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ABSTRACT

Artifícial thermoluminescence (TL) studies have been undertaken on

three uranium deposits or prospects to examine their use in uranium
exploration and ore genesis.

TL is the light emitted by a substance when it is heated and which
results from previous exposure to ionizing radiation. The emitted light
can be recorded as a number of glow peaks which form a glow curve.
Quartz from the three areas studied contained three rnajor glow peaks
which rvere classified as: 1) The 1ow temperature peak (LT) occurring at
temperatures less than 200"C; 2) The middle temPerature peak (MT)

occurring at temperatures between 201'C and 300'C; and 3) The high
temperature peak (HT) at temperatures greater than 301'C.

Srudies on the TL dosimeter TIID LiF-1OO by Fairchild et al (1975)
had indicated that in the dose range 800 rad - 3x107 rad the intensity of
individual glow peaks and the overall glow curve shape changed. At lorrrer
doses there was an ínitial increase in LT peak inÈensity. As the
radiation dose increased the LT peak intensity decreased and the MT peaks
progressively increased in intensity. At still Iarget doses the MT peak
intãnsities also decreased, till, at the conclusion of the experiment'
(at 3x107 rad), HT glow peaks were dominant.

Literature reporcs on the TL of qwartz after large artificial
irradiations also suggest that at doses greater than 5x105 rad the LT

peak(s) are sensitized and increase in intensity such that they
overshador,r other peaks. At doses greater than 108 rad the LT peak begins
to decrease in intensity whilst the middle temperature (MT) peak
continues to increase. As radiation contintles, the MT peak reaches a
maximum and then also begins to decrease such that only the HT peak
remains. Ifhen combined with the vrork of Levy (L979), who found that
qrraÍXz ,,remembers" prior exposure to radiation doses Ereater than 5x10s
rad, then, artificial TL (ATL) could be expected to be useful in uranium
exploration.

. The imporEance of this thesis is that it has shown that the
progressive decrease of LT and MT glow peaks and increase of HT glow
p."t", observed previously in laboratory studies on LiF and postulated to
ã".nt with quartz, has actually been observed in a natural geological
radiative environment. This progressive change in glow curve shapes
remains a permanent feature of the qluaÍ:uz TL and therefore TL should be

useful in uranium exploration.

An ATL study on quartz extracted from 100 samples from the Tertiary
sandstone-hosted Beverley uranitrm deposit in the Lake Frome embalrment,
South Australia, showed:

1) A decrease in the LT peak intensity of tr¡o orders of magnitude
and an increase in the HT peak Percentage, over a distance of
eight kilometres eastvÍard from the granitic Mount Painter
basement towards the present ore location. This trend of
increasing radiation effects is consistent with the theory of
an eastwardly noving rnobile ore front'

2) An ATL halo of marginal radiation effects around the ore body
much larger than the corresponding subsurface radiometric halo



3) A zone of ore type ATL glow curves (i'e. HT peak being the
dorninant peak) immediately surrounding the ore deposit and four
to five times larger than the ore deposit.

4> A rapid increase in the LT peak intensity (i.e. a sharp
decrease in radiation effects) in samples taken beyond (down-
plunge of) the orebodY.

The increase in cumulative radiation effects towards the orebody,
and rapid return to background levels beyond the orebody, show that the
radiation effects observed are not simply due to proxirnity to
mineralization, but are suggestive of an accreting uraní-um front similaír
to the vrestern U. S.A. roll-front deposits.

ATL has also been used during a uranium exploration program at
Bremer River, South Australia, to determine the presence or absence of a

mobíle orefront. ATL analyses of 100 samples from 12 drill holes
extending away frorn Cambrian and Precambrian rnetamorphic basement showed

no trend of íncreasing radiation effects as had been found at the
Beverleydeposit.TheLTpeakintensityl./asataminimurnandHT/LTratio
at a maximum in two dri11 holes adjacent to the basement. The LT peak
intensity increased irregularly in holes away from the basement and HT/LT
ratio decreased. The lack of a consistent trend of increasing radiation
effects in this series of drill holes, enabled a reconmendation to be
made to the company concerning further exploration in the area.

The third area studied was the Ilestmoreland uranium deposit in
north-west Queensland. Uranium mineralization occurs in Middle
Proterozoic sandstones in reducing environments provided beneath flat
lying basaltic volcanics and at dolerite dyke margins. Because the
mineralization is much older than at Beverley interpretation of TL

results at \^Iestmoreland is more complicated.

Approximately 700 samples from within and around the I,Iestmoreland
orebodiàs (up to 10 kilometres away from known rnineralisation) hawe been
measured by ATL. AIl samples have a reduced intensity such that glow
curves are sirnilair to those encountered only in, or near, the ore zone
at Beverley. Considering Èhe age of the I^Iestmoreland Conglomerate
(1.6x10s years), and its uranium content (still 4-6ppm), the total
radiation dose incident upon the sandstone should have been in the order
of 10s to 1O1o rad. Such a dose has also been previously found by
laboratory studies to cause a decrease in quartz TL intensity and
sensitivity. Because of the decreased TL intensíty, the variations in TL

parameters approaching uranium mineralization were not as clearcut as at
the Beverley deposÍt.

A series of traverses across mineralization at the Junnagunna
prospect examined variations in LT and HT peak intensities and the HT/LT
ratio. Both LT and HT peak intensities vary irregularly approaching
mineralization though generally the HT peak intensity is at a maximum

v/ithin the orebody. The HT/LT peak ratios are better indicators of
proximíty to uraniurn mineralization, increasíng towards the orebody.
Sirnilair variations detected nearby, in areas devoid of known
rnineralization, are consistent with the idea of increasing proxímity Èo

further uranium occurrences. The temperature of the HT glow peak varies
irregularly towards the orebody, though is consistently at a minimum
within the ore zones.



variation diagrams incorporating changes in glow peak ratios and

the HT peak percentãge have been used at other prospects in the
i^Iestmorãland regio.t io "rtggest 

further prospectiwe areas for uranium
mineralization.

The ATL studies are also useful in determining a genetic model for
the l.Iestmoreland deposits. ATL measurements aÈ Junnagunna show:

1) A radiation sensitization along the sandstone-basalt contact
regardless of the presence or absence of minetalízatíon;

2) A vertical homogenisation of radiation effects within drill
holes.

The fact that all of the l^Iestmoreland Conglomerate has been
affected by radiation (as evidenced by all samples having glow eurves
that at Bevertey were only found in, or near, ore), is interpreted to
indicate a high initial uranium concentration within the sandstone ' The

present background uranium content is 4-6 pprn which compared to average

sandstones (lppm uranium) is very high.

These observations, and local geological considerations, lead to a

genetic model as follows:

1) Derivation of the \^Iestmoreland Conglomerate from a uraniferous
hinterland (such as the Middle Proterozoic Cliffdale Volcanics)
Ieading to a high inherited uranium content, perhaps higher
than 10 pPm;

2) Renobilization of the precontained uranium by convectiwe cell
systems, possibly related to dolerite dyke intrusion;

3) precipitation and concentration of uranium from the convective
cel1s, where suitable reducing conditions existed at the
margins of altered dolerite dykes, or at the base of the
basaltic Siegal Volcanics.

OËher Midd1e Proterozoic sandstones in South Australia (the Corunna

Conglornerate, ' Pandurra Formation) do not show the same widespread
radiation effects as Lhe \^Iestmoreland Conglomerate, indicating a 1ow

inherent uranium content which may be related to their provenance' Thus,

a two-fold classification of Middle Proterozoic sandstones may be

possible into:

1) Those derived from uranium-rich source rocks, with a high
inherent uranium content and widespread radiation effects; and

2) Those derived from uranium-poor source rocks, with a resultant
low inherent uranium content and lack of widespread radiation
effects.

The former are considered most suitable for remobilization of
slmgenetic uranium into epigenetic concentraÈions '
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1.1 Introduction

Throughout the late 1960's, Ig7o, s and into the early 1980,s

uranium was a much sought after metal, with exploration in Australia

having a high profile. This exploration had resulted in the discovery of

anumberofnewuraniumorebodiesandoretypes.Theseincludedthe

Ranger, Jabiluka, Nabarlek and Koongarra deposits of the unconformity or

vein type association in the East Alligator Riwer, Northern Territory;

the Yelirree deposit of the calcrete association in \^Iestern Australia;

the olympic Dam copper-uranium-gold deposit on the stuart shelf in south

Australia, and a number of Tertiary sandstone type deposits in the Lake

Frome Embayment, South Australia, including the Beverley and Honeymoon

deposits. These were in addition to a number of older deposits which had

been known and studied, continued to be sought and in some cases mined,

such as the Rum Jungle deposits in the Northern Territory, those of I'lount

painter and Radium Ridge in south Australia and the Mary Kathleen and

LTestmoreland deposits of Queensland. Locations of these and other

prospects are contained in figure 1 ' 1 '

At the same time, a number of new techniques in uranium exploration

were being investigated and developed. These included lead isotope

studies, uranium series disequilibria, hydrogeochemical techniques,

remotesensingandvariousothergeochemical,radiometricand

geostatistical methods. These and others are described in Bailey and

childers (Lg7l) and the I.A.E.A. publication "Exploration for uranium ore

deposits" (L916).

An exciting new application emerged when physicists researchíng the

applications of thermoluminescence at Brookhawen National Laboratories '

New York, found that quartz "remembered" exposufe to prior large

radiation doses (Levy , 1918). This lfas a quite different concept co many

of the then current lines of research, which !¡ere r'rorking on detecting
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the actual presence of uranium and daughter products assocíated with

uraniurn orebodies. Thermoluminescence, in contrast, was a means of also

detecting the effects of the past presence of uranium, i.e. by

determining the radiation damage to host mineral lattices, even after the

uranium had rnigrated or had been leached from that position. The

potential thus existed to detect past areas of uranium accurnulation and

Èo track protore movement.

I.2 Aims of Thesis

This study was undertaken with the general aim of testing the

application of thermoluminescence (TL) to uranium exploration and

problems of uranium ore genesis and where possible, to use the technique

in further exploration.

The thesis is therefore separated into three parts: Part 1 deals

with the principles of TL and its application in exploration for Tertiary

sandstone hosted uraníum deposits. These are genetically perhaps the

simplest of uranium deposits, and if TL is to be of use in uranium

exploration then it should be usable for such deposits.

Two Tertiary sandstone environments were studied, one an actual

uranium deposit (Beverley) and one during an active uranium exploration

program (Bremer River). Results at Beverley showed Èhat TL was of direct

use in exploration for Tertiary deposits and could be expected to reduce

exploration costs.

Part 1 then concludes with an attempt to explain TL results

obtained on Tertiary uranium deposits and prospects in terms of presently

accepted kinetic and physical principles.

Part 2 deals with uranium exploration applications of TL at a

Proterozoíc sandstone hosted uranium deposit - the trüestmoreland Uranium

Deposit in Northwestern Queensland, Australia. Proterozoic uranium

deposits could be expected to be rnuch more complex than their Tertiary
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counterparts because of their Ea-ea:Le:! age, complicating TL applications

accordingly.

For this reason, and because most drílling in the l,Iestmoreland area

r^/as concentrated around known uranium mineralization, more closely spaced

studies across deposits were made, to assess whether TL could thus be

used to detect extensions to, or repetitions of, known orebodies' TL

results in uraniurn exploration at \,Jestmoreland ri/ere not as spectacularly

successful as at Beverley, nevertheless qrere still interesting and

indicate some locaLizeð use for TL in such deposits '

part 3 takes TL results from l^Iestmoreland and integrates them with

other geological and geochemical results and formulates a genetic model

for the formatíon of the l^Iestmoreland Uranium Deposits - a much vexed

questíon at which many attempts have been rnade and opinions proferred

since their discovery in the late 1950's. Because of the importance of

Proterozoj-c sandstone hosted uranium deposits as a source of mineable

uranium, and since fresh insights were made using TL at Westmoreland,

this thesis then concludes with a chapter on similarities and differences

between such deposits, speculations on how their genesis may have

occurred and suggestions as to how TL may be used in exploration for such

types of uranj-um dePosit.

Finally a s/ord concerning the presentation of this study. since

this thesis aims to apply what is currently considered a "physics

technique" to solve real problems in geology, and since this thesis may

be at least partially read by both geologists and physicists, then, in

order to assist readability for both groups, a short summary of

conclusions is presented at the beginning of each major chapter'
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1.3 Deflnitlon of Terms

AlI geological termínology in this thesis concerning igneous rocks

is adopred from Joplin (1971). Similarly, sedimentary rock terminology

is from Folk (1974). Terms concerning TL are following explanations and

definitions given ín McKeever (1985), with the exception of the term

sensitization, which in this study simply refers to any trend of

increasing radiation effects. Following Griscom (1985), the terms

radiation darnage or radiatíon effects, refer to " . . . . . the existence of

past irradiation loca] structures (either atomic or electronic) which

differ from the structures present before irradiation. . . . . " '



CHAPTER 2
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CHAPTER 2: PRfNCIPLES OF THERI.IOLIIMINESCENCE

Surnmary of Chapter

This ehapter summarízes principres of thermoluminescence (TL)

beginning with the role of crystal defecÈs that may function as

electron traps, hole traps or recombination centres. The TL process is
then described in terms of the absorption of ionizl'ng radiation by a

crystal, the trapping of íonization charges, their subsequent therrnal

untrapping, possible recombination and production of luminescent

radiation. Kinetíc models for the TL proeess are then presented.

Quartz is the mineral on which all future TL work is conducted

and therefore this chapter continues with an examination of the defect

structure of quartz and factors affecting quartz TL. rt is shown that
for quartz in a natural geological radiative enwironment, radiation

effects on quartz TL far outweígh any other influences. A literature

survey of other studies on the effect of radiation on quartz TL and LiF

TL is then used to suggest variations in qu,arEz TL glow curve shapes as

a function of radiation.

chapter 2 concrudes with a presentatíon of experimental

techniques used in TL measurements presented in following chapters.

* *¿
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2.L Introduction

Thermoluminescence (abbreviated TL) ís the light ernitted by a

substance when it is heated and which results from previous exposure to

ionizing radiation.

Thermolurninescence is merely one type of luminescent occurence in

the much Larget field of luminescence phenomena. The fundamental

principles governing production of the many different luminescence

processes are very si¡nilar and the names given to each Process reflect

the type of radiation used to excite the emission. Therefore,

photoluminescence is caused by excitation by optical or ultra-violet

rays, radioluminescence by nuclear radiaÈions and cathodoluminescence by

electron beams. Other Èypes of luminescence are described by McKeever

(1e8s).

Thermoluminescence is used today in a wide range of applicatíons.

The rnost common usages are in the field of radiation dosimetry and age

determination of both archaeological and geological samples. TL is also

used in conjunction with other techniques, e.g. electron spin resonance'

to develop an understanding of the nature of crystal defects ' Geological

applications of TL include use in ore prospecting (McDougall 1968) 
'

determination of meteorite orbits (Sears and McKeever 1980),

geothermometïy (McDiarmid f963), sediment provenance studies (Charlet

ir97L> and others sunmarized in McDougall (1968) and McKeever (1985).

TL properties of solids, as utilized in the above applications, are

dependant on many factors, the primary one being the concentration and

type of crystal imperfections.
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2.L.L Defects and Colour Centres

A crystal defect is any abnormality causing a watiation in the

norrnal crystal lattice. All crystals, including Èhose grown

artificially, in laboratory envíronments, contain imperfections or

defects which may affect physical processes occurring in the crystal.

Defects occur as point, line or structural defects. Point defects

considered to be influential in the TL process include substitutional

impurities, lattice wacancies or interstitial atoms. An example of an

interstitial point defect is the Frenkel defect, which occurs where an

atom or ion which is normally located on a lattice site occurs in one of

the interstices of the crystal lattice. A Schottky defect is an example

of a vacancy and is caused by the diffusion of an ion from the lattice to

the surface of the crystal. Both Frenkel and Schottky defects occur

regularly in ionic crystals though in molecular crystals there is a

predominance of schottky defects owing to the difficulty of forming

interstitials with large molecules.

Chemical irnpurities occur qThen a normal atom in the lattice is

replaced by a different atom which may hawe the same or different valency

eg. Al3+ or GeA+ substituting for Sia+ in quartz.

Under favourable conditions, point defects may trap electrons and

holes created by íonizing radiation. ff a defect centre containing an

electron absorbs visible lighC then it is called a colour centre' L"oy

(1971) states that many colour centïes are due to impurity defects within

the crystal lattice, or to alteration of the valence state of

imperfections (often by exposure to ionizing radiation). Examples of

solids that appear coloured because of the presence of colour centres

include ruby (AlrO, with Cr3+ impurities substituting for 413*), smoky

quarxz (sioz with Al3+/a:-ka]Ii substitutions for si4*, and requiring
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exposure to ionizing radiation to form the smoky colour), citrine (SiOz

with Fe3+ substituting for Sia+) and emerald (BerAlrSiuO* with Cr3+

substitution in 413+ sites).

Colour centres are important in the thermoluminescence Process

because they may act as trapping centres or recornbination centres and

contribute to luminescent ernission'

2.2 The Role of Defects ln the Thermolumlnescence Process

The TL process is best understood by utilizíng the energy band

theory of solids from which an explanation of observed luminescent

propertíes of various materials can be obtained. An energy band model

for an insulator or semiconductor is shown in figure 2.1. E., represents

the lowest fulI energy band, the valence band,'and E" Iepresents the next

highest enpty energy band, the conducÈion band'

In such an ideal insulator, electronic conduction wiIl only occur

when Valence electrons are given enough energy to tlaverse the energy gap

(Eg) to the conduction band. such energy nay result frorn ionizing

radiation.

Ifhen structural defects occur in a crystal, or if there are

impuríties in the lattice, there is a local perturbation in the periodic

potential. The defects are then said to possess localized energy levels,

in contrast to the valence and conduction bands whích extend through the

crystal. The presence of defects r¡rith localized energy levels thus makes

it possible for electrons to possess energíes within the forbídden energy

band.
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Figure 2.I Pictorial representation of the energy band model
for insulatois and semiconductors (afÉer McKeever
1985). E.. is the conduction band' Ev the valence
band and Eg the energy gap.
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2.2,L Defects that FunctLon as Electron and Hole Traps

Defect states in the forbidden energy band may act as electron

traps, hole traps, or in some cases as both, depending on the properties

of each centre. Figure 2.2 (after McKeever 1985) illustrates the

positions, or relative energy states of electron and hole traps within

the forbídden energy band in relation to the valence and conduction

bands. Er is the Fermi leveI.

Electron traps (sites which can trap an electron) are usually

located between the Fermi level and the bottom of the conduction band.

The energy required to release any electron from a trap is always less

than the energy required to transfer a valence electron to the conduction

band. Hole traps are any defect which can trap a hole. Often they are

sites with a negative charge which must capture a positive charge to

restore local charge neutrality. They are usually located between the

top of the valence band and Fermi level.

2.2.2 Defects Èhat Functíon as Recombination Centres

Defects and their associated trapped charges, (if any) and their

Iocalized energy levels may function as either charge traps or as

recombination centres. I{ithin the energy band model the distinction

between the two is based on the relative probabilties of recombinatj-on or

thermal excitation.

The mean time (r) that a charge wiII remain in a single indiwidual

trap, aË temperature T, is given by the equation { : s-lexp (E/kT) where

s (t-r¡ is a constant for the trap, E (eV) is the energy difference

between the trap and the edge of the corresponding delocalized energy

band (also called trap depth) and k is Boltzmann's constant.

(Boltzmann's constant giwes the relationship between energy and absolute
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temperature). Because the probability of a trapped charge being

thermally released is exponentially related to -E/kT, then' for a given

temperature those centres of small E are less likely to retain charges

than centres of large E. This is represented in f.igure 2,3 (after

McKeever, 1985) where electron traps ave loealized energy levels, not

only above the Fermi level, but also near to the conduction band.

conversely, usually, hole traps are situated below the Fermi lewel and

near to the valence band.

The position of a trap in the forbidden band depends on the details

of the (quantum rnechanical) interaction between the defect and the

surrounding lattice. Depending on its "charge" state and other detaíIs,

a defect may be an electron trap , or a hole trap, or in some instances

rnay be both a hole and an electron traP. Electron traps tend tso lie near

the conductj-on band, hole traps near the valence band and traps near the

centre of the gap tend to be the most likely recombination centres ' The

interaction between a conduction band electron (valence band hole) and a

trap is expressed as a trapping probability or cross section' This

probability (as given by quantum mechanical transition theory) contains a

factor inversely dependent on the energy between the electron trap (hole

trap) and the conduction band (valence band) and thus, the trapping

probability for each type of trap tends to increase as these energy

differences decrease.

2,2.3 Non-radl-ative Recomblnatlon Centres

In order for luminescence to occur electron-hole recombination must

be accompanied by emission of a photon. However, recombination can also

occur without light emission in v¡hich case non-radiative recombination is

said to occur. The nature of these centres is well known (Mott and

Gurney, 1948) and has been summ arized in l{cKeever (1985 p.3Z+-40) ' In
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cases where all emission is quenched, such as produced by numerous

metallic impurities these centres are knol,m as "killer centres" '

2,3 The Thermoluminescence Process

Therrnoluminescence, as stated prewiously, is the emission of light

from a substance as it is heated, and which results from previous

exposure to ionizing radíation. The ionizing radiation includes alpha

particles, beta Particles ' ganma rays ' x-rays, Protons ' neutrons and

fission fragments. Many conmon rock-forming minerals exhibit TL

including q:UlariLz, feldspar, calcite, dolomite, zj-rcort, apatite and

others.

In the natural geological environment most rocks and minerals will

either contain radioactíve impurities such as uranium, thorium and

potassuim, or will be in close proximity to these radioactive elements in

theír environment. Over time the radiation from these impurities will

cause ionization and charge trapping in the host mineral. lfhen the

mineral is removed from its natural environmenÈ and subjected to a

thermal cycle the TL emitted is called the natural TL, (NTL) i.e. that

which occurs from exposure to radiation in the mineral's natural

environment. No further TL occurs after one thermal cycle unless the

mineral is exposed to further radiation. The TL that is induced by

exposure to laboratory radiation is called artificiar TL (ATL).

The processes occuring in NTL and ATL are the same and both give

information about defects and impurities in minerals ' Usually only NTL

can provide information about the naturally accumulated radiation dose,

such as the dose levels applicable to archaeological dating.

The TL process can be most corrveniently described in three stages:

(a) absorption of ionizing radi-ation, (b) trapping of charges and (c)

thermal untrapping and TL emission.
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2.3.I Absorptl-on of lonlzlng RadlatLon

Ilhen radiation, be it alpha, beta or ganma radiation, enteIs a

crystal lattice it will cause ionization. A 1 MeV beta particle

(electron) penetrating a crystal will give up its energy in two main

r^rays: (a) it causes electrons to be remowed from atoms resulting in

formation of electron-ho1e ionization pairs and (b) it dissípates energy

by heating the lattice. (Another rlray in which an electron entering a

crystal may lose energy is by atom displacernent though this depends on

its initíal energy, and the energy transfered). Lewy (f974) states that

"very roughly" half of the energy of the incident electron is used up in

each of the above processes.

The distance travelled by the electron in this process is called

the range. In a silicate lattice the range is approxirnately lmm for each

MeV of energy possessed by the incidenÈ electron.

An alpha particle entering a crystal will produce very similar

effects to a beta particle. The major differences are in the range and

the ionization rate per unit path length of the alpha particle ' The

alpha particle has a range of approximately 5 microns for each MeV of

energy possessed.

