid concentrate; bar - 0.5 jim). 



Figure 3.5.8. Non-crystalline MgSi particles (PH49 colloid concentrate; bar 
0.5 jim). 

Figure 3.5.9. Crystalline MgSi particles (PH56 colloid concentrate; bar 
0.2 Mm). 

Figure 3.5.10. Native Au particle (PH56 colloid concentrate; bar = 0.1 urn). 

Figure 3.5.11. Crystalline particle containing Al, Ni and Fe (PH56 colloid 
concentrate; bar = 0.5 jim). 

Figure 3.5.12. Cluster of crystalline W-rich particles (PH56 colloid concentrate; 
bar = 1.0 Mm). 



Figure 3.5.13. (Above and facing page) Fe-rich particles, a) PH49 ultrafiltrate 
(bar = 1.0 >im). b) PH49 ultrafiltrate showing granular structure (bar - 0.1 um), c) 
PH56 colloid concenirate (bar = 0.2 |im), d) PH56 colloid concentrate (bar = 2.0 
tim). e) PH56 colloid concentrate (bar = 0.2 pm). f) PH55 colloid concentrate 
(bar = 0.5 pm). g) PH49 colloid concentrate (bar = 0.5 pm), h)KD2 colloid 
concentrate (bar = i.Oum). 



Figure 3.5.14. Organic colloids from PH56. a) Fe-coated cell-like structures (bar 
= 0.5 Mm), b) bar = 1 urn. c) bar = 0.5 pm, d) organic-like structure (bar = 
0.02 um). 

Figure 3.5.15. Comparison between colloid concentrate and ultrafiltrate 
samples (PH56). a) and b) colloid concentrate, c) and d) ultrafiltrate (bar•10.0 
Mm). 
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Figure 3 .5 .16 . Comparison be tween colloid concentrate and ultrafiltrate 
samples (PH55) . a) and b) colloid concentrate, c) and d) ultrafiltrate (bar = 10.0 
(jm). 

Figure 3.5.17. Par t ic les on a 1 urn preMlter (PH56) . i) muscov i te- l ike particle 
(Si, Al. K), ii) chlor i te- l ike part icle (Si. A l . M g , Fe) . iii) chlor i te- l ike part ic le with Fe 
coating (Si, Al, Mg, large Fe). 

Figure 3.5.18. Particles on a 1 urn pre' liar, i) kaolinite-like particle (Si, Al), ii) 
altered chlorite-like particle (Si. Al small Mg). iii) altered chlorite-like particle 
with Fe coating (Si. Al, small Mg. large Fe. trace Pb, possibly U). 



2 Figure 3.5.19. Kaolinite-like particles (crystalline, Al. Si), a) PH96 colloid 
concentrate (bar = 0.2 urn), b) PH40 < 28 m colloid concentrate (bar = 0.2 urn). 

Figure 3.5.20. Chlorite-like particle (Si. 
concentrate (bar = 0.5 urn). 

Al. Mg. (Fe)). PH49 28-30 m colloid 

Figure 3.5.21. Crystalline Si particles, possibly quartz; PH49 2B-30 m colloic 

concentrate (bar = 0.5 urn). 

Figure 3.5.22. Lead particles (Pb) from PH49 28-30 m colloid concentrate (bar 
• 0.2 jim). 



Figure 3.5 23 Uranium particles (U(Fe)) from PH49 28-30 m colloid 
concentrate (bar = 0 2 pm). 

to 

Figure 3 5.24 Titanium colloid, possibly anatase. from PH4S < 28 m colloid 
concentrate (bar = 0.2 |im). 

Figure 3.5.25. Crystalline Fe-rich particles from PH49 < 
concentrate (bar = 0 3 urn). 

m colloid 

Figure 3.5.26. Particles containing Si, Mn and Fe from PH49 < 28 m colloid 
concentrate (bar = 0 01 |im). 