A 1 MeV beta particle will cause approximately 5x104 ionization

events per rnillimetre lühereas a I MeV alpha particle will cause

approximately 5x1-07 ionization events Per nillimetre (of extrapolated

path length). The implications of this difference in range and

ionization rate are that for a grain (say quartz) with a one millimetre

díameter, the ionization events caused by the beta partícles will be

evenly distributed Èhrough the grain, whereas those caused by the alpha

particle will be concentrated in the outer 5-25 rnicron "skin" of the

quar:uz grain (LewY L974).
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Gamma rays are much more penetrative than either alpha or beta

particles. Ilhen 1 MeV ganma rays enter a typical silicaÈe crystal

roughly one half of them will traverse (statistically) approximately 10-

15 centimetres of the crystal before undergoí-ng an interaction. This

distance is called the half distance. The interaction of ganma rays with

the solid results ín a transfer of roughly two-thirds of the energy of

the gamma ray to one of the electrons ín the crystal. This interaction

may occur by Èhe photoelectríc effect, the Compton effect or by pair

production. The Compton effect refers to an elastic collision between

the gamma ray and an electron. The "struck" electron is ejected from its

atomic position and traverses the lattice with an initial high velocity'

It interacts with the lattice in the same manner as any other electron

such as the energetic beta particle discussed earlier. These energetic

electrons transfer their energy to the lattice either by atom

displacement (if the energy is large enough), creation of electron-hole

ionization pairs or heat. Because of the more penetrative nature of

ganma rays they produce ionization pairs through the crystal that are

more uniformly distríbuted than those created by alpha and beta

particles.

Ionization causes creation of electron-hole pairs where an electron

is excited from the valence band to the conduction band leaving an

electronic hole (or hole) in the valence band. Both the electron and

hole are nobile in their respective energy bands and may migrate through

the erystal until they recombine or become trapped aÈ defect centres.

Holes produced during ionization are very quickly trapped on hole traps '

Electrons rnay either recombine with holes trapped on hole traps or may be

trapped on electron traps. Lewy (op.cit) suggests that less than lt of

ionization electrons are trapped vrhereas 99t undergo recombination'

Those electrons and holes which are trapped are important in Che TL

Process.
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2.3.2 Trapplng of charges by defects

As discussed in section 2.L.L and 2.2.1 traps that are important

for TL are crystal lattíce imperfections, of which there are many in

solíds. The rnajority of traps are either ímPurity ions, whÍ-ch are

substitutions for regular atoms in the crystal , oÍ vacancies. An

inpurity concentration of 1 or 2ppm leads to a defect concentration of

t¡ro/crn3 - a very large nr:mber, which can give rise to an easily

detectable TL signal, (Lewy L9l4).

The most coûrmon electron trap is any defect in a crystal where a

negatively charged ion is missing from the lattice or vrhere an irnpurity

ion is present containing fewer valence electrons than the atom normally

occupying its position in the lattÍce. Consequently this site will cend

to attract electrons to preserve the electrical neutrality of the lattice

immediately surrounding the trap. Sirnilarly, defect centres possessing

fewer positiwe charges than usually associated with the atom occupying

that lattice position will function as hole traps. The greater the

difference between the valence state of the defect centre and Èhe atom

normally occupying the particular site, the more strongly or tightly a

charge will be trapped. If a defect centre has the same valence sËate as

associated with the normal atom in the lattice positsion then the centre

may under some conditions function as either an electron or hole trap,

depending on its electron affinity. In this case the trapped charges

will usually be only weakly bound.

Conceptually, in quartz (the rnineral with whích this thesís is

concerned), a well known hole trap is an 413+ ion substituting for Sia+

(O'Brien 1955). Electrons may be trapped on vacant oxygen sites where an

02- charge is missing and thus electrons on these sítes will be tightly

bound. The role of OH- groups as possible traps has also been

investigated by Griscom (1978, 1985) who suggests that holes may be
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trapped on oH groups which themselves may have formed "fron hydrogen

decoration,' of silicon vacancies formed duríng crystal growth' Bernhardt

(1982) also suggests that oH groups rnay play a prominent role as traps in

production of quarxz ÎL at high temperatlrres '

other defects in quartz which may function as charge traps include

substitutional irnpurities such as Tia+ in rose qluari-z (l{right et aI 1963)

and Gea+ in smoky qluarltz (Schlesinget L964). McKeever et al (1984)

suggest that the Ge4+ centres functíon as electron traps for the qvarxz

110'C g10w peak. Ichikawa (1968) suggests that interstitial alkali ions

(Li+ and Na+) also act as electron traPs (possibly for the q\rartz 230"C

and 2J0" C glow Peaks).

Griscom (1978) contains a comprehensive review of these and other

ímpurities and defects in quartz. Griscom (1985) also reviews defects in

amorphous silica and suggests where these results may be applicable to

quaÍxz. In these articles, and in addition to the above mentioned

defects, Griscom (op.cit) also considers other defects which may act as

charge traps in quartz ineluding: atomic hydrogen (at temperatures below

100K); galtiurn centres, which perform the same role as Al centres; Fe3+

centres, which he considers may be interstitial rather than

substitutional and finally, stable nulti-alkali centres ([Ge, e-/Na+, M,

N] where M, N : Na+ or Li*). These latter centres are considered to be

the principal stable electron traps in heavily x-irradiated c quartz with

low Ge/Al ratios.

2.3.3 Thermal Untrappl_ng and Luminescent Recomblnatlon

Once charges are trapped they will remain trapped for periods

ranging from fractions of seconds to thousands of years depending on the

half life of the trap. The charges must be released by subsequent

heating in order for TL to be produced by recombination at luminescent

centres
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charges may be trapped on defect centres of different energy. The

more tightly a charge is bound (or the deeper the traP) the more the

thermal energy required to release it. Therefore as the temperature is

raised the least tighCly bound charges will be released first' Each type

of trap, usually formed by similar defect centres, will release their

trapped charges at approxirnately the same temperature'

This process is illustrated in figure 2.4 (af.xer Lerry L974). The

uppermost curve shows the untrapping probability as a function of crystal

temperature. At 1ow temperatures all charges remain trapped as the

probability of escape is insígnificant - in thís stage the input of

Èhermal energy is less than the activation energy of the trap. The

probability of the charge escaping from the trap increases as the

temperature increases since there is an increased probability of the

bound electron gaining the energy required to escape the trap. Therefore

in the uppermost curve of figure 2.4 t'jne probability of escape increases

with the temperature. As the probability of untrappíng increases, the

trapped charge concentration will begin to decrease.

The trapped charge concentration is shown in the rniddle curve of

figure 2.4 and, decreases with increasing temperature. At some

temperature sufficienL thermal energy witl have been provided to allow

all trapped charges to escape. The temperature range over which the

trapped charge population decreases from 100* to 0* is l0'C-50"C (in case

of single stage untrapping).

During the depopulation process a fraction of charges will undergo

recombination at luminescent centres in the crystal lattice, with

resultant radiative emission. This results in a curve of TL tight

intensity vs temperature with an intensity maximum at a Particular

temperature as illustrated in the lowermost curve.
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A single heating ís sufficient to release all trapped charges and

no further light will be emitted within the same temperature range uPon

subsequent reheating. Exposure to further radiation í.s required to

repopulate traps and then upon subsequent reheating TL wíll again usually

be observed.

A curve as portrayed in the lowermost portion of figure 2.4 rr¡hich

describes the light ernission from a single trap is referred to as a glow

peak. Over a wider range of temperature a nr.rmber of superposed glow

peaks may occur which constitute a glow curve. Each glow peak in a glow

curve is characXetized by a particular temperature of maximum emission

(T), a trap depth or activation (E) and a pre-exponential factor or

"attempt to escape" frequency (s). This is illustrated in figure 2'5

after Levy (1914), Thus a glow curve, which is the basic data in TL

studies, represents a number of specífic activation energies for charge

release from various traps.

once the trapped charges are released they can undergo a mrmber of

different processes. Electrons may interact with trapped holes,

recombination centres or other electron tfaPs. Recombination may be

either luminescent or non-lumínescent depending on the nature of the

recombination centre.

An ímportant luminescent centre is a recombination luminescent

centre. This centre is often a hole traP that emits a quantum of light

upon recornbiníng with a mobile electron. As part of the trapping and

recombination process an electron becomes trapped in one of the higher

energy levels of the centre for a very short time (eg. 10-12 seconds)'

The electron then makes a transition to the ground state with the

emission of a light quanta. Once the electron enters the ground state

recombination occurs almost instantaneously (Levy op. cit) .
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A second type of luminescent centre is a Èransition-emission

luminescent centre which is usually an impurity ion in the crystal

Iattice. This type of centre does not often function as a charge

trapping centre, therefore when a thermally released charge encounters

this type of centre it is momentarily trapped in one of the upPer energy

levels before naking one or more transitions Èo lor¿er energy levels, with

the emission of one or more quanta of light. The charge rnight then

remain in the lowest energy level long enough for the centre to be

classified as a trap or a recombination centre. Usually, howewer, the

transition-emission luminescent centre releases its trapped charge which

migrates through the crystal until it ís stably trapped or undergoes

recombination.

Not all thermally released electrons will undergo recombination and

some may be retrapped, either on similar electron Èraps to those from

which they have been released, or by different types of electron traps

with higher activation energy. The probability of retrapping vs

recombination depends on a number of factors though principally on the

relative numbers of available electron traPs and recombination centres

and the capture cross sections for each centre. Mathematical models have

been developed which consider retrapping processes. These are called

kinetic models of TL

2.4 Klnetic l'fodels For Thermoluminescence

A number of mathematical theories have been developed to describe

some aspects of TL glow peaks. These theories are referred to as kinetic

models and can be used to provide information about Parameters associated

with charge trapping sites responsible for TL emission. Kinetic models

can also be used to explain variations in glow peak intensities, shapes,

areas and temperatures of maximum emission. Methods of kinetic analysis
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of glow peaks are contained in Chen and Kirsh (1931) and a useful sunmary

in McKeever (1985).

Although no kinetíc analyses of activation energies or pre-

exponential factors have been carried out in this thesis, it is still

consÍdered useful to include a discussion of kinetic models as these may

help explain variations in glow curves in a qualitative fashion in future

chapters. As will be seen in chapter 2.5.2 and chapters 3, 6 and 7 there

is a systematic varj-ation in some glow curve parameters (eg. temperature

of maximum emission, intensitíes and glow peak ratios) as a function of

proximity to uranium mineralization. chapter 4 will contain an attempt

to explain such variations in terms of the kinetic models explained in

thís section.

Almost all of the followíng discussion on kinetic models for TL has

been taken from numerous publications by Lewy and co-workers ie. Letry

(1981 ,Lg82,1983 ,L984a,1984b,1985a,1985b), Schwartzman et aI (1983) and

Hornyak et a1 (1985).

2.4.L First Order Kinetics

The original theoretical treatment of first order kinetics was

given by Randall and \^Iilkins (1945) . Anong other assumptions, f irst

order kinetics assume that when a trapped electron is thermally released

it will recombine with a trapped hole with the possibility of a resultant

photon emj-ssion. Retrapping is assumed to be negligible in their model'

Under such conditions the intensity of the light ernitted is proportional

to the number of charges untïapPed per unit time. The number of charges

released per unit time is equal to the trapped charge population

rnultiplíed by the probability that each charge will escape. The

probability that an electron will escape from a trap, per unit time, is

given by:
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P : se-E/kr (1)

where

p : the probabilitY of escaPe

s - the "attempt to escape" frequency or pre-exPonential factor

E: the thermal activation energy for charge untrappi.g (in eV)

k : Boltzmann constant

T : absolute temperature in Kelvin

IfretrappingisnegligiblethentheinËensityl,atanytimeT,is

given by:

r : _ d. nse-E/kT e),--dt
where n is the trapped charge concentration time t, and dn/dt is the

number of charges released per unit time.

In the usual TL measurement the sample is irradíated at a

temperature low enough to ensure that the ¡s¡n s-E/kr is negligible and

lighC emí.ssion is undetectable. During the TL measurement the sample

temperature is usually increased linearly with Èine since: (a) a precise

and reproducible linear temperature increase is the easiest to achiewe

experimentally, and (b) a linear temperature Program enables a simple

solution of equation (2).

For a linear temperature rise, time and temperature are related by

the equation:

T:To +Ptor dT:Pdt (3)

where: B is the heating rate ín degrees per unít tíme and To is the

temperature at which the TL measurement begins '

Integration of (2) after substitution of (3) results in the

following expression for luminescent emission as a function of time or

temperature, for a single type of trapping centre:
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r : nose E/kt exp t r: 
g 

"-tlkt ar] (4)

where no is Èhe number of initial trapped charges.

Equation (4) is knovrn as the first order glow curwe expression and

shows that the total emission is dependent on no, number of trapped

charges which is a function of the pre-measurement dose. This is

illustrated in fíguxe 2.6 (after Levy 1982) . Both peak intensity and

peak area vary linearly with the pre-measurement dose. Other propertíes

of the first order expression are that the shape of the glow peak, and

the glow peak temperature depend on heating tate. For a fixed heating

rate the glow peak shape and peak temperature are independent of no.

The physical situation leading to first order kinetics, ie.

negligible retrapping, occurs when the concentration of luminescent

centres is much larger than the number of traps. If concentrations are

approximately equal then first order kineLics will still occur if the

charge-capture cross section (Levy L982> of the lurnínescent centre is

much larger than the corresponding cross section of the trapping centre,

In cases where the glow curve consists of more than one glow peak, in

applying first order kinetics it is assumed there í-s no interaction

between different types of Èraps.

2.4.2 Second Order Klnetics

Ilhen the number of traps is large compared with the number of

luminescent centres there is a possibility of retrapPing. The retrapping

concept and the original second order kinetic expressions vrere introduced

by Garlick and Gibson (1943). Equation (2) must therefore be replaced by

one that includes retrapping. In Èhis case the emission after thermal

untrapping is controlled by cornpetition betvreen retraPPing and

recombination. The assumptions made in deriving the appropriate equation
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are that for each charge trapped in a trapping centre there is an

opposite-sign charge traPped in a recornbination or luminescent centre and

that light is emitted when thermally released electrons recombine with

trapped holes (after having been retrapped one or more times) or when

therrnally released holes interact with trapped electrons.

The probability that a conduction band electron will be retrapped

is proportional to ort (N1-nr) where ø., is the cross-section for

retrapping, Nr is the concentratíon of available electron traps and nt

the concentration of trapped electrons (Lerry L982>. Nr-nr is therefore

the concentration of empty electron traps. The probability that a

conduction band electron will undergo recombination ís ørn. where ør is

the cross section for recombination and n' is the trapped hole

concentration. The fraction of electrons being retrapped is thus given

by:

ot, (Nr-nr)
(5)f t øt, (Nr-nl) + ort,

The fraction undergoing recombination is given by

1-fr ,-,"f+tft-"t' (6)' otL (Nr-nt) * orn,

Assuming that the cross section for retraPping and recombination are

equal (ie. or:o:-) and the nurnber of trapped electrons equals the number

of trapped holes (ie' Dl:D.) then equation (6) becones:

1-f (7)
t

-dt1
thus becomes:The intensity of emission I :

dr

t+J
t1

_E /kr
-dn e

t1

tl

E

"1

2

1
1

I: dr

N
s e

-EL/kÎ
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Intensíty of equation (8) after substitution of equation (3) yields

2tol sr exP
1

(-E /kr)
r (r) (e)

pJ"
to
N

1+
2

L
s, exp (-ElkT)dtl

I
Equation (9) is referred to as the second order glow curve

expression. Plots of second order glow curves are also contained in

figure 2.6. The principal properties of second order glow curves are:

(a) that for other parameters kept constant, the glow peak shape and peak

temperature depend on heatin| TaEe. (b) For a fixed heating rate the

glow peak temperature and shape are dependent on no t -the initial

tol
trapped charge concentration, or more importantly: ¡f -the fraction

of traps filled. This is an important observation ""I.h"nges 
in glow

peak temperature were observed approaching uranium mineralization at the

I¡Iestmoreland orebodies. This is noted in chapter 5 and discussed in

chapter (4). (c) The second order glow curves coincide as they approach

low intensity on the high temperature side of the glow peak. Both (b)

and (c) , when observed in TL measurements, can be regatded as indicating

that retrapping is occuring when different test doses are applied'

In second order kinetics, if more than one type of electron trap is

present, i.e. if more than one glow peak present in the glow curve, then

it is assumed that the ínteractions between different trap types is

negligible.

2,4,3 Thermolumlnescence in Systems Not Subject to the usual
ApproximationsforFl-rstandsecondorderKlnetics

First and second order kinetic expressions for TL glow curves are

based on the following assumptions:

(1) Retrapping is negligible in first order kinetics and non-negligible

in second order kinetics '

Nt
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(2) rn second order kinetics o": oï'1 and Dr: 11 ' whereas Ín first

order kínetics o, )) orr.

(3) Interactions between different types of traps are negligible, ie'

when charges are retrapped, retrapPing occurs on the same type of

trap, and there is no transfer of charges between traPs,

Lewy (1982,Ig83,L984a) has developed expressions to describe glow

curves where the above assumptions do not app1y. Solutions to these

expressions show that glow peak íntensity, shape and temperature vary

with recornbination and retrapping cross sections, trap concentration and

initial trapped charge concentration.

UsÍng the definitions gíven previously, the differential equation

for trapped electron concentratíon as a function of time is:

1 otl(Nt-tì
dn
dr (-r) [n, s, exp (-EtlkT) ] n-) + ø nL'rr

(r0)

This equation is described as the General One Trap (GOT) TL equation

(Lewy 1984a). The (-1) factor occurs because the trapped electron

concentration is deereasing. The second factor is the concentration of

trapped electrons released to the conduction band per unit time. The

third factor is the fraction of thermally released electrons not

retrapped ie. those undergoing recombination.

Note that if the probability for recombination is very much Larger

than the probability for retrapping, ie. ø.n. )) orr (Nr-nr) then

equation (10) reduces to i(t) - # 
: nlsl exp (-EtlkT) which upon

substitution of the linearly increasing temperature equaÈion yields the

normal firsC order kinetics glow curve expression ie' equation (4).

Sirnilarly the second order kinetic glow curve equation can be

deríved from equation (10) when the two approxímations for second order

kinetics are made ie. nr: nr and ot:: or, and the appropriate

integration after substitutíon of linearly increasing temperature

equation.

otl (N1
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llhen the trapping and recombination cross sections are not equal

ie. ot,t * ø, then equation (10) ¡,rill not yield the normal first or second

order glow curves. This is illustrated in figures' 2.7 and 2.8 (after

Lewy 1982).

Figure 2.7 shows the case where first and second order glow curves

were computed when all parameters were fixed except for the recombination

to retrapping cross-section ratio. The first order glow peak is marked

with the symbol +, the second order glow peak with the symbol *. The

following poínts are discernible:

(1) A.s o,/oil increases the glow peaks more closely resemble first

order glow Peaks.

(2) The second order glow peak is fitted w]nen or/or1 :1. This is also

indicated by a closer spacing of or/orr ratios in figure 2'8'

(3) The glow peak intensiÈy, shape and temperature vary with t,j.,j^e or/ott

ratio, ie. the intensity decreases and the temperature increases as

o r/o tt decreases '

(4) Although the intensity and shape of each glow peak change, the area

under each peak is constant, or independent of the ot/ott ratio ín

the one trap model.

Lewy (1982) also demonstrated that glow peak shape, intensity and

temperature also vary with the trapped hole concentration' This is

evident from figures 2.9 and 2.10 where glow curves vrere computed with

aII parameters constant expect n¡o' The following points arise:

(1) First order kinetics is approached as nr/nt increases (ie.>10)

(2) Second order kínetics occur when n' : D1.

(3) The glow peak temperature increases and glow peak height decreases

with decreasing nr/nr.

Lewy (op.cit) considers that it is likely that the condition not *

nro or n1 + nr applies to most materials exhibíting second order kinetics

that contain more than one glow peak. For example a material which
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exhibits t\,¡o or more glow peaks may have tvlo or more different t¡rpes of

electron traps and only one type of hole trap. Ionizing irradiation will

cause electrons to- be trapped in the two types of eleetron traps whereas

holes will only be trapped on the one type of hole trap' Naturally,

after irradiation the total number of trapped holes will be very nearly

equal Èo the total nunber of trapped electrons in order to maintain the

charge balance. During heating, thermally released electrons from the

lowest energy electron trap can combine with a trapped hole population

equal to the sum of all trapped electrons, ie. the total number of

electrons in the lowest energy traps can recombine with a much Larget

population of trapped ho1es.

In this regard one might expect that lower temperature peaks would

approach first order kinetics. In fact the trapped electron and hole

populations will only be equal for the highest temPerature peaks.

Therefore, the highest temperature peak is likely to conform to second

order kinetics. However, this would only occur if Èhere was no

interaction between different types of traps. Le.ry (1985a,b) also

considers the possibility proposed by Chen and Kirsh (1981) that single

glow peaks are described by "partial order kinetics", ie. that single

glow peaks are described by the equation:

r(t):-+ "',P"-Elkr wherep*L,2 (11)
dt

For partial order kinetics to be consistent with the GOT equation

it would be necessarY that,

ø. (N-n)

øa (N-n) * o, rtn 1- : .,P, where p # L ox 2.

By expanding the fraction it is seen that this is not possible, thus

partial order kinetics is not consistent with GOT kinetics and is an

empirical concept without a physical basis.
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2,4,4 General Thermoluml-nescence GIow Curve KinetÍcs For Systems Having
More Than One Glow Peak - InteracÈlve Klnetlcs

The general one-trap first and second order kinetics all require

the assumption that charges released from one type of trap do not

interact with other types of traps. Interactions between different types

of traps can be described by very general equations as developed by Lewy

(1984b, 1985a,b).

consider a system of j different types of electron traps and a

single type of hole Èrap. Let N, be the concentration of the ith type of

electron trap and N" the concentration of the hole traps. Assume Nt Z Nr

+ N2 + Ne * ..... Let n, be the trapped electron concentrations and n"

the trapped hole concentratíon at time t, f,o1 and nro the corresponding

concentrations at t:0. ota ís the cross section for electron retraPPing

on the (Nr-nr) empty electron traPs of the ith type, and ø' the cross

section for TL light enitting electron-hole recombination. The final ørt

is the cross section for electron retraPping on the (Ni-nr) ernpty

electron traps of the ith type and ø, the cross section for TL light

ernitting electron-hole recombination. The final assumption is that the

substance is irradiated at a temperature low enough to consider the

thermal untrapping Processes to be negligible'

After irradiation and before heating the initial trapped electron

concentrations are n01, D02,1o3...' and no1+n'z+no3 +"': Dro (the

trapped hole concentration). The equations for the traPped electron and

hole concentrations during heating are: Lerry 1984(b)

tt)/kr -E o . (N.
11dni n.s.e1l. [ri,1-E

s-eI
]-/kJ

*rår o, (N.-nr)
(12)

dr -n.]-

-dn j.rr(r): . :-t
ctt i:1

dn

dr

or: o"r/o,

I (13)
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This is essentially an extension of Lerry's GOT equation (1984(a)) to

rnultitrap systems.

Inequation(12),thefirsttermdescribesthethermal

untrapping from the ith type of trap, the first bracket gives the

total charge concentration in the conduction at time t and the second

bracket is the function of conduction band electrons retrapped on the

ith type of electron traps. The conductÍon band electrons that are

not retrapped will recombine rvith holes to produce TL light I(t)' as

described by equation (13)- In all calculations o!: dti/øt and thus

only the fetrapping-recombination cross section ratios appear, not

the actual cross sections themselves '

TheseequationsdescribeaTLsysteminwhichchargesreleased

from one type of electron trap may be retrapped on all of the empty

electron traps present - not just on the same type of trap from which

they have been released. The lifetime of electrons in low

temperature traps may be very short and may even fail Èo produce a TL

signal at al (Hornyak and Lerry, 1985), however the dominant effect is

theretrappingofchargesreleasedatlor.¡temperaturesbytraps

operative at higher temperatures. This process, where released

charges may be retrapped on any available trap, is termed interactive

kinetics, as opposed to non-interactive kinetics where it is assumed

that interactions between different types of traps do not occur'

Note that in equation (12) when

J
t o ti (Ni i),nno

i:1rt

then these equations reduce to a set of j independent first order

kinetic equations.



30

2.4.4.L Propertles of Thermoluminescence Systens Described By

Interactive KLnetlcs

Lewy (op.cit) has studied the properties of interactive TL

systems by obtaining computerized numerical solutions of equatíons

iÍ^2) - (14) and varying one parameter whilst others are kept fixed'

For the purposes of this thesis the three trap interactive system

will be shown as this is most sirnilar to results obtained in future

chapters.

consider firstly the effect on the TL glow curves of varying

the ør r/o" cross section ratios. This is illustrated in figure 2.11

for the following Parameters:

Nr:Nz:N3:1016

nor:noz:nog:5x101s

D'o:1'5x1016

s1 : sz : ss : 1010

E,. : l.OeV, Er: L.25eV, E3 : 1.50eV

o¡i/or: as shovm.

Typical first order (+) and second order (x) glow curves are

also shown which were computed from the appropriate parameters above'

These show the expected glow curves assuming non-interactive TL

systems.

Figure 2. 11 indicates large differences between interactive and

non-interactive systems. It is only as the o"¡/ox ratios decrease

(ie. recombination much more probable than retrapping) that the glow

curves begin to apProach the usual first order glow curves '

Recall that one of the assumptions made in deríving second

order kinetic expressions was that ø, L : o, One rnight therefore

expect that satisfying this condition (o"r/or:L) in interactive
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kinetícs systems would produce a glow curve resembling that of the

computed non-interactive second order one. Figure 2.11 indicates

that this is not the case and that the glow curve when ø" i/ot:L more

closely resernbles first order than second order non-interactive

kinetícs.

As the o¡t/o, ratio increases the glow peak temperature of the

highest temperature peak increases. The intensities of the low and

middle temperature peaks become smaller whilst the intensity of the

high tenperature peak initially increases (for ø" i/o. raXios from

0.01 - 1.0) then slightly decreases (for ørt/o= rat:.os of 5'0 and

10.0).

Figure 2. 12 shows the change ín glow curve characteristics when

the concentration of trapped charges vary in one trap for a fixed

number of traps (N), and interactive kinetics apPly. The major

observation is that the shape and position of the glow peaks depend

on the distribution of initial trapped charge concentration, ie- in

this case on the no, values.

Of particular importance is the way in which the glow curve

properties depend on the pre-Tl measurement dose, or on the magnitude

of the initial trapped charge concentration. Lerry (op'cit) computed

glow curves demonstrating this dependence under the following

conditions:

3 types of electron traps, N1, N2, N3 such that N1 + N2 + Ns <

Nr (concentration of hole traPs)

o"7/or: 0.1

E, and s, values as given PreviouslY

not : noz : nog - values are shown on figure 2'I3'

The resultant glow curves (computed from equations (12)-(14))

are shown in figure 2.13 for no, values ranging from 1010 to 5x1015-
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AIso shown are the usual first and second order glow curves (nor :

î02: Dog :5x1O1s). Although the shape of the first order glow

curves do not depend on initial trapped charge Ievel, the second

order glow curves become broader and the peak ternperature shift to

higher temperatures as the initial trapped charge level decrease.

Lerry (op.cít) from computed interacÈive glow curves made Èhe

following observations .

(1) The glow peak shapes depend on the ínitial trapped charge

concentration.

<2) As the no, values decrease the relative heights of the peaks

change drastically. At low no, values the height of the highest

temperature peak is so large that one would not expect to detect the

two lower temperature peaks on the usual plot with the high

temperature peak at normal intensity.

(3)Atlowdoses,ie.lowvaluesofnol,cr¡rvesofeitherdosevs

intensity or dose vs glow peak area v¡íll not be linear. This has

particularly irnportant implications for archaeometry where doses are

frequently low.

(4) At high no, values (ie. large Pre-measurement dose and more

traps filled) the cornputed glow curves most closely resemble non-

interactive first order Peaks.

(5) The peak temperatures change with no, values' This is most

noticeable in the temperature of the high temperature peak'

(6) Glow peak shape also changes with no, values ie' the high

temperature peak becomes rnuch broader at low no, values' The shape

of the two lower peak temperatures remains more constant.

(])ThehightemPeraturesidesofthehighesttemPeraturepeak

superimpose as the temperature increases. As mentioned in a previous

section this is a property of single glow peaks described by usual

second order kinetics.
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Levy (1984b, 1985a) also includes some quantitative analysis

and features of the glow curves contained in figure 2.L3. As no

quantitative kinetic analysis of glow curwes has been undertaken in

this study, not all of Lewy's (oP.cit) conclusions are inrnediately

applicable. Two conclusions, howewer, a1-e worth mentioning.

(1) Low dose curves in which the lower temperature peaks have

negligible inrensiry can be fitted as a single glow peak (although

the resultant E and s values obtained will differ appreciably fron

those used to compute the theoretical curwes). The significance of

this conclusion is thaU a plot of peak area vs dose will be linear,

and that peaks described by first order kinetics will also provide

linear peak height vs dose curves. Peaks described by GoT or second

order kinetics may appear to be linear in certain dose ranges.

(2) A most impoïÈant conclusion is that interactive kinetics

appears to explain the phenomena of supralinearíty' This is

illustrated in figure 2.I4 af.xer Lewy (1985a,b) which is a plot of

peak height vs dose for the computed glow curves '

The two lower temperature peaks both exhibit supralinear

characteristics, whereas the high temperature peak does not (because

its width increases rapidly with dose). The signíficance of this

conclusion is that supralinearity is a natural feature of interactive

kinetics.

A discussion of kinetics as applied qualitatively to this study

occurs after Presentation of data ie. chapter 4'
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2.5 Natural Processes Affectlng The Thermolumlnescence Of Quartz

2.5.L Quartz Before IrradiatLon - Introductlon

This thesis is concerned with the use of TL in uranium

exploration and ore genesis studies. Therefore one could expect that

ionizing radiation will be the dominant influence on the TL of quartz

in such environments. It is still useful however' even necessary, to

consider the influence of other parameters on the TL of quartz 
'

particularly under the physio-chemical conditions encountered in

sedimentary rocks which often host uranium mineralization. The

nature and intensity of individual glow peaks in quartz depends on a

m:mber of factors of v¡hich many are Poorly understood. This section

(2.5.1) gives a brief sunmary of some factors, section 2'5'2

considers the effect of ionizíng tadiation in more detail. More

extensive discussions of the factors influencing TL of quartz are

found in Ichikawa (1968), McDougall (1968), Kaul et al (1972) ,

sankaran er al (1983), David et al I-IX (1977-82), McKeever (1984)

and McKeever (1985).

Natural quartz is stable at temperatures up to 870'C at 0.1

MPa. It has two forms; the alpha form (c), which is stable to 573'C,

and the beta (B) form which is stable between 573"C and 870'C. The

o-B transition involves slight adjustrnents in atomic positions

without bond rupture, and is a reversible change. The a form is

trígonal and the p f.orm has a hexagonal structure. In both forms,

oxygen atoms are tetrahedrally shared between those of silicon. The

nature of the Si - O bond is SiO, is between 40* ionic/60* covalent

(Evans , L966) and 50t ionic/5O* covalent Dana (f968) '
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The role of defects is particularly important in controllíng

various physical properties of quartz. Many defects even those

caused by radiation appear to be located at Pre-existing

imperfections - predominantly ímpurity ions.

Defects in Sio, associated with oxygen wacancies are called E',

centres. The model for the Er' centre is that of an oxygen vacancy

wíth an unpaired electron located on one of two non-equiwalent Si

atoms. This is illustrated in figure 2.L5 afXer McKeever 1985.

The Er' centre also consists of an oxygen vacancy, but with an

associated proton on the si(II) site. A third E' centre, the Eo'

centre, is identifíed as an oxygen vacancy with a hydride ion bonded

to the Si(I) atom. As well as oxygen vacancies, oxygen interstitials

are also irnportant defects in SiOr. Oxygen vacancies are potential

electron traps whereas oxygen interstitials are potential hole traps.

Broken Si-o bonds are also viewed by McKeewer (op.cit) as important

defects where non-bridging oxygen gives rise to oxygen dangling bonds

(potential hole traps) and empty si orbirals (potential electron

traps). chatagnon (1986) records another oxygen vacancy defect which

function as double electron traPs (called E'p centres). Griscom

(1985) and l,Ieil (1984) also record oH groups acting as hole traps in

qwartz.

One of the major defects in quari-z is the Al3+ íon substituting

for an Si4+ ion, often with accompanying charge comPensating alkali

ions or H+ ions. The Al3+ is thought to substitute for Sia+ and thus

needs an accompanying positively charge ion to maintain charge

conservation. This model proposed by o'Brien (1955) which has gained

widespread acceptance, views the compensatory ion being located near

to the Al3+ ion and within the open c-axis channelway of quartz.

Several different A1 centres exist depending upon the nature of the

compensatory ion and its exact location. The 413+ centre also has an
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important function in acting as a hole trap and recombination centre'

McKeever (op.cit) considers optical absorption measurements to show

that the A-bands give rise to irradiated quartz's smoky colour. ESR

and dielectric relaxation measurements show these bands to be related

to an 413+ hole centre.

Evidence used to support the role of the Al-alkali centre as a

recombination centre includes the enhancement of TL intensity with

increasing Èemperature of irradiation (Malik et al (1981, Durrani et

aL 1977a). The interpretation of these results is that at high

enough temperatures of irradiation, the alkali ion is able to diffuse

away from the Al site during the irradiation, which results in the

formation of an AI3+ hole centre. Electrons which are thermally

freed can then recombine with trapped holes at the 413+ site with

resultant luminescent emission. Aspects of such a model have been

used to explain some features of the TL of quartz, eE. sensitization,

and will be discussed in section 2-5.2.

Further evidence used to supPort the above interpretations hawe

come from rhe v¡ork of Kirr and ì,Iartin (1983) and Jani et aI (1983).

Kítt and Martin (op.cit) have measured the change in the AI-OH centre

with temperature of irradiation which is an indirect measurement of

the nobility of the alkali ion in quartz. (The relationship ís such

that if an l"l+ ion rnoves away from an 413+ it may be replaced by a

proton on an adjacent non-bonding oxygen orbital thus giving rise to

an AI-OH centre). Their results show an increase in the optical

absorption band related to the AI-OH centre with increasing

temperature of irradiatíon, thereby implyíng that M+ ions are being

moved from 413+ sites in relation to temperature of irradiation.

Kitt and Martin (op.cit) also found that the Li+ ion was released

from the Al3+ site temperatures 1O-15K lower than Na+ '
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Jani et al (1983) present evídence to support the role of an

[A1 04 ] " centre as a recombination centre - at least for glow peaks

above }OO"C. They point to the identical spectral resPonses for two

glow peaks at 245"C and 280'C and the [4104]" centre decay in the

same temperature region. This they suggest, indicates at least two

differenÈ electron trapping centres having different decay

temperatures which use the same recombination site, namely the

[4104]o centre. They further suggest that the two different electron

trapping centres are related to alkali ions which have been

previously liberated from AI3+ M+ sites as a result of irradiation.

Evidences used against the role of the Al-alkali centre in

recombination are:

(a) That no clearcut correlation exists between the A1 content and

rhe A-band absorption and ESR signals. McKeever (1985)

suggests that this may be because aluminium has to be in a

silicon substitutional position in order to give rise to these

signals, and that measurement of bulk aluminium content will

also include non-substitutional aluminium, i.ê. interstitial

aluminium or in inclusions. This suggestion is supported by

Èhe work of cohen (1-960) who found that aluminiun may be

incorporated into alpha quartz either interstitially or

substitutionally and that visible colour cenÈre phenomena in

quartz was related to substitutional aluminium but not

interstitial aluninium.

(b) If the smoky colour of quartz is related Èo A-band absorption

which is related to 413+ - hole centres which in turn function

as TL recombination centres, Èhen if the smoky colouration is

bleached the TL signal should also be affected. Yet, in some

cases (McMorris 1971), bleaching of the smoky colour of qluat|uz

does not affect the TL. McKeever (op'cit) explains this
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feature as being related to non-radiative pathways in the TL

process, ie. Fe3+ acting in similar fashion to Al3+ and

contributing to the smoky colouration, yet also acting as a

"killer" centre in the TL process.

In contrast, cohen and Makar (1982) supPort the idea of A-band

absorption being related to AI3+ - hole centres' They draw an

analogy to soda-silica glass absorption bands and propose a model for

colour centres in smoky qúaTiLz with the A, band related to a trapped

hole on an oxygen attached to a substantial alurninium impurity. The

A, and A, bands are related to centres consisting of thret (Ar) and

two (Ar) non-bonding oxygens attached to the aluminium ion with

related trapped hole.

Other irnpurities important in the TL process are Ge4+ and Ti4*,

both of which are thought to function as electron traps though

l"larfunin (Lg7g), also suggests that electrons trapped at Gea+ or Ti +

centres act as recombination sites though are activated in a

different temperature range to the 413+ - hole recombination centre'

Thermoluminescence is observed in quarXz at temperatures both

below and above room tempefat\rre. As this thesis is concerned with

TL measuremen¡s at temperatures abowe room temPerature, only a brief

summary will be given of TL below room temperature. l"lcKeever (1985),

who sumrnarízes studies of TL below room temperature, contains the

following results:

(a) Following X irradiation, Medlin (1963) found a prominent glow

peak at 165K related to the presence of TiA+, with a maximum

spectral emission at 38Orun.

Mattern et al (1975) observed a single Gaussian emission peak

at 38Onm for a glow peak at 180K, following ganma irradiation.

(b)
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They also showed that the low temperature glow peaks were

perfectly described by first order kinetics '

(c) Malik et al (1981) note 38Onm emissÍ-on for several glow peaks

between 145 and 270K, and 45Onm emission for a glow peak

between 115 and 145K.

(d)Schlesinger(1965)suggeststhatallpeaksbelowroom

temperature are due electron traps and recombination at 413+

centres except for a peak at 257K which he considers a hole

trap.

Malik et al (op.cit) suggest that glow peaks between 185K and

27OK are related to an Al-alkali centre, Therefore, combined with

the results of Schlesinger (op.cit) this suggests that the TL glow

peaks in this temperature range, emitting at 380nm, are due to the

recombination of electrons with holes at Al-alkali centres ' Malik

et aI (op.cit) also suggest that emission at 450nm is also due to

recornbination of an electron (released from a hydrogen

interstitial) with a nearby 413+ - hole centre.

All further sections will be concerned with TL above room

temperature

2,5.L.L QuarÈz Emlsslon SPectra

Numerous workers have examíned the emj-ssion spectra of

various crystalline quartzes which hawe been found to vary

considerably between samples. David et aI (L917) portray emission

spectra for 11 quartz samples (figure 2-L6) which show two major

regions of emission at about 350 and 47Onm. In some cases emission

occurred at 425nm rather than 47Onrn. Generally the 470nm emission

\¡ras stronger than that at 350nn.
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Fuller and Lerry (Lg77) rePort an emission at 490run for the

316"C glow peak from Arizona narural quartz'

Medlin, s paper of l-963 contains emission sPectra for two g10w

peaks below room temperature and two abowe room temPerature (280K

and 330K). His dara is shown in figure 2.L7 and indicates a

maximum emission spectra at 380run for the 280K and 330K glow peaks '

Durranietal's(L977a)emissionspectradataisshownin

figure 2.L8 f.or glow peaks at 2OO'c, 255"C, 215" C and 355"C. All

four glow peaks have an emission spectra maximum at 450-460nm.

Durrani et aI (op.cit) interpret these results as indicating that

four different electron traps, resPonsible for the observed glow

peaks, are using the same recombination centre. They consider the

recombination centre to be the Al-alkali centre '

Zimmermann (1971) working on the 110'c TL peak found that

both radioltrminescence (RL) and TL emission maxj-ma occurred at

38Onm with a weaker emission at 470nm. In contrast, Jani et al

(1984) found that higher temPerature glow peaks (>250"C) in quartz

emitted at a maximum of 470nm. Jani et al (1984) concluded that TL

in higher temperature regions is due to the recombination of

electrons wíth holes at AI3+ - hole centres. The recombination

centre responsible for emission at 380nm has not yet been

identified. Medlin (1963) attributes it to an unidentified lattice

defect, McKeever et al (1984) call it an unidentified hole centre

and later (McKeever 1987) tentatively decribes it as a H.0o centre.

McKeever (1985) contains other emission sPectra studies in

his revier,r of the TL of quartz. He concludes that most of the lt

glow peaks above room temperature emit in the range 450-470nrn and

that the source of this emission may be the recombination of

electrons with 413+ - hole centres, though at this stage it is

unwise to be too categorical about the TL emission process.
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2.5.L.2 Role of Trace Elements on Quartz Thermolumlnescence

The effect of impurities on the TL of q:uar:uz is not yet ful1y

understood. Medlin (1963) investigated the effects of irnpurity

cations added in solution to an amorphous silica suspension from

which quaxxz samples were crystallized. From 413+, Bi3*, Sb3*'

A"3*, p5n, Ag*, Bt*, pb4*, Mn4*, Ti4+, Li+, FeZ*, Sn4*, Zrt2*, G"4*,

GaB*, In2+, Co2*, y5+, Ni2+, Cd2*, HE2*, Cr3+ and Cr6+ he found

that only the addition of Tia+ affected the glow curves of these

synthetic samples. The pïesence of Ti resulted in an íntense glow

peak at 165"K with an optimum concentration near 4000pprn' Medlin's

(op. cit) results seem to contradict those of laËer workers, notably

the lack of effect of Al3+, Ge4+ and Li+ on quartz TL. Possibly

his method of trying to incorporate impurities into the quartz

Iattice v/as not as successful as the vacuum evaporation or

electrolytic sweeping employed by other workers '

The effects of 413*, Li+ and Na+ on the TL of quartz were

srudied by Ichikawa (1968). He diffused these impurities into the

sample grains followed by wacuum evaporation heat treatment at

10oo"c. His results are contained in table 2.1. Ichikawa (op.cit)

concluded that sodium concentration was an influencing factor on

280.C peak intensity and lithium on the 245'C peak intensity. It

is also noteworthy that aluminium, either singly or in combination

with the monovalent ions, has an effect (to varying degrees) on

four of the five peaks considered. The similarity of ]chikawas

(op.cit) results to those quoted earlier of Jani et aI (1983) is

worthy of mention. Recall that Jani et al (op.cit) (using sweeping

techniques on three different tyPes of quarÈz) also correlated TL

peaks in quartz aX 245"C arrd 280"C with alkali ions which acted as

eLectron traps and which had been previously liberated from Al3+ M+
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sites by ionizing radiation. Martini et al (1986) using similar

techniques to those of Jani et al (op.cit) also attribute peaks

between 200'C and 3OO"C to alkalÍ ions and suggest that a peak in

q:uarxz at 380"C is related to a Cu irnpurity.

Ichikawa (op.cit) considered that the 400'c glow peak was

related to oxygen vacancíes rather than any specifie trace element.

McMorris (L969, LglL) suggests that Gea+ is an important

electron trap in the TL of the 300"C glow peak whereas McKeever et

al (1934) consider that Gea+ acts as an electron trap in the TL of

the 110'C glow peak. McKeever (1987) also suggests that a hydrogen

irnpurity may be important in producÈion of the 110"C peak. Jani et

al (1983) considers that hydrogen impurities rnay play a role in

quartz TL in peaks from 60"C-180'C-

From these, and other works sunmarized in McKeever (1985), no

firm conclusions regarding the effect of irnpurities on the TL of

qwartz can be drawn, though the presence of alkali ions does seem

to be connected with glow peaks in the range of 200"C-300"C,

specifically peaks at 245" C and 280"C.

2.5.L.3 Thermal Effects on the Thermoluminescence of Quartz

The effect on TL properties of preheating qualtz before

irradiation and TL measurement has been studied by several workers

IchÍkawa (1968) found that after heating, samples of single

crystal Brazil-ian qluarXz showed a prominent glow peak at 110"C and

a less prominent peak at 170'C. The intensity of the 110"C glow

peak continued to increase (for a given test dose of 103 Rad) with
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increasing temperature of annealing, as shown in figure 2'L9 ' and

increased at a faster rate after passing ttre e-B quartz transition

at 573'C.

David et al (:Ig7l) studied the effect of ternperature of

annealing, time of annealing and time of cooling on TL intensity

and emission spectra of a natural pink quartz' Their major

conclusions were:

(a) Sudden quenching of quartz from an elewated temperature

caused a large enhancement in TL sensitivity' This is

indicated in figure 2 ' 20 where glow curves for natural and

three different cooling rates are shown.

The shape of the glow curve remains the same despite the

cooling rate.

The emission spectra maximum was independent of cooling rate.(c)

(d) Increasing temperature of annealing (tirne of annealing 90

minutes) resulted j-n increased TL intensity (following

exposure to a tesL dose of 10s rads). This is shown in

figure 2.2L where the area under the glow curve continues to

increase with temperature of annealing with inversions at

approximately 600"C and 800'C.

David et al (op.cit) interpret these results as indicating

that at higher temperatures of annealing more vacancies are formed

either by themselves or in association with impurities. Rapid

quenching after heat Creatment freezes these vacancies into the

qu¡aj:.Xz lattice. The increased nurnber of vacancies result in higher

intensity TL as more charges may initially be trapped. Although

the same test dose was applied the unaltered shape of the glow
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curves is interpreted as showing that the newly created defects are

Èhe same as pre-existing ones. The decrease in TL intensity in

slowly cooled samples is explained by the annealing out of some of

the pre-existing defects along with all of the temperature

generated defects.

A particularly important observation for the use of TL in

uranium exploration is that high-irradiation caused sensitizatLion

superimposes over the therrnal sensitization effect' This is

illustrated in figure 2.22 for the dose range lO3 rads to 107 rads

where a sharp rise in intensity for all samples is observed at

approximately 4x104 rads. Ultímately saturation occurs for all

samples at approxirnately 106 rads. The predominance of radiation

sensitization is greatest in the slowly cooled sarnples.

Kauletal(L972)studiedtheeffectofannealingat

different temperatures on the TL of Jadugudah quartz. The time of

annealing was five hours and the test dose 1.75x105 rads. Their

data is contained in figure 2.23 and shows a complicated variation

in the TL intensity of each glow peak wÍth temperaÈure TL.

Intensity usually decreases initially, then increases then

decreases again. Kaul et aI (op.cit) interpret their data as

indicating that increasing temperature of annealing results in an

initiat production of new traps followed by a destruction of traps '

Although noE considering TL specifically, Griscom (1985)

sunmarizes the behavíour of defects in fused silica as a function

of annealing temperature. His data are reproduced in table 2.2'

These indicate that in the temperature range with which this thesis

is concerned (quariÚz fxom sedimentary rocks having been exposed to

temperatures no higher than 150"C) that annealing processes would

be limited to H2 and o, diffusion. Hobbs (pers. comm. 1989)

suggests that at temperatures less than 150"C oxygen diffusion in
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dry quartz is too slow to be considered important' It is not

certaín however, whether Èhese resulÈs on fused silica can be

correlated with effects in a-quarlLz and furthermoxe H, and o,

contents of quartz are likely to be extremely Iow. If H2 diffusion

does occur in a-quartz then by analogy to fused silica some E',

centres would be converted to oH- centres. Similarly O, diffusion

would be expected to lead to annealing of E' centres and a grovrth

in the concentration of superoxide radicals ' How any of these

processes would affect the TL of quartz is unknown as the role of

E' centres, OH- centres and superoxide radicals themselves in the

TL of quarxz is onlY PoorIY known.

A more complete knowledge of the effect of thermal annealing

on the TL of qlraxxz must rrait until the nature of defects

responsible for production of TL itself is more precisely known.

I^Iithout such knor^rledge any hypothesis on the effect of annealing on

quarlLz TL remain speculative. At this stage McKeever (1985)

perhaps presents the most accurate sunmary of the effect of thermal

treatment on the TL sensitivity of quartz ' He states

,,...measurements on the effect of thermal treatments of TL

sensitívity of quartz carmot as yet be properly inÈerpreted and the

measurements themselves add little to an understanding of the

quarxz defect structure" .

one point that was worthy of more attention concerned the

observation by David et aI (Lg71 - reported above) concerning the

increased TL sensitivity of quartz as a result of pre-irradiation

annealing. McKeever et al (1-984) found similar increases with pre-

irradiation annealing. They concluded that TL sensitivity changes

up to approximately 450"C are the result of an increase in the

recombination centre concentration. Beyond the a-p quartz

transition at 573"C however, increase in TL sensitivity is related
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to the formatíon of a ¡netastable defect cluster. Although at

variance wíth David et al's (op.cit) interpretation of therrnally

generated vacancy - írnpurity ion defects, both models could explain

increased TL sensitivíty following hígh temperature annealing.

The effect of both írradiation and heat treatment was studied

by Zirrunernann (1971) to explain the "pre-dose effect" property of

the ll_o.c glow peak in quartz. This refers to the increase in

sensitivity of the 110'C glow peak following both pre-irradiation

and heating.

The rnodel proposed by Zirnmermann (op.cit) is shovrn in figure

2.2t+. She explained the increased TL sensitiwity in terms of an

increased nunber of luminescenc centres. The model contains two

electron Èraps - T and Z. Electron trap T corresponds to the 110'C

glow peak whereas electron xtap Z is a much deeper traP' There are

also two hole traps R and L. L acts as the luminescent centre for

the 110'C glow peak whereas R is a non-radiative site wíth a larger

capcure cross section than L. During pre-dose irradiatÍon,

electrons are trapped in z and holes in R. Electron trap T is too

shallow to retain appreciable trapped charges '

If a srnall test dose is given to this sample in the

laboratory then some electrons are trapPed in T and some holes in

L. Heating to beyond 110"C releases electrons from T, some of

which recombine with holes at L, with resultant TL (intensity So) '

Increasing the temperature to 5OO'C or beyond has the effect of

transferring some trapped holes from R to L though electrons in Z

remaín trapped. After the sample has been cooled to room

temperature there are no$r more holes in L than prior to heating.

Therefore after a test irradiation and TL measurement a TL

intensity So is produced such that Sn ) So. Sn is Lhus
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proportional to the nr:mber of holes initially in R, whieh in turn

is dependent on the pre-dose or dose ín antíquity.

Although this model has been proposed to explain only the

increased sensitivity of the 110'C glow peak, it is possible that

aspects of the model could also be useful in explaining increased

TL sensitivity of other glow peaks as a result of irradiation and

annealing.

2.5.2 Radiation Induced Changes ln Quartz

By far the largest factor influencing the TL of quattz,

particularly for uranium exploratÍ-on, is ionizing radiation. The

effect of gamma radiation of the TL of qwaÍtz has been studied by

several authors.

Ichikawa (1968) exposed samples of clear crysÈal Brazilian

qwaÍtz to varying amounts ganma radiaÈion up to 9.2 x 106 rads'

His data are shown in figure 2.25 - the change in intensity and

shape of glow curves as a function of radiation and figure 2.26 -

the change in total area under the glow curve. The significant

points about these data are that TL intensity and integrated area

under the glow curve continue to íncrease with increasing

radiation, but, at higher doses (figure 2.25C) the low temperature

glow peak (the Bl peak) begins to decrease. Ichikawa's (oP.cit) 81

glow peak (180'C) reaches maximum intensity after exposure to 5-7 x

106 rads. Similarly the C peak (260"C) reaches maximum intensity

at 8 x 106 rads and then decreases after exposure to higher doses '

The higher temperature D peak (350"C) continues to increase

throughout the experiment. Although the area under the glow curve

continues to increase with increasing racliation (up to 8x106 rads

when intensity levels off (saturation occurs)), the significant
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point is illustrated Ín figure 2.25(C), ie.that the shape of the

glow curve changes with increasing radiation. For geological

purposes the shape of the glow curve may therefore be just as

important or useful, as peak intensities or the area under the glow

curve

sirnilar results have been found by Durrani et al (1977) who

found that both TL intensity and sensitivity increased over three

orders of magnitude in natural clear Brazilí-an q:ualrtz exposed to

ganma radiation doses between 10s and 107 rad. These data are

shown in figure 2.27 .

In order to examine the effect of even larger radiation doses

on the TL of quartz, Durrani et al (op.cit) used proton irradiation

to obtain doses up to 5 x 1011 rads. These data are shown in

figure 2.28 where normalized TL response (the area under the glow

curve from 240" C to 480'C) and TL sensitivity are plotted against

proton dose. This figure shows that there is an initial growth of

TL up to doses of approximately 107 rad, at which it levels off

followed by a sharp decrease in both TL response and TL sensitivity

at doses gleater than 10s rad. A further decrease in TL occurs at

doses greater than 1011 rad. ThÍs response to radiation indicates

that one has to be cautious with the interpretation of integrated

or total TL intensities. For example, the TL response is the same

at 106 rad as at approximately 1010 rad, yet the shape of the glow

curves changes drastically in thís range. This is illustrated in

figure 2.29 where (a) is the glow curve for a quattz slice

irradiated with a dose of 107 rad 10 MeV protons. This sample has

four glow peaks with the two lowest temperature peaks having

largest intensity' Figure 2'29(b) shows a qlrartz slice irradiated

ac 2x1010 rad 10 MeV protons. Only one peak is obvious at
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approximately 350'C. The low temperature and rniddle temperature

glow peaks are not apparent.

Surficially, such results r¡ould aPpear to be contradictory to

the interactive kinetic modelling of Lewy (1985a,b) who found that

the high temperature glow peak should predominate and owerwhelm

lower temperature glow peaks at low initíal charge doses rather

than high initial charge doses. However, the two studies are

compatible, as will be discussed in chapter 4.

Durrani et aI (op.cit) also showed that Proton irradiation is

much less efficient in producing TL than gamma radiation. This is

illustrated in figure 2.30 where for a given radiatj-on dose the TL

sensitivity caused by proton írradiation may be up to tr¡¡o orders of

magnitude less than that caused by ganma irradiation. This

information is used by Durrani et al (op.cit) to explain their

model for sensitization of quartz and will be discussed in the

following section (2.5 .2.L> .

Perhaps the single most important observation regarding the

use of TL in uranium exploration is that of Lewy (1979) ' that

qwar1z "ïemembers" exposure to previous large irradiations. The

earlier quoted Ítorks of Durrani et al and Ichikawa showed that

increasíng radiation doses resulted in sensítization phenomena and

also in a change in TL glow curve shape. Hovlever, the main

weakness of their results vrere that such changes were observed as a

result of sensitization rather than test doses. (It is true that

Durrani et al also showed an increase in TL sensiÈivity but they

did not show that the increase in TL sensitivity was intimately

related to Èhe increase TL response with sensiËization dose). In

the geological enwironment, where under ordÍnary burial and

diagenetic conditions, ambíent temperatures may be 100'C or more

much of a large accumulated natural dose (as an equivalent of a
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sensitization dose) rnay have been lost. Ilhat would therefore be

useful is to have a method by which these large previous and

partially bleached sensitization doses could be re-read or re-

known. The signifícance of Lewy's (op.cit) work is that it shows

that quartz does have thís capability to re-read previously

accumulated radiation doses after exPosure to a fixed laboratory

test dose. His results are shown in figure 2.3I. In order to

determine how the radiation induced TL (artificial TL) of quaÍxz

depends on prewious exPosure to radiation, samples were subjected

to three irradiations:

(a) a fixed test dose of 2x10s rad,

(b) a sensitizing dose between 105 and 10s rad,

(c) a further test dose of 2x105 rad.

Following each of the three irradiations the TL was measured-

Figure 2.31 shows that when the sensitizing dose exceeded 5x10s

rad, the response to the second test dose vras noticeably Iatger

than that obtained for the first test dose, i'e. quartz

"remembered" the previous exposure to a large sensitizing dose.

The significance of this in uranium exploration is that TL can be

used as a measure of the past irradiation history of a quartz

sample, which given the hígh mobility of uranium under near surface

oxidizing conditions, could be useful in tracing pathways of

uranium bearing solutions. Applications of this type are contaíned

in chapters 3 and 6.

Further points of interest from the study by Levy (op.cit)

are (a) Èhat sensitization begins at approximately 5x10s rad.

(b) a plateau of TL response is reached at approximately 5x106

rad;
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(c) A decrease ín TL response and TL sensitization occurs after

approximately 108 rad. Durrani et al (1977) put the decrease in TL

response and sensitivity at 10s rad proton irradiation, which

corresponds v¡ith their observation that proton irradiation is less

efficient in producing TL sensitization than gauma írradiation.

Before discussing sensitizatí-on models for quartz in an

attempt to explain the increased, (and subsequenÈ decreased), TL

response and sensitiwity of quartz as a function of radiation,

mention should also be made of an earlier \Arork on quartz from

uranium deposits by Shekmamhtev (1973).

Shekhmametev (op.cit) examined the TL response of quartz from

unnamed uranium deposits of Hercynian age (300M'y). The quartz

samples vrere divided into three groups determined by their

radioactiwe element concentration.

-Group I consísted of samples with no anomalous radioactive element

concentration.

-Group 2 contained samples with uranium contents ranging from 0.001

to 10t

-Group 3 consisted of samples which had no Present anomalous

radioactive element concentration, buË were presumed to have had

high concentrations in the geological past, ie. the uranium had

been leached from these sarnples.

Natural TL (NTL) measurements of samples frorn all these

groups were 1ow and no well-defined dependence of NTL curve shape

or intensity on the radioactiwe element content r'¡as found.

Artificial TL was induced by exposing sarnples to an

unspecified dose of x-rays. Samples from al1 groups exhibited glow

peaks at 180"C and 300'C with some samples also containing a glow

peak at approxÍmately 230"C. Ilhat Shekhnametev (op.cít) found

significanÈ however, vras firstly that there was a change in TL
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intensity of two orders of magnitude between grouPs I and 2 wiÈh

the first group having Èhe greatest intensity. It seems plausible

that this large decrease in TL intensity ín the natural environment

should correspond to the desensitizaxíon mentioned in the

previously quoted laboratory works of Lerry and Durrani.

Shekhmametev (op.cit) placed the threshold at which this decrease

in TL intensity occurs at 0.001t (10ppm U) over 300m.y. This

corresponds to a model total dose of 10e rad.

Secondly, and importantly, Shekhmametev (op.cit) found that

after X-irradiation samples of group 3 had similar glow curve

shapes and intensities as those in group 2, ie. TL intensity was

very low albiet that geochemically the samples of group 3 had no

anomalous radioactive element concentrations. This can also be

taken as indicating that quartz "remembers" exposure Èo preví.ous

large irradiations - even in the natural geological environment

where annealing conditions may have been present over rnillions of

years.

2,5.2.L Sensltl-zatlon ÌIodels For Quartz

McKeever (1935) lists three general models that have been

proposed to explain sensitization effects. These are (a) the

competing Èrap model where irradiation and heat treatment fill deep

traps such that re-irradiation with a test dose can fill lower

temperature traps without the competitive interference of higher

temperature traps; (b) the centre conversion model, where radiation

induces a conversion of one type of trap to another such that the

luminescence resulting from the newly created Ëraps is enhanced,

and (c) the trap-creation models where radiation or thermal
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treatmenÈ creates more defects - usually accePted as being of

sirnilar type to those pre-existent in the original crystal.

variations of models (a) and (b) have been used to attempt to

explain sensitization phenomena in alkali halides, though they

have not been used to develop any widely accepted explanation of

sensitization in qwarxz. It could however be argued that the model

proposed by Zimmerman (1971) to explain the sensitization of the

qwaÍxz Llo"c glow peak, fits into the category of a competing trap

model, with R and L as competing luminescent centres'

A model similar to, or along the lines of rnodel (t), the Èrap

creation model, has been proposed by Durrani et al (L977) as a

viable means of explaining both sensitization and subsequent

desensitization phenornena in quartz. They base their explanation

on changes in the concentration of Al/alkalí hole trapping centres

and electron traps. Their work assumes that the Al/alkali centre

acts as the luminescent recombination centre and the main hole

trapping centre in quartz. (Electron traps are constituted by

substitutional Ge and Ti ions (McKeewer 1984), non bridging

oxygens, alkalí ions which do not compensate an AI3+ ion and oxygen

vacancies). Furthermore, Durrani et al (op.cit) consider that

initially the number of potential hole traps is greater than the

toLal number of electron traps. If true, this implies that "if

additional electron traps were to be create¿ (by radiation) that

there would initially be sufficient hole traps to comPensate for

themtt.

Given such a scenario it can be seen how sensitization can be

explaíned. Gamma radiation creates electron-hole ionization pairs

such that a hole may be trapped at an Al3+ site thus obviating the

need for a charge balancing alkali ion. Such alkali ions can

diffuse away from the A1 centre, possibly along a c-axis channelway
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where it may, or may noÈ function as an electron trap' During

thermal activation a trapped elecÈron may be freed to recombíne

with the trapped hole with radiatíve emission and allowing the

alkali ion to migrate back to the Al centre, thus restoring the

Al/alkali site as a hole traP.

His model states that not only does ionizing radiation create

electron hole ionization pairs, but that it also creates additional

defects. These addi-tional defects occur when strained Si-O bands

associated with the alkali ion at the Al/alkali centre are broken

by ionizing radiation. Strained bands will require less energy to

be ruptured than unstrained bonds (Arnold and compton 1959,

McKeewer 1985). The additional defects consist of additional

oxygen vacancies and oxygen interstitials. The nett effect is the

creation of additional electron traPs. Irnplicit in the process is

the destruction of Èhe Al/alkali centre as a recombination centre'

Because it is necessary to retain charge neutrality, then a

change in the concentration of one type of trapped charge will

result in a change in concentration of the other type also '

Therefore if the ntunber of recombination centres (hole traps) is

initially much larger than the number of electron traps, then even

though radiation reduces the number of recombination centres, the

population of trapped electrons may continue to increase with

increasing radiation because the concentration of electron traps is

increasing until such time as the concentration of available hole

traps equals the population of trapped electrons ' The result of

more charges being trapped means that following a thermal cycle

more charges are released to recombine at Al/hole recombination

centres with resultant emission of 1ighC. This could explain the

increased TL sensitivity as a result of increased radiation

exposure.
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In their model it ís assumed Èhat additional radiation would

result in a decrease in the number of available hole traps, (and

hence trapped holes) and therefore in order to conserve charge

neutrality the mrmber of trapped electrons would also decrease

(even though the mrmber of available electron traps continued to

increase). Following a thermal cycle and TL measurement, less

charges r¿ould be available for recombination, and thus less light

emitted, i.e. TL response and sensitivity would decrease.

other adherents of the trap creation model to explain

sensitizarion of qwarl-z include lchikawa (1968). Although not

advancing a complete explanatíon of sensitization and subsequent

desensitiza:-iorr, Ichikawa (op.cit) also considered Èhat gamma

radiation created additíonal defects at pre-existenÈ impurity and

lattice defect sites. He adwanced the theory that gauìna radiation

resulted firstly in rnultiple ionization and displacement of the

oxygen ion into an interstítial position and secondly in the

"scission" and rearrangement of chemícal bonds.

Although trap creation models seem internally consistent in

explaining the sensitization phenomena, direct confirmatory

evidence as to the ability of non-displacive ionizing radiation to

create additional defects has been lacking. Support may have come

in a recent study by Chatagnon (1986) on the concentration of E'

centres in heavily irradiated natural quartz. Chatagnon (op.cit)

used Paramagnetic Electronic Resonance (EPR) techniques to rnonitor

the change in concentration of E' centres in natural quartz

following alpha, neutron and gamma irradiations. His data are

contained in table 2.3 with results for three gamma irradiations at

the top. These show that an increase in radiation dose from

3.2x1OB rad to 1.2x1010 rad results in an increase in Et' centre

concentration i. e. an increase in potential electron traps '
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Mattern et aI (1975) suggest an alternatíve explanation for

sensitization in quartz rtrhich may broadly be eaXegorized as a

competing-trap rnodel. Their work examined the change in optical

absorption (specifÍcally "4" band growth) with increasing radiation

doses. Their data for natural Brazilian quartz crystals measured

at 85K and 30OK are shown in figure 2.32 and show an initial

rapidly increasing portion of the growth curve (up to approximately

1.5x105 rad) followed by a linearly íncreasing region'

Mattern et al (op.cit) suggest that the radiation induced

color centre rnay be a hole trapped at a Precursor site consisting

of a substitutionary 413+ ion with nearby eompensating alkali metal

(M*) or hydrogen (H+) ion. In addition to cornpensated Al3+ sites

they also refer to suggest the existence of uncompensated Al3+

ions. Such uncompensated 413+ ions ¡¿ould hawe a large capture

cross section for radiation induced holes.

During irradiation uncompensated 413+ ions would strongly

attract radiation induced holes and be quickly converted to color

centres. This process would lead to the quickly saturating

exponential component observed in figure 2.32. Simultaneously

holes would interact with compensated Al3+ defect sites, though at

a less rapid rate, with subsequent diffusion of the compensatory

monovalent ions. Luminescence occurs when ionizaXion electrons

recombine \^/ith holes trapped at 413+ ions.

This process restores an uncompensated 413+ ion which nay

agaÍn function as a hole trap. The processes actually occurring

are likely to be quite complex and dependant upon several factors:

ie. on the temperature of irradiation (which will influence the

rate of I't+ diffusion); the cross sections for the Al3+/hole +e

recombination centre formation and 61s+/hole colour centre
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formation; the concenüration and cross-sectíons of all electron and

hole traps and the radiation dose.

Despite the complexity and non-quantitatively defined nature

of processes occuring, the model still seems potentially able to

explain sensítization in quartz. One criÈicísm may concern the

lack of an explanation of de-sensitization at high radiation doses.

Finally, alÈhough not a physical model, the interactive

kinetic rnodelling of Lewy discussed earlier (Lewy 1984, 1985a,b)

has been able to explain the closely related phenomena of

supralínearity in quartz (see figute 2.L/+), The increased

sensitization as a result of exposure to increasing radiation

doses, may therefore possibly be explained sirnply by retrapping of

electrons (at least for lower temperature glow peaks). Physically,

this could be expected to occur: 1) when there is a large number

of electron traps, 2) the relative cross section of a recombination

centre is low i.e. retrapping is non-negligible. It is interesting

to speculate on how the creation of additional electron traps by

ionizing radiation could contribute to a physical or conceptual

understanding of interactive kinetic rnodelling. Such speculations

are contained ín chapter 4 where observed changes on TL response in

the vicinity of uraníum ore bodies have been tentatively

interpretted in terms of interactive kinetic models and additional

trap creation.

2.5,2,2. Changes in the Quartz Thermoluminescence Glow Curwe l{lth

Radiation

Regardless of which model is best able to explain

sensitization and de-sensitization phenomena in quartz, from purely

empirical considerations there have been several factors mentioned
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which suggest that TL should be of use in uranium exploration.

There are: 1) that quaxXz "remembers" exposure to previous large

doses of ionizing radiation (Lewy , 1979); 2) that the shape of

qwart;z TL glow curves changes as a function of radiation (Ichikawa

1968, Durrani et al 1971); 3) that sensitization occurs in

different radiation ranges for different glow peaks in quartz

(Ichikawa, op.cit. Durrani et aI op.cit, David et al 1-978);

4) that there is a decrease in TL response over two orders of

magnitude for quartz associated with anornalously radioactive

samples in uranium ore deposits (Shekhmarnetev, 1973) and

5) the facr thar the TL properties of natural (and synthetic)

qvarluz frorn different localities- as well as different samples from

the same locality - show a very large ïange of TL glow peaks and

emission bands.

Ilhat would therefore be useful for the exploration geologíst

would be to have a knowledge of how the TL glow curve of quartz

changes in response to radiation. If a systematic variation in TL

glow curves occurs then it should be theoretically possible to

detect areas of past uranium concentration and pathways of

uraniferous protore movement by observing the radiation

"sensitization and damage" effects to host rock quartz.

As stated above, \^7ork by Durrani et al (Lg77b), David et al

(1978) and Lewy (1979) has indicated a decrease in the lower

temperature glow peak intensities at doses of approxirnately 107-108

rad of gaflma radiation. Experiments have not proceeded far beyond

these ganma radiation doses, thus it is not yet possible to trace

the radiation effects on quartz, or to assign precise radiation

dose levels at v¡hich rníddle and higher temPerature glow peaks will

begin to decrease. Much of the remainder of this section must

therefore remain qualitative rather than quanËitative.
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Notwithstanding the paucity of data on qlta]r:Lz beyond ga¡nma

radiation doses of 108 rad, extensiwe similar s/ork at lovrer doses

has been aecomplished on alkali halides. Mattern et al (1970) and

Fairchild et al (1975) have demonstrated that in the range fron 800

rad - 3x107 rad there is an increase in intensity of each glow peak

in the LiF glow curve, beginning with the low temPerature glow

peaks, followed by a decrease after each glow peak has reached a

maximum intensity. This decrease in TL intensity has been referred

to as desensitization (McKeewer, 1984). The change in the LiF glow

curve shape within this radiation dose range is shown in figure

2,33. This indicates a generally systematic change in glow peaks

with increasing radiation, ie. a progressive increase then decrease

of glow peaks beginning with low temperature glow peaks. Though

generally systematic, the change in individual glow peaks

intensities with increasing radiation is not strictly Iinear as

some peaks will respond strongly to only a sma1l incremental

increase in radiation (eg. peaks 8 and 9 in figute 2.33 (e) and

(f)) whereas others will not. This is not unexpected as other

factors such as trap type and density will also influence the

response of each peak. At the upper end of the radiation range,

only the rniddle and high temperature glow peaks are left (210"C -

370'C) with the high temperature peaks being dominant.

Based on: (") the above experimental work on alkali halides;

(b) rhe observarion by Ichikawa (196s), Durrani et al (1977), David

er al (1978) and Lewy (1979) that the low temperature glow peaks of

quartz reach a maximum at 107-108 rad and then decrease with

increasing radiation; (c) the low natural and radiation induced TL

of quartz associated with uranium deposi¡s by Shekrnametev (1973);

(d) the dominance of high temperature glow peaks in old uranium

bearing areas (Shekhrnametev, 1973) and (e)
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observations of TL glow curves of quartz frorn a number of different

geological radiation environments, it is possible to coristruct a

set of genera:-j-zed glow curves wery roughly representing the change

in the quartz TL glow curve with increasing radiation. These

generaLízed glow curves are shown in figure 2.3t+. It should be

emphasized that: (a) these are schematic illustrations of glow

curves - glow curves from actual samples are found in chapters 3

and 6 (b) these are, at Èhis stage, expected variations in glow

curves of quartz with increasing radiation. As will be seen'

particularly in chapter 3 and 6, glow curves obtained approaching

the Beverley ore bodies and to a lesser extent the llestmoreland ore

deposits do generally conform to the expected variations.

Figure 2.34(a) shows a glow curve for quartz which has not

been exposed to more than small amounts of radiation. The 110'C

glow peak is well known in archaeometric geological literature and

could be expected to dominate at low doses - the fact that the

110'C glow peak llas not observed in this study is examined in Chpt

2.6.2. Quartz has several glow peaks. The exact temperature at

which they occur depends on the heating rate. For this reason' and

for simplicity (as this is a representation of expected glow curve

variations rather than actual glow curve variations), only three

glow peaks rvill be shown in subsequent diagrams, rather than all

known glow peaks of quartz. The three glow peaks will be referred

to as the low temperature, middle temperature and high temperature

glow peaks (LT,MT,HT).

As the radiation dose increases one lrould expect the process

of sensitization to begin. From Lewy (L979) sensitization is

expected to begin at approximately 5x105 rad gamrna radiation. For

doses in excess of 5x105 rad the LT glow peak increases in

intensity, such that it obscures all other glow peaks. The
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increase in LT peak intensity may be t\,ro or three orders of

magniÈude relatí-ve to the initial intensíty. This is indicated ín

figure 2.34(b). The sensitization of the LT glow peak should

continue up to doses in the vicinity of 107-108 rad gaflìma

radiation. Beyond these dose levels, by reference to the works of

Ichikawa (1968), Durrani et aI (Lgll) and Lewy (1919), one expects

that de-sensitization of the LT glow peak could occur. The

decrease in LT peak intensity is illustrated in figure 2.34(e) .

Figure 2,34(d) indicates the expected glow curve shape when the MT

glow peak is also de-sensitized. The radiation dose at which this

occurs is unknown. Further radiation will result in the HT peak

being the only glow peak to continue increasing in intensity'

whilst the LT and MT peaks continue to decrease in intensity

(figure 2.3aG)). Durrani et a1 (op.cit) obtained a glow curve

with only one HT glow peak remaining after a dose of 10i0 l0 MeV

protons (illustrated in figure 2.29). Reference to figure 2'30

irnplies that the equivalent gamma dose should be higher than 1010

rad; perhaps as high as 1011 or 1012 rad gamma radiation.

Durrani et al (1975) examined samples frorn the natural

reactor core at the oklo uranium deposit which exhibited no

arrificial TL at all. This is illustrated ín figure 2.34(f.) and

may represent the end point of radiation damage in quartz as

observeable bY TL.

It need be ernphasized once more that the expected glow curve

variations illustrated in figure 2.34 xepresent an "educated guess"

based on the five observations mentioned previously. The fact that

such variations do occur around some uranium deposits is indicative

that the educated guess may have some basis. This basis will be

discussed in chapter 4 after Presentation of results at Beverley'
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2.6 Experimental Procedure

2.6.L Samples Studled

The samples anaLyzed (approximately 1,000) were in the form

of drillhole core and cuttings oI surface rock samples ' The two

major areas studied were the Beverley Deposit (chapter 3) in the

Frome Ernba¡rment of South Australia (100 sarnples) and the

\^Iestmoreland Deposit (chapters 5 and 6) on the Murphy Tectonic

Ridge in Queensland (8OO samples). Further studies were also

carried out Ín the Bremer River Prospect in the l"lurray Basin, South

Australia (chapter 3, 100 samples) . Generally samples from

l,Iestmoreland were drill core though minor cuttings were used'

samples from Beverley were generally percussion or rotary hole

cuttings though some core was also collected.

samples from both major areas were lithic sandstones,

generally well sorted with well rounded quartz graíns and very

litt1e feldspar. Individual binocular microscope descríptions for

samples are contained in the appendices.

In the case of Beverley, all samples from the suspected ore

transport horizon were collected from the same stratigraphic

horizon between depths of 12O-L4O metres below surface. Sarnples

were also collected from lo metres above and below the ore

transport horizon. The fact that samples are from the same

stratigraphic horizon should guarantee the same Provenance and

hence a similar initial internal chemistry. Differing thermal or

pressure histories between samples can also be ruled out given the

similar collection dePth.
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The rnajority of samples from llestmoreland were also from the

same stratigraphic horizon (Westmoreland Conglomerate UniC 4).

Depths ranged frorn near surface to 140 metres. Occassional samples

from underlying units are marked in the appropriate diagrams '

Given that in both of the abowe cases, samples have few

inherent source, temperature or pressure differences, and that both

areas have mobile uranium, it then seems reasonable to attempt to

explain observed differences in TL characteristics betr¡ireen samples

on the basis of differing radiation effects.

(Though nor stricrly forming a part of this thesis it is

interesting to note in the appended publication by Ypma and Hochman

1987 that in a study on the Eyre Peninsular, South Australia' even

when samples were taken transcending stracigraphic boundaries, that

the effect of radiation produced a coilImon trend, ie' high

temperature TL peak increasing as a ProPortional of total TL).

All core samples from l{estmoreland vrere collected from trays

arrayed in core racks in direct sunlight. The hisCory of cuttings

from Beverley is not known prior to bagging though it is likely

that they too would have been exposed to sunlight during drilling

and bagging. For this reason, and given that this thesis is

concerned with investigating the use of artificial (rather than

natural) TL in uranium exploration no wholesale natural TL

measurements vlere undertaken. This is further discussed and

justified in chapÈex 2.6.2.

2.6.2 Sanple PreParatlon

All samples, whether core, cuttings or whole rock were gently

crushed in the laboratory which was fitted with unfiltered

fluorescent lights. The crushíngs were then sieved manually
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Èhrough 30 and 120# sieves (125-500 microns). The -30+120+

fraction was washed and decanted several times to remove any dust

sí.zed particles remaining. Approximately one gram of sample was

then agitated in an ultrasonic bath (the solvent qTas water) to

further cleanse grains.

The washed sarnple was placed in a filter cone and further

vrashed rvith acetone and then dried at room temperature in a fume

cupboard.

Once dried the sample was passed through a FtanXz Ísodynamic

electromagnetic seperator. Each sample consisted initially of

greater than 95t q:uar:-z so the amount of impurity material to be

removed was small. The Ftan:uz was set at a reverse slope of -2"

such that the natural tendency of all minerals would be to roll

down the gravity s1ope. However when a strong magnetic field ís

applied (current of greater than 1.4 arnps), quartz, being weakly

diamagnetic is forced out of the magnetic field, upslope into the

non-magnetic stream. The natural tendency of other rninerals such

as feldspar and zircort is to ro11 into the gravity stream (which is

also the magnetic stream). This proeedure is not 100t effective as

a lot of quartz is also lost into the gravity/magnetic stream

though it does ensure that the material coming out of the non-

magnetic stream is greater than 99\ quattz.

Each sample gained from the non magnetic stream of the FtanLz

vras then checked for purity under a binocular microscope. Any

remaining obvious impurities rrrere removed by handpicking.

Tabulated binocular microscope descripÈíons of each sample are

contained in Appendix 1.

Samples were then placed in individual gelatin capsules which

were irradiated to a total dose of 5xlO5 rad (SKGy) Co60 gamma

radiation (rationale in chapter 2.6.3), removed from the source in
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the dark and wrapped in aluminium foil. They were then left 24-12

hours before measurement to allow any phosphorescence to decay.

During this period lor^r temperature TL peaks can also be expected to

decay including the l-10'c peak which has a short half life. The

110"C peak was not subsequently observed in any glow curves.

Measurement procedures are detailed ín chapteT 2-6.4.

There are a number of points in the above sample preparation

technique which are different to those ernployed in pottery and

sediment TL dating and which neeiJ to be further addressed. The

technique used here is, in general, much simpler and less time

consuming and could not be utilized in sediment dating TL

preparation to giwe accurate results '

Firstly, the aím of this project is to find a comparative

difference in TL response between many samples analyzed than to

find absolute radiation doses accumulated in a few samples. In

this regard the same sample preparation procedures \^tere employed

for all samples. If any errors are inlroduced by this procedure

then they should be systematic.

Secondly, techniques lrere designed Èo meet the needs of the

uranium exploration industry rather absoluÈe dating. If artificíal

TL is to be useful in the uranium exploration industry then it must

be quick and cheap, amenable to bulk analysis, rather than time

consuming and expensive as is the case with the more extensive

procedures adopted in sediment TL dating

Thirdly the starting material must also be considered. The

sediments used in this study were of Tertiary (15 m'y) and Mid-

Proterozoic (1,600 rn.y) age. During geologic history (and surface

exposure) much of the contaminatíng feldspar has been altered and

weathered such that the sandstones are relatively Pure or clean.

This contrasts with many of the sediments studied by TL
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archaeometrists which rnay be only several tens of thousands of

years old and may still have a major feldspar component.

Notwithstanding these three points, even with the simplified

experimental procedure adopted in this study there must still be a

reproducability and reasonable accuracy of results. The following

issues therefore need to be further considered.

2.6.2,L Thermal Bleaching or Pre-annealing

No thermal bleaching of samples was undertaken prior to co60

irradiation to drain any remaining natural TL. Because samples had

been stored in the sunlight after drilling and prepared in the

laboratory under unfiltered lights ít was assumed that a

significant proportion of the natural TL (NTL) r^rould have been

bleached. Furthermore it was also assumed that any remaining NTL

would be insignificant compared to the artificial TL (ATL) induced

by 5x105 rad Co60 gamma irradiation. This is justified by

reference to figure 2.35 where (a) rePresents a sample where NTL

gs drained by.pre-heating to 460"C then cooled in air and

irradiated with a 5x105 rad Co60 gamma test dose ie. ATL only.

Figure 2.35(b) is a sample irradiated v¡ith the same test dose with

no prior pre-heating i.e. NTL+ATL. The strong similarity between

the two curves validates the initial assumption.

2.6.2.2 The Lack of Hydrofluorlc (HF) Acid Etching

It is usual when atternpting TL dating on large grains by the

quartz ínclusion method to etch the sample with HF. This is done

for three reasons. (a) to remove any contaminating minerals such

as feldspars, (b) to remove the outer skin of the quartz which has



(A)

(B)

ATL+ NTL

400't

ATL only

40 0't

Figure 2.35 Glow culfttes for quartz where

(a) NTL was dralned and ATL induced with a standard test
dose and

(b) NTL was not drained prlor to the standard test dose.
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been affected by a variable alpha particle flux thereby simplifying

subsequent dose rate calculations and (c) to "clean" the grains.

HF etching \À7as not considered necessary in this study for the

following reasons:

(a) There was little feldspar ín samples initially, even less

after Fran:Lz treatment and any remaining contamínating

minerals (of which there were very few) were detected during

binocular microscope examination.

(b) The large grain size used (125-500 microns) greatly reduced

the ratio of a particle induced TL signal to the electron and

ganrma ray induced signal. There are two interplaying factors

here; (i) that the larger the grains used, the smaller the

volume of the outer alpha affected skin becomes relative to

the beta and gamrna affected interior volume and (ii) that

alpha particles are inherently less efficient as a radiation

dose in producing TL than either beta or gamma radiation

(possibly because the large number of ioni-zation events Per

unit path length with alpha radiation also results in a

greater percentage of instantaneous recombínations) '

qlhen considering both factors the alpha particle contribution

to large grains becomes very small.

Further to these reasons, experimental work in this study

also indicated that HF does have an effect on the TL response of

some types of quartz grains resulting in a great dirninution of the

TL intensity of one peak in quartz (the 130"C peak).

This is shown in figures 2.36 and 2.37 where the forrner

figure shows the effect of HF for varying periods on the TL glow

curve of quartz from a high radiation environment (taken from

within the \^Iestmoreland uranium ore body) . There is only a 3t
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change in intensíty of the 350"C glow peak frorn 0 to 40 minutes HF-

In contrast figure 2.37 shows Èhe TL of quartz from a lów radiation

environment (the up-dip host rock of the Beverley ore deposit) ' A

drastic change in intensity of the 130'c glow peak occurs over an

order of magnitude for just 5 minutes of HF etching. It is

tempting to imrnedíately think that the initial glow curve is not

due to quarxz but to a bright contaminating míneral such as

feldspar or carbonate whích is quickly attacked by HF. This

however cannot be the case as the same result occurred when quarÈz

was handpicked from the sediment (which was 95t quarLz to begin

with).

Airken (1985) suggests that although early workers (Flerning)

thought that HF upseL pre-dose dating that thís was not nov/

generally accepted and that furthermore if HF did affect.any TL

glow peaks they were only low temperature glow peaks attributable

to surface defects. To test this possibility the sample in

question (186-30) was subjected to mechanical abrasion in an

abraidor similar to that devised by Krogh (1982) for abraiding the

rims of zoned zircons used in u-Pb geochronological studies.

Figure 2.38 shows the effect of abraiding approxirnately 50mg

of sample for periods up to 5 minutes and figure 2.39 for periods

up to 137 minutes at 3Op. s. i. (These results should be compared

with the average period for abraiding zircons which is

approximately 5 minutes aÈ 5p.s.i). Although some variations in

intensity of the 130"C glow peak occur, there is no systematic

decrease in intensity with abrasion and certainly no dramatic

change in intensity as observed with HF etching. This would seem

to rule out the possibility of surface defects being responsible

for the 130"C glow peak. These results could also further argue

against the possibility of feldspar remaining in the sample and
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being responsible for the 130"C glow peak. The feed material

abraided ¡l/as a -30+60+ fraction (500-250 microns) and the escape

mesh bolting cloth used was 60# (250 microns). After 137 minutes

abrasion it could be expected that any feldspar initially in the

starting material would have been removed; being fractured and

broken because of its relative softness (compared to quartz) and

prominant cleavage. After fracturing the fragments would sift

through the 60+ bolting cloth leaving only the more resistant

qwaÍtz.

The exact reason why HF should drastically affect the ATL of

one type of quartz relative to another is not known. In this

study, which involved the application of changing ratios of glow

peaks with radiation, the avoidance of HF in sample preparation

obviated the problems associated with it.

2 .6 .2 .3 The ATL Test Dose

The test dose chosen \¡ras 5x105 rad (5KGy) Co60 gamma' This

was based on: (a) the r,,rork by Lewy (L919) v¡hich showed that the

quartz "memory" for previous radiation díd not begin until a dose

of approximately 4 or 5xlOs rad; (b) Prevíous unpublished work, by

P. Ypma (pers. comm. f987) at the Brookhaven National Laboratory

showed that doses of 5x104 rad produced smaller intensity

differences between samples known to hawe different radiation

histories, than was produced by a 5x105 rad test dose'
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2.6.3 Apparatus Used

2.6.3.L RadlatLon Sources

Samples were irradiated in tr¡o sources, depending on their

awailability.

The first Co60 gamma source used (in the period 1979 - rnid

1983) was housed in the Department of Physical and Inorganie

Chemistry at the University of Adelaide. The source was kept under

\^rater and was raised by remote control to a fixed point above a

hole in the floor. (Naturally the room had heavily shielded

walls). Samples, in gelatin capsules inside plastic vials, were

placed in predetermined positions around the hole through r¿hich the

source was raised. Dose rates were determined previously by

chemical dosimetry. In February 1979 the dose rate was 2.5x104

rad/hr. Following irradiation to a total dose of 5x105 rad the

plastic vials, (which were qrrapped in aluminium foil before

irradiation), were stored 24 to 72 hours before measurements were

made.

The second Co60 gamma source used, mainly for the Beverley

samples, tr/as housed in the Department of Geology and Geophysics,

University of Adelaide. This was in use from míd 1983. The dose

rate (frorn chernical dosimetry) was 4'5x10s rad/hour.

2.6,3.2 Thermoluminescence Apparatus

The TL equipment was obtained from LitÈlemore scientific

Engineering Company (Thermoluminescence Apparatus Type 711). The

equipment consisted of a glow oven with a heating strip

electronically controlled to increase temperature linearly at a
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specified rate, a photon ratemeter, and a light detection system

wirh accompanying EHT suppty. An EMI 9635Q4 photomultiplier and a

ND2 filter vrere used in all measurements. The photomultiplier

response appeared on the Y axis of an HP3390A chart recorder. The

thermocouple output (cold junction at room temperature) was

símultaneously recorded on the X axis of the recorder.

2.6.4 Measurement Procedure

After irradiation and being "stored" fot 24-12 hours, graÍns

for TL measurement \À/ere "shaken" onto staínless steel discs,

Ievelled to a monolayer by removing excess grains and then tapping

the lip of the disc. Care was taken to use a single layer of

grains as light from undertying grains is blocked by overlying

grains. Also, samples not in contact with the heating strip

thermally lag behind those that are in contact. Al1 sample

mounting and measuring was carried out under yellow filtered light

Èo inhibit bleachíng of the ATL.

For the TL mèasurement previously prepared discs were placed

on the heating strip and centred on a premarked spot to aid

reprodueeable positioning. A black body shield, mounted on ceramic

strips, r{as placed around the sample to mask therrnal radiation from

the heating strip at elevated temperatures, whilst allowing passage

of the signal from the samPle.

To reduce spurious TL the glow oven chamber vras evacuated to

0.06 Torr and then flooded with high purity nitrogen. The heating

cycle and TL measurement were recorded with the sample in an

atmosphere of flo\ding high purity nitrogen. The second heating of

all sarnples did not produce a measurable signal other than that

attributable to therrnal glow of the heating strip.
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AIl TL measurements vlere made under the followíng conditions:

heating rate : L-23"C/sec,

initial temperature : 20"C,

final temperature : 460"C,

phototube volÈage - 1364 volts,

photon ratemeter setting : 50KHz for ïJestmoreland samples,

(this was increased for some samPles to keep glow curves on

scale).

, Log scale for BeverleY samPles.

(f) ND2 filter between the photomultiplier and the sample,

(g) attenuation factor on chart recorder : 256 -

Following each TL measurement the disc and sarnple were

weighed accurately on a I'lettler H-5 balance. Grains were removed

with a tissue and the disc rev¡eighed to calculate the weight of

sample. The measured glow peak intensities ltere then divided by

the weight to express the data on a TL/mg basis.

Typical measured glow curves are shown ín chapters 3 and 6 '

ReproducÍbility of samples from the same core is i10t for

glow peak intensity and t5t for glow peak temperatures.

No changes in glow curves, were noticed during the 24-72 h^o]ut

storage period in contrast to Schwartzmann et al. (1983) who found

the glow curves of quartz handpicked from granite changed

significantly in x};,e 24-12 hour period.

2.6.5 Data Analysis

No kinetic analyses l/ere undertaken' All glow peak

parameters used (intensity, glow peak temPerature etc) were

measured from the glow curve manually and all computations were

done manually.



73

Glow peak temperatures urere measured wherever a peak maximtrm

was evident. All curves contained 3, 4, 5 or 6 glow peaks. The

height of the curve at each glow peak maximum vlas regarded as the

peak intensity. Measurements of peak height were made r¡ith a

ruler, i.e. the difference between the peak and the base line.

These were divided into low, middle or high ternperature peak zones

(LT,MT,HT) in accord with the following: below 200'C, LT; betvreen

201'C-300oC, MT and HT above 300"C.

The numerical intensity used in all tabulated results of each

glow peak Ì\ras computed from the following formulae:

Intensity : ËO "
Scale
l{eight

where x = height of the peak in m.m above the base line

150 - full scale of the chart recorder in m.m.

scale : setting on photon ratemeter (usually 50,000 Hz)

weight : weight of sample in mg.

(Dividing by 150 is unnecessary, but this was not realized

until after numerous measurements were rnade).

The percentage of the LT, MT or HT component was calculated,

i.e. the intensities of the LT, MT and HT peaks were totalled and

Èhen the proportion of LT, ì,fT and HT expressed as a percentage of the

total. (Tf several glow peaks existed ,tdithin any of the LT, MT or HT

zones, then theír intensities }/ere averaged when calculating

percentages).

Glow peak ratios were calculated simply by dividing the

intensities of the relevant peaks. Again, if more than one peak

existed in an interval an average intensity was used.
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CHAPTER 3 r THE APPLICATION OF THERIIOLUI.IINESCENCE TO EXPLORATION

FOR URANII]I{ IN TERTIARY SANDSTONES

Summary of Chapter

This chapter applies artificial thermoluminescence (ATL) to quartz

from the environs of the Beverley uranium deposits in the Lake Frome

Embayment, South Australía. From the theoretically derived quartz ATL

glow curves presented in chapter 2, it would be expected that as

radiation effects on quartz increase, that low temperature (LT) and

niddle temperature (l,IT) glow peaks would progressiwely decrease whilst

the high temperature (HT) glow peak rvould increase. Samples collected

over an eight kilometre traverse from the suspected source of uranium,

(Mt. Painter), towards the deposit itself, show a Progressive change in

glow curve shape consistent with that previously predicted. Glow curves

conform to three major overlapping groups: The background group have

dominant LT peaks indicative of only low radiation effects and occur

nearest to the uraniferous source; The marginal group have glow curves

where the LT glow peak has decreased and the MT peak is more prominent -

these occur between the suspected source and the deposit; The third

group, the ore-type group, show greatly diminished LT and MT glow peaks

such that the HT peak is dominant. This group has suffered greater

radiation effects than the previous two groups and occurs near to the

uranium orebody.

The progressive increase in radiation effects along the transport

pathway enables establishment of: (a) the fact that uranium has been

mobilized along this route and (b) where an individual sample is likely

to be in relation to the orebody. ATL is thus of direct use in

exploration for this type of deposit.
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The progressive increase in radiation effects along the transport

horizon also suggests that, if uraniurn transport Proceeds at an

approximately constant rate, then the concentration of uranium must be

increasing during transport, i.e. uranium is "snowballíng"'

Sinilair studies at the TerÈiary Bremer River prospect in South

Austsralia índicated an absence of increasing radiation trends and hence

prospectiwity for Tertiary roll-front deposits was low.

3. I Previous Geological Uses Of Thermoluminescence

over the last 25-30 years TL has been rnost commonly used in the

field of archaeology as a dating tool for pieces of fired pottery and

other native artefacts which have had their TL clocks reset by a heating

process at the time of their usage, e.8. camP fires, heat strengthening

of tools. The method of age determination has been to use TL to gain a

measure of the amount of radiation to which the sample has been exposed,

and then knowing both (1) the concentration of radioactive elements

present, and (2) their radiation dosage rates, an age for the sample can

be determined. A more detailed account of this technique is given in

Aitken (1985) and Lewy (1974).

In recent years the scope of TL application has widened

dramatically such that it can noq/ be used for such diverse Èhings as

dating recent ocean floor sediments (l.Iintle and HunËley, 1980), dating

the ice on the polar caps (Zeller 1968), determining the orbital patEerns

of meteorites (McKeever and Sears 1980) and exploring for geothermal

anomalies (Takashima, 1987) .

Further geological applications of TL are contained ín ì'IcDougall

(1968) and McKeever (1985).

t(
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A ntunber of applications have also been made in exploration

geology, i.e. in an attempt to use TL to detect míneral deposits. Sorne

of the earliest llorkers in this field were McDiarmid (1960, 1963) and

McDougall (L964), who concentrated on carbonate hosted lead-zinc deposits

observing the variation in natural TL away from rninetal-ized areas.

Results, summarized in McDiarrnid (1968) lrere considered discouraging. It

was suggested in this summary that future studies involve laboratory

radiation techniques, i.e. artificially induced TL. Such a method was

employed by Levy et al. (L971) who found that TL intensity irregularly

increased frorn a distance of approximately 100 metres from the orebody to

a maximum 6-30 netres from ore and to then decrease sharply to much below

background levels in the ore. The maximum vTas two to ten times higher

than the TL intensity within the ore itself . Sirnilair patterns r^/ere

obtained for curves showing ratios of glow peak intensities vs dj-stance

from ore. Curves of glow peak temperature and emission spectrum peak

energy (equivalent to the wavelength of light) also showed variations

with distance. No further work has been done on the application of TL in

lead-zinc exploration and McKeever (1985 p.320) rightly states that the

potential has remained undeveloped.

The number of workers using TL as a Prospecting tool in uranium

exploration has, until recently, been few, perhaps remembering the woTds

of Daniels (1968), "Thermoluminescence r^ras found to be much too sensitiwe

a test for prospecting, because many rocks of very low uraniun content

give bright thermoluminescence". However it is this brightness and its

relative change (i.e. the change in TL intensity) that is useful in

uranium exploration. Again, McKeever (oP.cit. p.320) concludes that

promise has exceeded demonstration in exploratíon applications of TL-

TL rnay be used in two ways in uraniurn exploration. The first

relates to the use of TL as a dosimeter. Such usage is only applicable

where the total radiation dose does not exceed a radiati-on dose where
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significant sensitizaXion phenomena are observed. (In quartz this is

approximately 5x105 rad).

The second application uses artificial TL (ATL) and relates to the

permanent change in the TL glow curve intensity and shape as described in

section 2.5.2. These changes reflect the total or cumulative dose to

which the host quartz has been exposed even after the radioactive

elements causing this dose have migrated, i.e., having a "memory" (Lewy,

LgTg) for past radiation effects. Herein lies the advantage of TL in

uranium exploration over many conventional geochemical techniques which,

because they detect only present radiation effects, rely on proximity to

mineralization. However, because TL measures cumulative radiation doses

it may be able to track pathways of uranium protore movement over a

distance of kilornetres from the present ore positíon and also to assess

the permanency of radiometric and uranium-related geochemical anomalies

by means of determining cumulative radiation effects vs present uranium

content. This principle is illustrated in the studies at Beverley

(section 3.2) and Bremer River (section 3.3) as well as at l,Iestrnoreland

in Èhe following chapters.

3.1.1. previous Uranlum Case Histories Utillzing Thermoluminescence

3.1.1.1. A South Texas Roll-Front Type Uranlum Deposlt.

1) Spirakis et al. (1977 ) published a report on quaÍtz TL studies

of the Tertiary South Texas roll-front type uranium deposits. The

geology of this deposit is described by Galloway (1978), Reynolds and

Goldhaber (1978) and Goldhaber et aI. (1978). Spirakis et al. (op.cit)

used the increase of the low temperature (LT) glow peaks towards

mineralization as a means of monitoring roll-front positions in the

Miocene (20 M.y.) Catahoula Sandstone. The uranium deposit is lor'tr grade

(up to 0.1* u3os but more commonly 0.05t U308) but for the TL study the
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advantage r,ras that ambient temperatures ÌIere probably never abowe 35"C.

Their data is contained in figure 3.1. The conclusions that they reached

are

(a) Tota1 increased TL response in areas through r,¡hich the roII-

front must have passed, e.g. the high values of the high

remperature (HT) glow peaks in hole numbers 4, 5 and 6'

(b) The increase ín the LT glow peak over the HT for areas that

contain a higher proportion of immobile uranium, e.g. the front

of the ore zone and the reduced environments.

(c) Uraniferous solutions have moved down dip in an oxidized mobile

environment. However Èhese uraniferous vraters were unable to

produce a significant increase in radiation effects, probably

due to their inherently low concentrations of 10-100 ppb

uraniurn.

(d) TL studies measure movement of ore rather than passageways of

uraniferous solutions .

3 ,L ,I .2 . The "BlaÈon" Anomaly, llons , Belgium

Charlet et al. (1978) conducted a TL study on the Blaton anomaly

near lvlons (Belgiurn) where a series of Visean-Namurian strata (limestones,

black shales and cherts) are covered by Tertiary sands. Their studies

\^/ere concentrated on the sands in an attempt to detect buried uranium

mineralization using natural TL. The study suceeded in detecÈing several

new 1ow anomalies (eU:100 ppm at rnost) located in the Visean black shales

and one in a Cenomanian conglomerate with a palaeochannel shape. Typícal

TL anomalies using the 280'C glow peak (Charlet's H4 peak) were on the

order of 1.5-2 x TL background.
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Figure 3.1 Ratio of low tenperature (100oC-310oC) glow peak over- high temperature (315oC-410oC) glow peak of quartz from
a Tertiary sandstone roll-front tlae deposit in South
Texas (after Spirakis et al. 1977). Relative intensity
of high tenperatute glow peaks in italics.
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The authors concluded that TL could be used in exploration for

uranium mineralization buried at too great a depth to be detected by

scintillometer teehniques .

3.1.1.3. Ambrosía Lake, U.S.A.

A geological application using qlua:rxz as a dosimeter has been

undertaken by Hayslip and Renault (L916>. They used the íntensity of the

high ternperature peaks (300"C to 410'C) to monitor the U-content of

Ambrosia Lake sandstone type uranium deposits, for "grades" of l0 to 100

ppn U. No effecc was visible for 10 ppm but an increase to 15 to 20 ppm

U triggered a proportional increase in the TL signal. They determined an

empirical ratio of ITL : 0.006 x ppn U + 1- 16. It is of interest that

their results indicated that U concentrations of less than 10 ppm U had

no effect. Yet the age of the Jurassic Morrison Formation (host rock at

Arnbrosia Lake) and the alleged pene-diagenetic emplacement of the uranium

mineralization, leads Èo the assumption of at least 100 m.y. residence

time. One ppm U contributes a radiation dose of 0.312 rads/year to its

environment. As such, uranium is the rnost efficient radiation source (1

ppm Th results in 0.079 rads/year and lt KzO in 0.7I2 rads/year (Lewy,

L9l4)). Most of the radiation dose of uranium deriwes from alpha

radiation. As r{e are concerned rnainly with gamrna radiation because of

its depth of penetration, it is more appropriate to use a value of 0.1

rad/year for 1 ppm U. A residence time of 100 n.y. and a uranium

concentration of 10 ppm would have produced a dose of 108 rads ower the

lifetirne of quartz in the Morrison Formation. This dose in Iaboratory

conditions is sufficient not only to produce a maximal charge of traps

but also to alter the number of available traps (see under 2.5.2). It is

thus important to keep ín mind, that a radiation dose created by 10 ppn U

or less under geological conditions, may be below a threshold of charges
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retained by the crystal. This threshold walue may be the result of

annealing of quartz, i.e. remaining at elevated ambient temperatures,

which in the case of the Morrison Formation may have been betvreen 80"C -

L2O"C, (based on a thermal gradient of 2"C/LOO metres and a maximum

Jurassic cover in the Colorado PlaÈeau of 5000 metres).

3.1.f.4. Narlaby Palaeochannel, Eyre Peninsula, SouÈh Australia

Burns (1985) using the artificial TL (ATL) techniques described in

Hochman and Ypma (1984a,b - appended), studied uranium movement in the

Tertiary Narlaby palaeochannel on the l,ilestern Eyre Peninsula, South

Australia. He sampled holes over a six kilometre traverse to\,/ards areas

of known localized mineralization (100-340 ppn U) and discerned three

points:

(a) That there was a decrease in the ATL intensity of the quartz

niddle temperature glow peak (230"C) towards mineralization and

a corresponding increase in the high ternperature (350"C) peak

percentage (as a function of the sum of low, middle and high

temperature peak intensities). This was interpreted to

represent a trend of increasing radiation effects.

(b) that there was a sharp decrease in radiation effects (an

increase in the 230"C peak intensity) once past the zone of

maximum uranium concentrations, and

(c) that these effects were detectable by ATL despite the low

concentrations of uranium and their short residence times

(less than Pliocene age).

Burns (op.cit) thus concluded that ATL studies of quarÈz could be

used in uranium exploration for Tertiary sandstone hosted uranitrm

mineralization.
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3.1.1.5 Other Studies

Preliminary work by Spirakis (L979) has shown that the TL of qwarxz

and feldspar grains from soils overlying vein type uranium mineralization

in New l,Iexico, U.S.A. may be useful in locating veins that have been

Ieached of uranium along their outcrops.

Renault (1981) considered a number of influencing parameters

(including geological constraints and sample preparation techniques) on

the TL of quartz when used in uranj-um exploration and found that

radiation effects due to uranium deposit migration l'¡ere sufficiently high

to obscure TL due to other effects.

Dhana Raja et.al (1984) conducted a natural TL (NTL) study on whole

rock samples along a drill-hole through the Singhbhum shear zor.e, Bular,

India. They found that in a given rock type the NTL showed a mârked

increase over a known radioactive horizon and concluded that similar

increases could be helpful in local-izi-ng radioactive ore bodies - Their

NTL anomalies however, closely mimiced the existíng radiometric haloes

and thus did not demonstrate any significant advantage of TL over

radiometric techniques .

Other previous uses of TL in assessing radiornetric anomalies may be

found in a review by Sankaran et al. (1983).

3.2 The Beverley Uraníum Deposit, Frome Enbayment, South Australia

3.2,L Introductlon Èo the Geology and Genesis of Tertiary "Roll Frontrr

Uranium Deposits.

Sandstone-hosted uranium deposits (commonly of Tertiary age) have

been well studied and constitute a major Present source of U' These

deposits are well known in the v/estern u.s.A. and in Africa, and in

recent years a growing number have been found in Australia. These
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include Beverley (Haynes, 1976). Honeymoon (Brunt, 1978), those of the

Billeroo Channel (Ellis, 1980) and those of the Narlaby Palaeochannel

(Binks and Hooper, 1984). All of these occur in the state of South

Australia, being in reasonably close proximity to different Middle

Proterozoic granitoid and metamorphic basement complexes.

The genesis of sandstone-hosted U deposits has, in general, been

well studied - particularly those of the v/estern U.S.A. It is generally

agreed that such deposits form by precipiCation of U from oxidizing

groundwaters upon encountering reduced envÍ-ronments which may contain

pyrite, carbonaceous materials or other reductants. As such orebodies

usually represent an addition of (1* to the host rock (Rackley, L976),

there are few rnineralogical effects noticeable on the host rock e.g.

addition of some epigenetic minerals. Rackley (L976) consequently

suggests that the means of recognitíon of alteration vrithin such a

geochemical cell deserves more research.

Although it is generally agreed that U is transported in oxidizing

ground waters down a hydrodynamic gradient within a semi-confined

aquifer, there has been comparatively little work done, demonstrating the

accretionary migration or "snowballing" of uranium protore movement.

Previous vrorks of this kind include the equilibriurn/disequilíbriun

studies of Rosholt (1961), Robinson and Rosholt (196f) and more recently

Ludwig et al. (1982).

The Beverley uranium deposit in the Frome Embayment, South

Australia has been likened to sandstone roll front type deposits in the

v/estern U.S.A. Tt provides a suitable example to study both the uranitrm

exploration applicatíons of ATL and the "snowballÍng" movement of uranium

by means of assessing cumulatiwe radiation effects.
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3.2.2 Geology of the Beverley Uranl-um Deposlt

The Beverley U deposit occurs in the Tertiary Frome Emba¡rment to

the east of the Mount Painter Block, north of the Olary Ranges and west

of the Barrier Ranges - all of Middle Proterozoic age. Callen (1975)

describes the Frome Embayment as a lobe in the extensive Great Arterían

Basin of northern Australia formed duríng Ear1y Jurassic times. Tts

present configuration is the result of Late Tertiary and Quaternary

tectonic events.

Spatiatly, the Beverley U deposit is closest to the Mt. Painter

basement - a complex consisting of metamorphozed sediments (the Radium

Creek Metamorphics), a suite of "older granites" dated as Carpentarian

(1600 M.yr.), Late Proterozoic sediments and basic volcanícs, and a suite

of younger granites intruded during the Ordowician. Both suites of

granites have higher than background radioactive element contents.

Blight (L977) reports U contents up to 22 ppm for some of the granitoids

of the "younger granite" suite.

I^Iithin the Frome Embayment, Precambrian basement is overlain by

folded Cambrian redbeds and limestones, Jurassic fluviatile sediments,

transgressiwe rnarine Cretaceous beds and later by regressive non-marine

units. Callen (L916) has broadly divided the overlying Tertiary into two

units: (1) the Palaeocene-Eocene Eyre Formation; and (2) Oligocene-

Miocene sands, silts, carbonaceous and non-carbonaceous clays and some

carbonates. U occurrences are known within Palaeocene medium- to coarse-

grained sands, Eocene medium- to coarse-grained sands and silts to fine-

grained sands, and in Míocene medium- to coarse-grained sands,

carbonaceous in part with occasional pebbles '

I^iithin the Beverley region, U mineraLizaxion occurs in sand lenses

\^rithin fine unconsolidated argillaceous sediments of Miocene age

overlying thin carbonaceous clays. These uncomformably overlie
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Cretaceous shales and sandstones which directly overlie the Precambrian

basement. The Miocene sediments are overlain by possible Pleistocene

argillaceous and occasional clastic sediments with some boulder beds '

The orebody consists of very finely divided uraninite absorbed on

clay within a series of north-south-trending sands at an oxidaËion-

reduction interface with Lhe underlying carbonaceous clays (Haynes,

11-976). U values occasionally extend ínto the underlying carbonaceous

clays. Total reserves are estimated at 15,800 tonnes UrOr at a

recoverable grade of 0.24t U3Os .

3 .2.3 Results

The exploration model by the oilrnin N.L., Transoil N.L. and

Petromin N.L. group vras based on the premise that uPlift of the

uraniferous Mt. Painter Block establíshed a hydraulic head driving

uranium-bearing solutions into Èhe sedimentary pediment of the Lake Frome

embayment. Drilling started close to the Mt. Painter area and proceeded

eastward along creek beds, under the assumpÈion that Tertiary channels

had similar locations.

Samples for a TL study were collected from a seríes of dril1 holes

extending away from the Mt. Painter basement towards the Beverley

orebody, and from other holes around the orebody. Location of Beverley

is contained in figure 3.2 and of the dri11 holes sampled in figure 3.3 '

Note in figure 3.3 that holes with the same prefix, e.g. 39,39A,39456I^I

etc. indicate holes dritled close to hole 39.

Three samples were collected from each hole - one from the

arenaceous formation hosting the mineralization and one each from the

intervals 10 metres above and 10 meËres belorv this unit. Experimental

procedure rl¡as as described in chaptet 2.6. Approximately 100 sarnples

were measured in total.
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ATL results for the ore horizon are shown in figure 3.3 and 3.4.

Results for samples 10 metres above the ore horizon are plotted in figure

3.5 and 10 metres belor^r the ore horizon in figure 3 ' 6.

Figures 3.3 and 3.4 indicate a progressive increase ín radiation

effects in the ore horizon upon approaching the ore body with data

fitting into three main categories:

(a) Background TL (up-stream of the orebody). samples in this

group show few radiation effects. A typical glow curve is

íllustrated in Fig. 3.7 which can be compared with the

experimenrally derived Fig. 2.34(b); i.e. a large LT glow peak

which obscures the MT and HT glow peaks. Such a glow curve is

the common one for unsensitized sands in the Lake Frome

Emba¡rment.

(b) Marginal TL (further downstream though not in close proximity

to the orebody and occupying a very Iarge territory in Fig'

3.3). TL glow curves in this group are generally similar to

rhose in Fig. 2.34(c) and (d). A typical glow ctlrve in the

marginal TL group ís shown in Fig. 3.8 with a reduced LT and MT

glow peak intensity. Proportionately the LT glow peak has

decreased more than the MT glow peak.

(c) ore-rype TL (\^¡ithín close proximity to the orebody). These

glow curves are simÍlar to those in Fig . 2.34(d) and (e) - more

particularly Fig . 2.34(e) . A typical glow curve from this

category at Beverley is contained in Fig. 3.9. It shows even

more reduction in the LT and MT glow peaks than in the marginal

zone and also a corresponding increase in the HT glow peak.

Along Four Mile Creek eastwards towards the orebody there is a

gradual increase in radiation effects and TL glow curves in the ore

transport horizon from background to marginal to ore-type. Beyond the

ore body (holes 43 and 44) TL glow curves return quickly to background.
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Samples taken from the stratigraphic interval, 10m above the ore

horizon show a sirnilar trend of increasing radiation effects towards

Beverley, though the overall radiation effects are less than for the ore

horizon. This is illustrated in thaÈ samples from any given drill hole,

in this interval show less radiation effects than their corresponding

samples from rhe ore horizon. This is parËícularly noticeable for some

samples within the orebody, where the samples 10m abowe the ore }lorizon

plot in the marginal, rather than ore-type TL categories, e.g' 39A/2568

and 394/8S6Il.

samples taken from lom below the ore horizon show even less

radiation effects again. A progressíve increase in radiation effects is

sti1l discernible along this horizon with sarnples from particular drill

holes again showing less sensitization than their corresPonding samples

from the ore horizon.

3.2.4 Uranium Exploration Implicatl-ons of Thermoluminescence from the

Beverley Results

Recognition of the degree of cumulative radiation damage has

importanü implications in exploration for such deposits.

The Bewerley orebody has no surface geochemical or radiometric

anomaly. The radiometric anomaly indicated in Fig. 3.3 is subsurface.

Comparison of the marginal TL zone incorporating holes l-4 , 62, 58 and

68, as well as non-mineralized holes along Four Mile Creek, has enlarged

the secondary xarget zone far beyond that of the radiometric halo - it

may possibly even be too large. Hovlever, even within the marginal TL

zone, holes closer to the ore zone (though sti1l 3krn distant) such as 26,

48 and 25 show greater radiation effects than holes further away within

this halo such as 58, 68 and 62.
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\^Iithin the marginal TL zone is the ore-type TL halo (where all glow

curves essentially conform to Fig.2.34(d)-(e). A significant point is

that some holes within this zone (42, 22, 46, 334) contain no U

rnineralization yet still hawe TL glow curves as expected for minera1-ized

samples. Thus recognition of such TL glow curves despite discouraging

geochemical results would have indicated not only the presence of U

mineralization but also proximíty to such mineralization. From Fig. 3.3

it can also be noted that this zone of. "mineralj-zed" Qre-type TL is four

to five times larger than the orebody itself and thus has enlarged the

primary target zor1e.

Probably the most useful observation frorn the point of view of

uranium exploration is that along Four MiIe Creek (the suspected locii

for uranium transport) a trend of increasing radiation effects is seen

over a distance of eight kilometres from Mt. Painter in the west,

eastward towards the orebody. This trend is best portrayed in figure

3.4. Therefore, TL measurements from drill holes along Four Mile Creek

during exploration, would have indicated an increasing trend of radiati-on

effects to the east. Such recognition could give confidence for further

drilting along Four l'file Creek.

This can be contrasted ¡¿ith results from Paralana Creek to the

south, where holes 1, 2,3 and 4 were drilled over a distance of 2.5

kilometres and where there is little or no change in radiation effects.

This is in contrast to those holes drilled along Four Mile Creek where

there is a progressj-ve change in radiation effects, as illustrated in

figure 3.4. Not\^¡ithstanding the benefits of hindsight, TL measurements

at an early stage of drilling would have confirmed the existence of

increasing radiation effects in Four Mile Creek as opposed to Paralana

Creek and thus may have reduced the amount of exploratory drilling

needed.
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3.2.5 Genesis of the Beverley Deposlt Source of the Uranium

TL may also be used to give some evidence regarding the source of U

for the Beverley deposit.

For Tertiary sandsÈone-tyPe deposits in general, three principal

ideas exist regarding U sources:

(a) leaching of U from a granitic hinterland aÈ sorne time after

sediment deposition (Harshman, L972) ;

(b) leaching of U from within the original host sandstone or arkose

(Shockey et aI., 1968); and

(c) derivation from devitrified or leached wolcanic debris, tuffs

and flows within or overlyíng the hostrock (Davis , 1969). Many

authors including the above acknowledge that combinations of

the above possibilities may occur and that different mechanisms

and sources are applicable for different deposits '

In the case of the Beverley deposit the possibility of leaching of

an interbedded volcanic source can be ruled out because of the absence of

such volcanic interbeds. Further, Callen (I976) rePorts clay mineralogy

as montmorillonite rather than tuffaceous bentonite as is comrnonly found

in the United States deposits. No volcanic qwar:uz or glass shards have

been found.

It is also unlikely that the U has been derived from within the

sandstone as the sandstone layers are thin and could not have supplied

the necessary volurne of U. Further to this, the TL data for samples 10m

above and below the host unit, and also from the host unit itself downdip

of the orebody, all indicated the non-sensitized nature of the sandstone

and hence its low inherent U content.

Modern groundwater draining the Mt. Painter granitic basement is

rich in U and the dating of U within the basement indicates mobilization

within the last 1 Myr. (Callen, L976). Further to this, as mentioned
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preïiously, granites of the Mt. Painter province are enriched in uranitrm'

ldhen accompanied rrríth the TL data indicating the pfogressive

increase in radiation effects eastv/ards away from the I'ft. Painter

basement, it seems tikely that, in the case of the Beverley deposit,

uraníum has been derived by leaching of the uraniferous Mt. Painter

basement rocks.

3.2,6 Genesís of the Bewerley Deposit

of Uranlum

The Accretionary }fovement

The degree of radiation effects when considering (1) the threshold

effect of U needed to initiate radiation effects; and (2) the young age

of the deposit, suggests that the marginal TL type is due to actual U

mineralization (i.e. protore) which has been displaced downdip by

oxidizing U-bearing solutions. The U content expected in such solutíons

(100-1000 ppb) is too low to have produced the radiation damage observed'

srudies by Hayslip and Renault (L916) (chapter 3.1.3) found that

under geological conditions (as opposed to laboratory conditions) a

threshold of lOppm U for a +l0O Ma old deposit was needed to initiate TL

in the HT glow peak. This suggests that the marginal TL tyPe may be due

to U concentrations greater than 10ppm. The fact that rnany, if not most,

of the drill holes in this regíon currently conÈain less than lOppn U

indicates that the U has moved, and illustrates the usefulness of the TL

technique in measuring past, as vlell as present radiation effects.

As the radiation damage is due to dísplacement of uraníum Protore '

then the progressive increase in the radiation effects, observed over a

distance of Skrn eastwards towards the orebody, is consistent with the

accretionary or "snowballing" concentration of U during transport' In

fact these results actually suggest such a concentration mechanism for U

If the period of time for which the U has remained in each spot during
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transport is approximately constant, then the increase in radiation

effects can only be due to increasíng concentrations of U. That is, as

TL measures cumulatiwe radiation effects - (tine) x (concentration) - and

if time has been approximately the same for each point in the migratory

pathway, then concentration of U must be increasing in order to explain

the increasing radiation effects observed, i.e. the uranium is accreting

or'snowballing" during transport.

That such an í-ncrease in radiation effects is not merely a function

of proximity to mineralization is obvious by the rapid return to

background TL, or non-radiation darnaged lewels, beyond the orebody' For

example, hole 43 - 5OOm east of the orebody (downdip) has only marginal

TL, and hole 44 - lOOOm east of the orebody has background TL. Holes a

similar distance west of the orebody (updip), e.g. 42 and 46, show far

more radiati-on effects.

The lesser radiation effects in horizons lOm above and below the

ore horizon in some cases even within the ore body - indicate that

transporc and accretionary movement has been more or less confined to one

stratigraphic horizon. This indicates that during a U exploration

pïogranme it may be just as necessary to identify the correct

stratigraphy for U transport as it is to identify the correct

geographical region.

3.3 Bremer River ProspecÈ, South Australia

An opportunity to utilize TL in the exploration program for ro11

front type uranium deposits r,¡as prowided by GRA Exploration in E.L. 547,

Bremer River, South Australia (Andrews, 1980). Water sanpling within the

exploration lease had indicated variable values of uranium in groundwater

with a possible oxidation front. However, contamination of vrater bores

as a result of organic materials led to difficulty in assessing the
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hydrogeochemical results, i.e. wheÈher spot high uranium values were due

to the scavanging effect of recent decaying organic material rather than

truly reflecting anomalous uranium concentrations. For this purpose, it

r,ras felt that a knowledge of the past presence or absence of uranium

would be useful and hence a TL study was undertaken to determine:

(1) whether there hras any evidence of anomalous uranium/protore v¡ithin

the exploration lease;

(2) whether there was evidence of a ro11 front uranium situation which

had resulted in radiation effects to the host rock and

(3) whether any particular stratigraphic horizon appeared more

prospective than others.

3.3.1 Geological Setting of the Bremer River Exploration Lease

The TL study was conducted in the Bremer River Basin, South

Australia. Samples vrere collected from carbonaceous sands and clays of

Olígocene-Eocene age inforrnally named the "Continental Group". This

target horizon is overlain by the Early to Middle Oligocene Ettrick

Formation, the Mioeene Mannum Formation and the late Pliocene Parilla

sands. It is underlain by Cambrian quartzites and micaceous schists of

the Kanmantoo Group which constitute basement.

Basement outcrops as part of the Adelaide Hills to the northwest of

the basin and the Tertiary cover units increase in thickness to the

south-east lray from the outcropping basement thus confirming the basinal

nature of the region. The approximate limit of the Kanmantoo Group is

shown in the northwest of figure 3.10.

Possible sources for uranium r¡rere thought to include acidic

tuffaceous members near the Nairne Pyrite Horizon and quartzites of the

uppermost units of the Carnbrian Kanmantoo Group. Background uranium

values within the basement \,rere generally low (less than 4pprn) with spot
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values up to 30 pprn, Èhus necessitating scavanging of a Large draí-nage

area to accumulate appreciable quantities of uranium.

3.3,2 Results

Approximately 100 samples were analyzed from rotary drill holes

designed to test the possibility of a rnobile uranium front. Their

locations are shown in figure 3.10. A summary of results is contained in

figure 3.11 from raw data contained in Hochman (1981).

Sínce many samples were in the sensitization stage of TL (glow

curves as in figure 2.34c) the principal methods employed involved

studying varíations in the intensity of the low temperature glow peak

(LT) and in the high ternperature to low temperature glow peak ratio

(HT/LT> along the line of drill holes extending away from the basement.

Since at this stage of radiation sensitization the LT glow peak will be

decreasing and the HT glow peak will be increasing, increasing radiation

effects should be reflected by a decrease in the LT glow peak intensity

and an increase in the HT/LT glow peak ratio.

Figure 3.11 portrays results from two stratigraphic levels:

(1) from samples taken up to six metres belor¿ the limestone of the Mannum

Formation and (2) frorn a fluviatile channel sequenee 20-34 metres below

the lirnestone base. The latter area corresponds to the "Continental

Group". Figure 3.11(a) shows little systematic variation in either of the

TL parameters implying that no signifÍ-cant uranium concentrations have

resided in this stratigraphic interval. Figure 3.11(b) indicates that

the LT glow peak intensity is leasÈ and the HT/LT glow peak ratio at a

maximum in holes 80HRM 12 and 11, implying greatest sensitization has

occurred in this region.
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Apart from these anomalies the rest of the fluviatile channel sands

showed no more sensitization than any other stratigraphic interval

sarnpled within the "Continental Group".

3.3.3 Dlscusslon

The lack of radiation effects through holes 80HRM 4-10 and lack of

any systematic change in radiation effects in these same holes, indicated

that there had not been substantial uranium protore movement, in the form

of a snowballing ro11 front, through these strata.

Holes 80HRM 12 and 11 which had shown radiation sensitization ¡vere

drilled adjacent to the basement on the basin rnargin and hence

intersected the thinnest lí-mestone cover and thinnest fluviatile channel

sands. These anomalies may possibly be explained by their proxirnity to

basement i.e. local concentrations leached from the basement into the

immediately adj acent sediments.

On the basis of the above two points, coupled with the

hydrogeochemical and other results, the potential for economic uranium

accumulations within the basin was considered remote and hence the

recommendation could be made to the company concerned to relinquish this

exploration lease without the need for further exploratory drilling.

3.4 Concluslons on the Use of Thermolumlnescence in Exploratíon for

TertÍary Sandstone Hosted Uranlum DeposLts

The examples utilizing artíficial TL and the change in glow curve

shape due to radiation in sections 3.2 and 3.3, suggest that TL is useful

in uranium exploration for this type of deposit for the following

reasons
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(1) TL has detected an eastward trend of increasing radiation

sensitization in the Frome Emba¡rment which may be related to an

eastward mowing mobile orefront. This trend is visible along

the Four Mile Creek over a distance of some eight kilometres

despite the absence of any associated geochemical or

radiornetric anomalies

(2) The zone of margínal TL around the Beverley orebody is larger

than the subsurface radiometric halo.

(3) The zone of "ore type" TL immediately surrounding the orebody

is four to five times larger than the orebody icself even

though some holes within this halo have little or no uraniurn.

Thus recognition of an "ore type" TL glow curve expanded the

target of uranium mineralization.

(4) TL does detect areas of past uranium concentrations (as well as

present concentrations) as evidenced by the areas irunediately

west of the Beverley orebody. Thus Lerry's (1-979) conclusion of

quartz "renemberíng" exposure to past radiation has been

confirmed under geological conditions.

(5) TL is useful in helping to determine the prospectivity or

unsuitability of an area for economíc uranium accumulation as

illustrated at Bremer River and may, therefore, be useful in

terms of area selection for further exploration.

These conclusions agree with that of Andrews (1983) who considered

that TL was of direct uranium exploration value and predicted rnore

widespread use of the technique for uraníum mineralization.
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CHAPTER 4: A PROPOSED I.ÍODEL FOR THE GA}ÍI.IA RAY INDUCED VARIATION

oF QUARTZ THERüOLUTÍINESCENCE GLOI{ CURVES

- Summary of Chapter

Chapter 4 speculates on variations in quartsz ATL glow curves

observed at the Beverley uranium deposit in terms of physical and kinetic

models. In the case of physical changes in the qua:.luz lattice it is

assumed, from líterature research, that defects acting as traps for the

LT, MT and HT peaks are AI-M+ sites, M+ intersËitials and oxygen

vacancies respectively. The 413+ site ís assumed to be Èhe only

luminescent recombination centre. It is speculated that initially, AI3+

- M+ sites are the rnajor trapping site. As radiation on the qwarxz

continues the M+ ions are moved from the Al3+ - M+ sites by gamma

radiation and form interstitial M+ sites. These act as trapping centres

for electrons which, after recombination, result in the MT glow peak.

Thus with increasing incident radiation the qlrariuz LT peak should

decrease and MT peak correspondingly increase. As radiation continues

many extra defects, including oxygen wacancies are being formed. If

oxygen vacancies act as electron traps for the HT glow peak, then, aE

high radiation doses, given an increasing abundance of oxygen vacancies,

the HT peak would be the dominant glow peak.

¿ * *
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4.I Introduction

chapter 2 described principles of TL - especially the effect of

radiation on quartz TL glow curves - and suggested theoretical shapes of,

and variations between, such glow curves rrrith progressively increasing

radiation doses. Chapter 3 showed the quartz artificial TL glow curves

obtained with increasing palaeoradiation doses in the environment of an

actual uranium deposit. These observed glow curves were found to be

quite simiÌair to those predicted in Chapter 2. This chapter (Chapter 4)

is an attempt to explaín wh-y the predicted and observed qwartz artificial

TL glow curves vary in response to radiation dose. The attempted

explanation is in terms of both physical and kinetic models though much

of the following explanation must remain qualitative rather than

quantitative, especially when an attempt is made to explain the

variations in terms of kinetic models.

The principal points to be explained are:

(a) The owerall variation in TL glow curve shape as a function of

distance from uranium mi-neralization and

(b) The sensitization and subsequent desensitizaLion of LT and l"1T glow

peaks as the distance from uranium mineralization decreases.

Glow curves from Beverley samples, representing background,

marginal and ore type TL glow curves are shown in figure /+.1. These

curves approximate (b), (c) and (e) in the expected generalized glow

cuïves of figure 2.34 and are representative of the variation ín glow

curve shapes exhibited by samples obtained at decreasing distances from

the Beverley ore body. The explanations presented will be based on the

three glow curves in figure 4.1.

Before stating assumptions and considering possible models, one

additional piece of information musÈ be giwen. As was mentioned in

section 2.5.2.L, EPR work on artificially irradiated quartz (gamrna,
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neutron and alpha radiation) by Chatagnon (1986) has shown an increase in

E' centre concentration with íncreasing radiation. This trend was

observed for gamma radiation as well as for alpha radiation. E' centres

are usually correlated with oxygen vacancies. Therefore Chatagnon' s

(op.cit) results inply that oxygen vacancy concentration increases with

increasing irradiation. Tt is interesting that a number of TL properties

also change with radiation eg. glow peak intensities, ratios and glow

curve shape.

Knowing that samples from the Beverley uranium deposit showed

systematic TL variations (e.g. decrease in LT intensity and increase in

HT percentage), it was decided to investigate a possible change in E'

concentration in the same samples. Seven q:uarLz samples from the Frome

Embayment, at different distances from the Beverley ore body hawe been

subjected to EPR analysis by Chatagnon. The location of the samples used

is shown Í-n figure 4.2, and intensity of the E' signal (in arbitrary

units) is contained in table 4.1. These results shovr an increasin9 E't

signal (fron 73 in the background sample, to 437 in the sample from the

marginal palaeoradiation zone to a maximum of 1913 for a sample r,rithin

the ore body. A more extensive discussion of these results is to be

given elsewhere (Ypma et al, in prep) .

Since Er' centres are correlated with oxygen vacancies, these EPR

results indicate that the oxygen vacancy concentration in quaxtz

increases through the areas of background palaeoradiation and rnarginal

palaeoradiation, to a maximum within the orebody, i.e. the concentration

of a particular type of defect, which could function as an electron trap

increases, as TL properties also change: LT peak intensities decrease

and HT peak percentages increase. An increase in E' centres in quartz

with radiation has also been observed by Bossoli et aI (1982) and Jani et

al (1983). As well as the observed increase in E' centres it is possible

that other defects will also be created as a result of radiation.
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Table 4.1 The change ln Er' cenÈre slgnal ln quartz samples from
positl,on! of v"ifable palaeóradlatl,on dose ln the Bewerley
üranlurn regl-on. Locatlon of samples Ls glven 1n ffgure 4.2.
Echantillon = sample number.
Et1 = natural Er1 centTe signal.
Etlrecuit = EtL centre signal after a radiation dose.
(Radiation dose is unspecified).
R = ratio of E'lrecuit/E'L.
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Durrani et aI (1977a) suggest that oxygen interstitials will be created

by radiation. Kitt and Martin (1983) and Martini et al (1986) suggest

that interstitial alkali-ions and AI-OH centres are created by radíation.

It could be expected that these defects would also function as elecÈron

or hole traps and influence TL.

These EPR results, in conjuction with Èhe previously described vrork

of lchikawa (1968) and Durrani et aL (L977) suggest at least to this

author, that a trap creatíon model to explain the sensitization and

desensitization phenomena observed in quartz with increasing radiation

dose, is to be prefered to a competing trap model.

Ichikar¿a (1968) and Durrani et aL (1977) fawoured trap creation

models to explain sensitization phenomena in Brazilian quartz. However,

their models were an attempt to explain the supralinear growth of an

integrated TL intensity glow curve area between 240"C and 480"C versus

radiation dose. Since thÍs study is concerned with variations in glow

curve shapes for a given test dose i.e. individual glow peak intensities

and ratios, the model must contain features other than those given by

Ichikawa (op.cit) and Durrani et aI (op.cit). More specifically, it must

explain the sensixizaxíon and desensitization of several individual glow

peaks rather than the TL response determined from a single glow peak and

integrated glow peak areas. A description of the proposed physical model

for the observed TL glow curve variations is presented here. A

qualÍtative explanatíon in terms of Lewy's (1984,1985,a,b) interactive

kinetic models will also be considered.

4.2 The Ìfodel

The rnodel descríbed here is based on the assumption that there is

only one hole trap, with concentration Nr, and three electron traps with

concentrations N1, N2, N3. (Similar models have been presented by Lewy
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1983b, 1984b). The concentration of trapped charge in each electron trap

is n1s, D20, fl30 and in the hole trap is nro. Nr is always greater than

N1+N2+N3 and nro: D1o+n2o+n30. Physically Nr could be assumed to be an

A'13+/alkali íon (M+) centre which also acts as the only recombination

centre. The raÈio of radiative to non-radiative recombination is assumed

to be constant. N1, N, and N, are assumed to correspond to electron

traps contributing to luminescence of LT, MT and HT glow peaks

respectively. An additional assumption is that initially, for a given

test dose, D10 should be ) nr0+n30, possibly as a result of N, ø, being

) N, o" and N, ør.

Figure 4.3 after Levy (1983b) shows that in the three electron trap

situation the shape of a glow curve depends on the initial trapped charge

conceritration distribution. Ilhen nro ) nzo and n.o the LT peak is the

dominant peak. In figure 4.3 the LT peak is at a maximumwhen a dominant

fraction of the initial charge is in the low temperature trap.

A TL kinetic explanation for the behaviour shown in figure 4.1(a)

has not yet been devised. One can speculate in a non-quantitative way

that if nro increased (implying an increase in nro/Nr) that the LT peak

intensity would increase to the extent that it may mask the MT and HT

glow peaks and resemble the glow curve in fígure 4.1(a) (obtained with

sarnples from the Frome Embayment background zone). Put alternatively,

the glow curve in figure 4.1(a) may be approxímated under conditions

where the trapped charge concentration in no, is high, i.e. the ratio

nor/Nr is high.

Next to be attempted ís an explanation of why the LT glow peak

decreases in intensity in comparison with the MT peak, as shown in figure

4.1(b). Now, in terms of interactive kinetics, glow curves approximating

figure 4.1(b) can occur rvhen the initial trapped charge racio n2s/N, Ls

comparable to or greater than nro/N, and nso/Ns. One of the computed
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glov/ curves from Lewy (1984b) when îzo : 5x1015 and N2 : 1016

approxímates this situation, i.e. figure 4.1-(b).

As the radiation dose increases, additional traps will be created

in the qwartz, i.e. the sum of Nl + N2 + N3 r,¡ill increase. It could

therefore be reasonably expected that N, + N, + N. for the quartz

represented by figure 4.1(b) will be greaÈer than N, + Nz + N. for the

quartz represenÈed by figure 4.1(a). In resPonse to a fixed test dose

the total trapped charge concentration (nr. + nzo * n3s) is also likely

to increase because of increased trapping probabilities and therefore

nro * nzo * nro for the quartz represented by figure 4.1(b) will be

greater than nr' + n20 + n3o for the quartz reqresented by figure 4.1(a)'

Since there will be a higher trapped charge concentration in the

quartz repïesented by figure 4.1(b) than in that rePresented by figure

4.1(a), then the desensitization of the LT peak and sensitizaxion of the

MT peak in fÍgure 4.1(b), could be explained in terms of an increase in

N, or oz Nz (and/or possibly a decrease in N, or ør N1). Therefore, it

is useful here, to consider what physical mechanisms may be involved in

production of glow curves such as figure 4.1(a), (b) and (c)

The physical conditions under which a glow curve has a dominant LT

glow peak can occur when there is a large concentration of electron traps

which play a role in LT luminescence. Usually this requires that øt

(Nr-nr) or lorNr] is appreciably greater t.han or(Nz-nz) and/ot ør(Nr-n3).

Detailed studies on the nature of lattice defects and ímpurities

responsible for individual glow peak emission in quartz do not explain

all peaks. However Ichikawa (1968) suggested that the MT peaks of

Brazii-tan quartz were due to centres that included interstitial alkali

ions. Thus the Li+ interstitial could be an electron traP Producing the

'¿3U"C glow peak and NaF responsíble for che 270"C glow ¡real". More

recently Jani et al (1983), Kitt and Martin (1983) and Martini et al

(1986) have also suggested that glow peaks in quartz between 200'C and
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3OO"C are related to interstitial alkali ions. Ichikawa (op.cit) aI

suggested that the LT glow peak (180'C) was associated with a compensated

61s+-(hole)-Li+-(e) centre. Ichikawa (op.cít) suggested that

sensitization of the LT peak occurred v¡hen most of the Li inÈerstití.a1s,

responsible for MT glow peak, had captured electlons and then moved, by

interaction with ganma rays, to 413+ hole sites, to act as LT electron

traps. The rnajor evidence for this hypothesis was that the MT peak

(Ichikawa's B2 glow peak) saturated at a lower dose than the LT glow peak

(Ichikawa's 81 glow peak). Three objections to this can be cited:

(a) It does not explain the desensitization of the LT glow peak.

(b) It cannot explain why the MT glow peak is sensitized after

desensitization of the LT glow peak (as observed in samples from the

marginal TL zone around the Beverley ore body, figure 4.f(b)).

(c) trlhy M* + e should move to Al3+ which have acquired h+ beforehand

and should therefore be electrically compensated.

Idhilst accepting lchikawa's (op.cit) defect sites responsible for

LT and MT, TL emission, a reinterpretation of the data suggests the

following model. Assume that initially most electron traPs are of the

type proposed by Ichikawa (op.cit) for the 180'C glow peak i'e. 413+ -

Li+ sites and that interstitial Li+ unrelated to Al3+ sites is much less

abundant Èhan the compensating Li of the 413+ - Li+ sites. As radiation

is incident on the crystal electron-hole ionization pairs will be

produced and some holes and electrons will be trapped on a range of

trapping sites. The initial sensitization of the LT peak can be

explained ín terms of interactive kinetics as illustrated in figure 2.14

after Lewy (1985a,b) i.e. by retrapping of electrons at the Al3+-Li+

sites or also by assuming more radiative recombinations than non-

radiaEive recombinations occurrlng ac chfs site (Levy, pers. cuurlr. f9B7)

However, as radiation continues it is proposed that two additsional

effects occur:
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(a) oxygen vacancies are created, as discussed in section 2.5.2.L,

which also creates oxygen interstitials. This effect has been mentioned

by both Ichikar^ra (1968) and Durrani et al (1917),

(b) As holes are trapped on 413+ centres, the compensatory alka1i ions

are free to move away from the 413+ hole sites. Ichikawa (op.cit)

suggest that Li+ ions might be nobile during incídent gamma-irradiation.

Durrani et al (op.cit) suggested that process (a) occurs at'already

strained Si-O bonds in the vicinity of 413+ - alkali ion centres. After

the compensatory alkali ion has moved away from the AI3+ hole centre'

interstitial oxygens may block its pathway so that it cannot diffuse back

to the uncompensated AI3+ hole centre created even after an electron has

recombined with the trapped hole. The net effect is an increase in the

concentration of interstitial alkali centres which lchikawa (oP.cit),

Kirr and Martin (1933) and Martini et aI. (1986) have attributed to the

electron traps responsible for the MT glow peaks. Durrani et al (op. ciC)

have also suggested that oxygen interstitials may prevent an alkali ion

from moving back to the 413+ site. However they did not discuss what

would happen to the alkali ion and did not, apparently, consider the

possibility that such an ion could then act as an electron trap.

Ichikawa (op.cit) on the other hand, considered the possibility that

interstitial alkali ions could act as electron traps for the MT peaks,

but apparently did not consider the possibility that interstitial oxygens

ions would curtail the movement of alkali ions, or that large radiation

doses could create more interstitial alkali ions. Thus, it is suggested

(here) that radiation r.rill create interstitial alkali ions that can act

as electron traps, for MT glow peaks, at the expense of 413+-Li+ centres

which were responsible for luminescence of the LT glow peak.

The overall e-f.fecL is tliat as radiation proceeds there will bc:

(a) a limitation of the number of hole traps, and
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(b) the creation of additional traps which may function as electron

traps. Both of these faetors will aid retrapping.

One could expect therefore that (with the nu¡nber of l"IT traps

increasing and retrapping also increasing) the LT peak could decrease in

intensity and the MT peak increase. A resultant glow curve would

therefore resemble figure 4.1(b). As the concentration of alkali ions is

finite, and the concentration of interstitial alkali ions is expected to

be less than the total concentration of all alkalis, then as radiation

increases there will come a stage when all M+ ions have become electron

traps. Because the concentration of initial interstitial alkalis,

particularly Li+, is small, then it is not surprising that the 82 glow

peak (230'C) of Ichikawa (op.cit) reaches saturation at the comparitevly

small dose of 8xlOa rad. Ichikawa (op.cit) also suggests that tul:re 270"C

glow peak results from electrons trapped on Na+ interstitials. This glow

peak does !e! reach saturation for doses up to 9.2x106 rad and can

contribute to the l"1T peak intensity over this entire range.

At higher doses, it is postulated that additional oxygen vacancies

are created which act as electron traps. Ichikawa (oP.cit) suggests that

O vacancies are electron traps which contribute to lurninescence of the HT

glow peak. Therefore the creation of more HT electron traps should cause

an j-ncrease in the luminescent intensity of the HT glow peak, as shown in

figure 4.1(c). Therefore at high radiation doses only the HT glow peak

remains. This was noticed by Durrani et aI (L977) and v/as portrayed in

figure 2.29 .

Lewy's (1984,1985a,b) interactive kinetic model predicts that a

glow curve where only the HT glow peak remains should occur at low doses,

not at high doses as found by Durrani et al (op.cit) and in "ore type"

glow curves (LigL ratl.iaLiuu dose) in this thesis. The intcractivc

kinetic model is perfectly compatible with these observations however if

one aspect is further explained.
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Initially ít was asstrmed Èhat the ratio of radiative recombinations

to non-radiative recombinations vras constant. Howewer, if this ratio ís

not constant, but changes in response to increasing radiation dose, i.e.

proportionately more non-radiative recombinations occur at higher

radiation doses than at lower doses, then overall TL intensity would

decrease and the HT peak vrould be increased relative to the LT and l"lT

peaks (Lewy, pers. conm.1987).

Physically, this situation could occur if some of the extra traps

created by large doses of radiatíon, also functioned as non-radiative

recombinatíon centres. Then, as the radiation dose increased, the nurnber

of these centres would increase and the ratio of radiatiwe to non-

radiative recombination centres would decrease. This would lead to a

decrease in TL intensity as observed Ín figure a.1(c). The physical

nature of such centres is not, as yet, known.



PART 2



CHAPTER 5

GEOLOGY OF THE I{ESTI'TOREI.AND REGION



105

5.1 Introductl-on

Although ATL worked well in uranium exploration in the sirnple cases

encountered in Tertiary sandstones, usage and interpretation can be

expected to be complicated in Proterozoic sandstones v¡here the age of

mineralization is much older and uraniurn may have been redistributed

during geological history. It is therefore important to have a good

understanding of the geology of such areas and the irnplications of other

geological and geochemical studies when interpretting TL results. For

this reason in Chapter 5 a more comprehensive account of Ëhe geology of

the \^Iestmoreland region is giwen than was felt necessary for the Bewerley

and Bremer River studies. A more detailed knowledge of the geology will

also be helpful when formulating a genetic model for the I^Iestmoreland

Uranium Deposits in Chapter 6 and when consideríng Protetozoic uranium

deposits in general in Chapter 7.

5.1.1 Locatíon and Access

The l,rlestmoreland uranium deposits are located in northv/est

Queensland at latitude 17o30', Iongitude 138"10'. They are 10 kilometres

east of the NorËhern Territory border, approximately 400km northr{est of

Mt. Isa, and are within the pastoral lease of the \^Iestmoreland Station

(figure 5.1) . Access is possible by vehicle along bitumen roads followed

by unsealed roads from Mt. Isa via Doomadgee Mission, or by light

aircraft from Mt. Isa to Mangaroo AirstriP - a company maintained

airstrip approximately two kilometres frorn the exploration base, Camp

Ridgeway. Access to the area is not possible during the srrmmer wet

season extending from Novernber tiII March or April.
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5.L,2 Previous Investigatlons

l,Lineralization at llestmoreland was first reported in 1956 by Mount

Isa Mines (MIM) prospectors leading the Bureau of l'Iineral Resources (BMR)

to carry out an airborne radiometric survey rvhich subsequently led to the

discovery of the Livingstone Prospect. This was renamed the Redtree

Prospect by an l,lIl,I-CRA (Conzinc Riotinto of Australia) joint venture

during one of the sporadic investigations of the area which continued

until 1967 when Queensland Mines Limited (QML) and Broken HiIl

Proprietary Lirnited (BHP) renewed active exploration.

In the perÍod from 1969 to 1971 QML carried out an intensive

exploration program (540) diamond and percussion drill holes) which

revealed and delineated the then known orebodies, the Jack, Garee and

Langi Lenses.

urangesellchaft Australia Pty. Ltd. UGA), the pfesent operating

company, entered into a joint venture with QML resumed exploration j-n

!g75, resulting in the discovery of the Junnagunna, sue and outcamp

Prospects. LocaËions of all prospects are given in figure 5 ' 2 '

5.2 Regional Geology of the llestmoreland Area

The host rock of the I^Iestmoreland uranium deposits is the

I¡Iestmoreland Conglomerate which is the basal unit of the Tawallah Group

whích itself consÈitutes the basal portion of the McArthur Basin, the

major unit of the North Australian Platform Cover. The study area is at

the southern most end of the McArthur Basin where the sedimentary

sequence unlaps the Lower Proterozoic basement of the l"lurphy Tectonic

Ridge.
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The Murphy Tectonic Ridge is a Lower Proterozoic inlier comprised

of the following three lithotypes - the Murphy Metamorphics, the

Nícholson Granite Complex and the Cliffdale Volcanics.

The Murphy Metamorphics are the oldest of the units comprising the

Murphy Tectonic Ridge. They are at leasÈ 1900 rn.y. and possibly 2100

n.y. old (Plurnb and Derrick 1975), and are inËruded by the Nicholson

Granite Complex. In places they are overlain by the Cliffdale Volcanics,

and rarely by the l,rlestmoreland Conglomerate.

Structural trends within the Ridge are reflected in the Murphy

Metamorphics and are dominantly east-vrest. This unit has passed through

an episode of regional metamorphism and deformation that has not affected

the owerlying units. Metamorphism took place in the greenschist facies.

The units are comprised of tight to isoclinally folded quaTXz-

albite-biotite-chlorite * muscovite + epidote schists with a biotite

defined foliation striking slightly north of west and dipping steeply

north. (Gardner, 1978) .

These rocks are similar in lÍthology and metamorphic grade to the

Yarínga Metamorphics in the Mt. Isa Block and hawe been correlated with

basement inlíers ín eastern Arnham Land, i.e. the Grindall Metamorphics,

Bradshaw Granite and Mirarramina Complex. Plu¡nb and Derrick (op'cit)

have suggested that they may also be continuous with the Pine Creek

Geosyncline metamorphic sequences in sub-surface.

The Nicholson Granite in general covers the western part of the

Murphy Tectonic Ridge. Gardner (op.cit) divided the complex into seven

sub-divisions: Pgn1, Pgn2, Pgn3-4, Pgn5, Pgn6, Pgn, and Pgnr with Pgnt

representing the earliest intrusion and Pgn, the last, though the

relative sequence of intrusions between these is not entirely certain.

Pgn, and Pgn" are coarse-grained porphyritic hornblende-microcline-

albite and albite-microcline granites resPectively, representing sub-
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solvus tvro feldspar granites having been formed in the mesozone of

Buddington (1959) at a depth of approximately 10 kilometres.

Pgn5, Pgnu and Pgn, are distinguíshable as a group from Pgn1, Pgnz

and Pgn.-o in being red, even grained (biotite-) alkali feldspar granites

v¡ith associated aplite and microgranite dykes. These represent

hypersolvus one feldspar granites having been formed at shallower depths

than the first group (approxirnately 7 kilometres).

Pgns_4 are granodiorite and microgranodiorite stocks and ring dykes

which were emplaced at various times during the history of the complex,

intruding Pgnt,z,s and 6.

Pgn, is distinguished from the other granites by its finer and more

even grai-nsize, the Presence of muscovite in preference to biotite and

its high proportion of plagioclase. It is termed a white, aplitic,

muscovite-bearing, microline-albite leucogranite. Pegmatites are also

common in this stage of intrusion.

Compared with average granites (Taylor 196S), all the granites of

the Nicholson Granite Cornplex are enriched in KrO and total Fe. Minor

elements show enrichment in U, Th, Ba, Rb and Ce, and are depleted in I^I

and Sn.

Initial 5187/5186 ratio values of 0.7069 + 0.0040 have been

obtained for the "older" granite part of the intrusions, and 0 '7118 +

O.OO38 for the ,'younger" granite portion (I^Iebb L973, 1975). These

further confírm the more primitive nature of the "older" granites, e'8'

Pgn, and Pgnz. Gardner (1978) reports radiometric ages of 1843+8 Ma and

1860+103 Ma for the "older" granites and several ages around Lllj l"Ia for

the "younger" granites.

Sirnilar groupings of granites have been found in the Pine Creek

Geosyncline by ¡'erguson et al. (1980) and Rtley (f980). Tliese groupings

are not so much based on age but on geochemistry and Sr87/Sr86 initial

ratios. In Ëhe Pine Creek Geosyncline Lhe older granites e.g' the
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Nanamba and Nimbuwah complexes are considered by Ferguson et al (1980) to

be the possible original sources of uranium for the East Alligator

uranium deposits.

The Cliffdale Volcanics are the third unit of the Murphy Tectonic

Ridge and comprise its eastern part. The Cliffdale Volcanics are a

sequence of rhyolitic to andesitic ignimbrites, flow banded rhyolitic

lavas and acid tuffs erupted as numerous lava flows and pyroclastic

extrusions forming a near continuous belt 7 to 18km wide and 48kn long'

They are essentially flat lying flows, although Chey dip rnore steeply

adjacent to faults and granite contacts. The only metamorphism effects

present are those attributed Èo contact metamorphism near to granite

intrusions.

I,üebb (1973) dated the volcanics at L77O + 20 rn.y. and as such, they

define the base of the Carpentarian in Australia. Similar acid volcanics

are found in other Proterozoíc ínliers and blocks throughout Australia

which mark the local base of the Carpentarian in these areas. These

include the Edith River Volcanics in the Pine Creek Geosyncline, acid

volcanics in the Mt. l,Iinnecke Formation and associated \linnecke

Granophyre in the Granites-Tanami region, the Argylla Formation in the

Tewinga Group at Mt. Isa, and the volcanics of the Hatches creek Group in

the Tennant Creek Block.

5.2.L Uranium Ìlineralization of the l{urphy Tectonic Ridge

uranium mineralization is known in many parts of the Murphy

Tectonic Ridge, which includes the llestmoreland axea. Mineralization has

been idenrified within the Nicholson Granite complex, the cliffdale

Volcanics, the l^Iestmoreland Conglomerate and the owerlylng Siegal

Volcanics. The largest of the deposits, outside of I'Testmoreland, is the

pandanus Creek uranium mine also known as the Ewa mine, situated on the
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Northern Territory side of Èhe border. MineralizaÈion is primarily

pitchblende with secondary sklodowskite and beta-uranophane. These are

irregularly distributed in sheared acid to intermediate lavas and

interbedded sandstones of the Cliffdale Volcanics immediately below the

unconformably overlying \,'Iestmoreland conglomerate. The ore is localized

by faults and is associated with a high degree of chloritic alteration of

rhe hosr rock (crohn 1975, Curtis L976). Morgan (1965) records

production of 306 tonnes of uranium ore at 8.37t UrO, frorn the Eva mine.

A further group of small rnines, the largest of which is the Cobar

II deposit, is situated approximately 2okm north of Eva. These mines

occur vrithin the Siegal Volcanics. Individual ore shoots are confined to

shear zones and are associated with extensive hematitic replacement of

the country rocks. crohn (op.cit) reports 6.3 tonnes of uro. at a grade

of 10.5*. Geographic positions of these orebodies are given in figure

5.3. Other minor deposits in the Siegal Volcanics include El Hussein and

King,s Ransom rnines. No details of geological setting or production

figures are known.

At least 20 0ccurrences of rnineralization within the I^Iestmoreland

Conglomerate are known in Queensland. The most significanË of these are

those at the Redcree, Junnagunna and Longpocket areas hereafter

collectively referred to as the l.Iestmoreland Deposits. These constitute

the largest uranium deposits known as yet in Queensland and have been the

subject of this study.

5.3 Local Geology of the llestmoreland Area

In the \,{estmoreland area the Middle Proterozoic l{cArthur Basin

succession is not fully developed. Ihe only unics present are LLe

Ilestmoreland conglomerate and the siegal volcanics, the two lowermost

unj-ts of the Tawallah Group r¡hich unconformably overlies the Murphy
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basement Ridge. The overlying I^Iollongorang Formation is present in

discontinuous outcrops 2Okm to the north vrhere this and other units of

the Tav¡allah Group begin to thicken towards the north and west.

5. 3. 1- The llestmoreland Conglomerate

The l{estmoreland Conglomerate unconformably overlies the basement

Murphy Tectonic Ridge. It has been dívíded ínto four units with

conformable contacts between each.

Unit 1 is the basal unit unconformably overlying the Cliffdale

Volcanics. A basal boulder conglomerate may be locally Present and is

composed of a valley fill deposit with subrounded cobbles of tuff and

acid volcanics in a matrix of coarse sandstone (Sweet and Slatet 1975).

Particle size decreases upwards grading into a coarse sandstone with

pebble layers and then to a thick medium bedded sandstone and coarse-

grained orthoquarxzi.xe which may be hematitic. The overall thickness of

this unit is between 150m and 200rn,

Unit 2 is composed of a uniform sequence of massive bedded, coarse-

grained, poorly sorted sandstones. Hematite staining may occur. Pebbles

of vein qlJarxz and acid volcanics are conmon. Trough and occasional

tabular crossbeds have been found. The approximate thickness of Unit 2

is 450m.

Unit 3 is a light brown, very coarse pebbly or cobbly conglomeraÈe.

Rounded pebbles of vein quartz, metamorphie quartz, red orthoquartzite,

qlrartz arenite and acid volcanics occur in varying proPortions in a

matrix of poorly sorted coarse-grained hematitic sandstone. Trough cross

bedding ís common. The upper boundary of unit 3 is commonly placed above

the last cobble bed (Sweet and Slater op.cit). Maximum thickness of this

unit is approximately 350m.



TL2

Unit 4 is comprised of coarse to very coarse, poorly sorted

sublitharenítes with occasional disconÈinuous pebble beds and large

cobbles scattered throughout the sequence. Medium to large-scale trough

and tabular cross-bedding is common. At the top of Unít 4, low energy

sedimentary structures such as ripple pavements and flat lying graded

beds are also common. Less common, but also present, are slump

structures of unconsolidated sediments. I'laximum thickness of unit 4 is

100rn.

Unit 4 also contains a volcanic/volcanoclastic component. Basic

silIs, e.g. the Outcamp si1l, occur in the upper half of the unit in the

Longpocket and Flying Fox Anticline areas. These are geochemically and

petrologícally similar to the overlying Siegal Volcanics (see further

in Appendix 4 ). Also present are interbedded waterlain tuffs and

sandy tuffs which occur as thin bands, usually less than 10cm thick

though up to 2m thick. These are present throughout the entire Unit 4

succession and may possibly be present in underlying units also, though

the paucity of drill holes intersecting Units l, 2 and 3 cannot confirm

or deny this. The tuffs are not recognized in surface outcroP ' no doubt

due to the susceptibility of their component minerals '

petrologically the Unit 4 sandstones are classified as coarse-

grained sublitharenites comprised of B5t quartz, 5t lithic fragments and

a variable amount of rounded feldspar (less than 5t), with minor zitcon'

The cementing agent is a secondary quartz development forming quartz

overgrowths as well as clay and chlorite. Earthy hematite and rare

sulphídes complete the accessory mínerals. In samples which contain

pitchblende, specular hematite and small euhedral quartz grains are also

present. The clay and chlorite content of the unit increases towards its

top coincident with a fining of the sandstone, Manning (1979).
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5.3.1.1 Envlronment of DeposÍtion of the llestmoreland Gonglomerate

sediment for the l^Iestmoreland conglomerate was provi-ded by the

units of the Murphy Tectonic Ridge, particularly the Nicholson Granite

Comples and the Cliffdale Volcanics (Manning L979). Initially the Murphy

Tectonic Ridge formed a strong positive topographic feature v,rí-th

localized boulder conglomerates developed as valley fill deposits as

represented by Unit 1. Sediment supply from the erosion of the ridge and

deposition of this lead to the thick uniform fluviatile sequence

represented by unit 2. unit 3 represents rejuvenation and uplift of the

Murphy Tectonic Ridge source rocks and lower units of the llestmoreland

Conglomerate. It is a thick sequence of pebble and cobble conglomerates

with clasts of quartzite and sandstone which indicate cannabalism of

earlier deposits. This also occurs in Unit 4 which is characterized by

extensive erosion and abundant sediment supply, resulting in the

formation of extensive accumulations of continental sediments ' The

environment of deposition was likely to have been high energy braided

stream, as indicated by the large-scale trough cross-bedding,

discontinuous cobble beds, low proportion of fine materials and textural

maturity of the sands. Conditions of sedimentation were semi-arid

(indicated by the Presence of rounded feldspar grains) and deposition was

during sporadic aqueous events rather than continuous \^later transport

(Sweet and Slater, L9l5).

5.3.2 The Siegal Volcanlcs

The Siegal Volcanics interfinger with the underlying unit 4, to

produce a gradational boundary often marked by a thin tuffaceous/shaley

horizon up to 3Ocm thick. They are conformably overlain by either the

McDermott Formation or the Sly Creek Sandstone.



114

The siegal Volcanics are composed of a series of arnygdaloidal

extrusive basaltic to andesític lava flows with minor interbeds of

siltstone and sandstone. They range frorn 1,OOOm to 1,600m thick in

complete section, with individual flows up to 200m thick.

The lavas are usually totally altered though relict fabrics are

well preserved enabling them to be broadly classified. Thin section

examination (appended) indicates that these flows tr7ere originally

composed of plagioclase laths and clinoPyroxene phenocrysts in a matrj-x

of fine plagioclase and glass t olivine depending on composition.

Magnetite appears to have been a common accessory mineral. The lavas

thus appear of tholeiitic composition. Compositional variations did

originally exist as ís verified by differences from sample to sample in

the proportions of the above minerals.

AlteratÍon has been attributed to metasomatism, diagenesis and

later mineralizing solutions (Fander Lg76) and has resulted in a complete

alteration of all minerals, Plagioclase has been totally sericitized,

clinopyroxene has been replaced by chlorite, the groundmass has been

altered to a clay (ilIite) and magnetite has been converted to leucoxene'

Vesicles are conmonly filled ¡^rith quartz or magnesite. Near surface

samples are often altered to a white weathered kunkar/magnesite'

DespiËe alteration, rare fresh samples do exist. These are usually

a darker green color with a less weathered appearance comprised rnainly of

labradorite and clinoPYroxene .

The contacts between dykes and the underlying sandstone are sharp,

implying that their intrusion $Ias a Post-lithification event.

In the westmoreland region proPer, the thickness of the siegal

Volcanics is much less than in the type section (usually less than 35m at

Junnugunna) but increases in a westerly direction along plunge of Che

major folds.
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5.3.3 Dolerite Dykes

Dolerite dykes such as the Redtree dyke extending from south of the

Jack and Garee orebodies to the Cliffdale Fault, alre intrusive into the

I^Iestmoreland Conglomerate and Siegal Volcanics, but not the overlying

uníts.

This dyke and its proposed equivalents in the Darlona and

\^Ianigarango Joint Zones is petrologically similar to the Siegal Volcanics

consistíng of plagioclase, clinopyroxene, chlorits * quartz with minor

accessory magnetite. Alteration ís similar to that in the extrusives and

the dykes are usually expressed as rubble covered gullies in the middle

of large sandstone ridges. Mechanisms responsible for alteration of the

dykes are probably the same as operating in Èhe Siegal Volcanics, i.e.

deuteric, diagenetic and rnineralizing solutions. Petrological

descriptions are appended.

5.3.4 Geochemlstry of the siegal volcanics, Dykes and Tuffs

A geochemical study of basic wolcanics at \^Iestmoreland (the

extrusive Siegal Volcanics, intrusive RedÈree doleriÈe dyke and minor

interbedded tuffs and tuffaceous shales, has been undertaken in order to

establish their suitability as uranium suppliers. Results for 35 whole

rock samples and trace elements are in Appendíx,[ and indícate that the

extrusíve rocks are best classified as basalts and the intrusive rocks as

dolerites. As such they are unlikely to be major suppliers of uranium to

the Ilestmoreland Uranium Deposits. For reasons of continuiËy of text a

discussion of the geochemical resulLs and their relationship to other

Northern Australian basic suites is also confined to ApPendix 4.
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5.3.5 Structure and ìÍetamorPhlsm

The Tawallah Group is folded over the Murphy Tectonic Ridge in

open, concentric folds. In the \.Iestmoreland area the major fold

structures are the Flyíng Fox Anticline and the Longpocket Syncline.

Amplitudes of the folds are large, up to two kilometres, and the fold

axes trend east-west and plunge gently westvrard.

Two dominant fault trends are prorninent not only in this area but

throughout the Murphy Tectonic Ridge (Gardner, 1978). The orientations

of these faults are north-east (N.E.) and west-northwest (I'INI^I).

The NE trending system is often intruded by dolerite dykes and

includes the Redtree and Darlona Joint Zones. The Redtree Joint Zone ls

the rnajor structural feature related to mineralization in the Redtree

area and the Darlona Joint Zone is also spatially related to the Outcamp

and Sue prospects in the Longpocket Syncline. Such zones are

characterized by little vertícal or lateral movement. Displacement on

the Redtree Joint Zone is mainly vertical with the eastern side having

been upthrust by ten metres (8.G. Penny' Pers. comm.)'

Dominant faults in Èhe IdNI.l trending sysÈem are the cliffdale,

Mangaroo and Namalangi Faults, and outside of the l+Iestmoreland area

include the Calvert Fau1t. These structures are marked by large quattz

ridges cornmonly 2Om high. Exarnination of this qrrar|-z shows angular

shapes of relic Siegal Volcanic fragments which fít together (rnuch like a

jigsaw). This indicates that these are a fault breccia raÈher than a

solu¡íon breccia which would have formed by upwelling siliceous solutions

dissolwing the volcanics rather than first fragmenting thern, i.e. the

Siegal Volcanics have first been brecciated by fault actiwity and then

later cemented by siliceous solutions in thís fault syscem.
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5.3.6 Uranium Mineralization at Iüestmoreland

The llestmoreland Uraniurn Deposits are composed of the Redtree

Namalangi (Jack, Garee and Langi lenses) - Huarabagoo, Junnagunna,

Outcamp, Sue and Red Hill deposits and Prospects as well as many other

minor occurrences and prospects including Black Hill and Longpocket.

Locations of all areas are shown in fígure 5.4. A brief geological

description of each area is given below.

Mineralization occurs as two types:

1) as vertical lenses and pods along the strike of the Redtree

dyke through the Redtree, Huarabagoo and Junnagunna areas and

2) as sub-horizontal blankets fanning out laterally at shallow

depth from the Redtree dyke and the postulated dyke in the

OuÈcamP Sue area'

It is considered that a continuum exists between the thin vertícal lenses

and the horizontal rnineralization (illustrated in figure 5.5, though this

has not yet been verified by either drilling or trenching' The grade is

variable from deposiÈ to deposit buÈ averages 0.15* U308'

All rnajor mineralization occurs within Unit 4 of the \lestmoreland

Conglomerate. Horizontal mineralizaXíon is almost always within ten

metres of the overlying Siegal Volcanics or underlying the Outcamp SilI,

and usually occurs adj acent to the contact and stretching one to t\^lo

metres below it. Vertical rnineralization occurs aE a Steater variety of

depths throughout Unit 4, up to 2Om belor+ the surface, though always

occurs in close proxirnity to the dykes themselves. Mineralization can

also occur within the volcanics or dykes though only at the contact Ín

the highly altered portions or in sandsLone interbeds.
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The strong affinity between ore and basic volcanics led some

previous workers to suggest that the basalts and dolerites had supplied

mineralizing fluids to the sandstone. This seems unlikely as field

evidence indicates thaÈ mineral-ization within these units is absent or

erratic, and coupled wíth the restriction of míneralization to wolcanic

contacts r4rith the sandstones, suggests an introduction from the sandstone

instead. Further, highly altered portions of the dyke away from the

contact are unminetaLized and the inherently low uranium content of such

rocks renders them unlikely uranium sources (C|arke et al. 1966). This

theory is therefore virtually ignored in the discussion of previous

theories in section 6.1.

The prinary mineralization in these deposits (in both horizontal

and vertical lenses) is pitchblende, though brannerite has also been

recognized in the dykes. Pitchblende occurs as massive anhedral and

raxely euhedral grains, as colloforrn masses, and as sooty films r^¡hich are

interstitial and infilling cracks in grains. Brannerite formed by

alteration of titanomagnetite in the dyke along with uranium introduction

(Pohl 1970).

Secondary rnineralization is a supergene surface expression of

primary rnineralization. The most common minerals are carnotite,

torbenite and metatorbenite, occurring as interstitial cements or as

crystal growths on grain and rock surfaces. Other reported secondary

minerals include soddyite, sklodowskite, vandendriesscheite,

uranospirite, zeunerite, phosphuranylite, renardite and parsonite (Hills

and Thakur, L915).

Pitchblende is intimately associated wiËh hematite, euhedral quartz

crystals and usually chlorite. Other minerals often associated with

uranium mineralization include pyrite, chalcopyrite and galena and Hills

and Thakur (op.ciÈ) report gold inclusions uP to ten microns in diameter

in either the pitchblende or gangue minerals.
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Hills and Richards (L972), using the U-Pb dating method, put che

age of uranium mineralization between 820Ma-900Ma with a second younger

mineralizíng event at apProximately 450Ma.

Recent1y, further gold mineralization has been reported in the

Junnagunna area with a loose spatial relationship to uranium

mineralization (Schindlmayr and Beerbaum, 1984). Gold grades reach 80

grams/tonne though more conmonly are 0.2-l grams/tonne'

Geochemically uranium correlates with total iron (>Fe) and vanadium

(v) (Manning LgTg) and ro a lesser extent with chromiurn (cr) and

radíogenic lead (Pb) (Curtis ]-916). SurprisÍngly, mineralizaXíon occurs

in areas \.rith higher Fe3 * /Fur* ratios than those of non-rnineralized

areas.

A detailed statistical study of rnineralization at Jack and Garee

Lenses was undertaken by Clavarino (1975), and resulted in the following

five points:

1) Hematite is abundant at the surface and becomes less common

with depth, whereas chlorite is rare at surface and increases

in abundance with depth. It should be mentioned here that

l"lanning (Lg7g), who studied the Junnagunna Prospect, which is

capped by the Siegal Volcanics, found that chlorite content

increases up the Unit 4 sequence, no doubt reflecting proximity

to the caPPing basic voÌcanics.

2) Mineralization is preferentially biased to the hematite rocks.

3) Grain size Ls not a controlling factor on presence or grade of

rnineralization.

t+) There is no preferential distribution of grade with depth,

though deeper mineralÍzatíon is preferentially closer to the

dyke.

5) Most of the economic mineralization (more than 75t) is within

38m of the surface.
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Giblin (1980b) studied the activities and concentration of many

ionic species wiÈhin the groundwater aÈ many of the l^Iestmoreland

prospects and found that:

1) areas such as Jack and Garee lens which occurred beneath

outcropping sandstone had higher Eh and lower pH values than

areas such as Junnagunna and Sue which \¡/ere covered by basalts,

i.e. the former areas are more oxidized than the latter.

2) These rnore highly oxidized areas have a higher uranium content

in groundwater leaching the ore, than do the rnore relatively

reduced areas.

5.3.6.1 Geology of rndivldual Prospects at llestmoreland lÍhere

Thermolumlnescence Studies Were UnderÈaken

A brief geological description of each of the prospects is now

given in order to famili af íze the reader with information which r^¡ill

prove helpful in further considerations of the data and in formulating a

genetic model. Figure 4.L6 may also prove helpful in locating these

pïospects. Further details of individual prospects may be found in Hi1ls

and Thakur (1975), Fuchs and Schindlmayr (1981) and Schindlmayr and

Beerbaum (1984).

1) Jack/Garee/Langi Lens

These occur on the southern slopes of the Longpocket syncline

dippíng gently to the north, and in unit 4 of che \^Iestmoreland

conglomerate. This area - the Redtree atea - is transgressed

by a NE trending joint zorre - the Redtree Joint zone - which

has been intsruded by a doleríte dyke. H<¡riz<-¡rrL¿l

mineralization is found some 40 metres below surface and is

associated with an oxidizing environment and high uranium in
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groundwater. No volcanic capping is present over the

l{estmoreland Conglomerate at this project.

The Jack Lens is approximately 600 metres long and 250 metres

wide, whereas the Garee Lens measures approxirnately 300 metres

by 200 metres.

2) Junnagunna

This prospect occurs in flat lying Unit 4 sandstone covered by

a variable thickness of Siegal Volcanics up to 25m' The

thickness of these basalts increases i-n a vresterly direction in

response to the westerly plunge of the Longpocket Syncline.

Junnagunna occurs in the south-west corner of the intersection

of the Redtree Joint Zone with the Cliffdale Fault. Movement

on the cliffdale Fault is left lateral with a displacement of

2OO-250n and on the Redtree Joinc Zone ís eastern bl0ck

upthrown by ten metres (Evans L978). Mineralization occurs

immediately beneath the contact of the Siegal Volcanics and

Ilestmoreland Conglomerates as flaË sub-horizontal sheets and

nearer to the margin of the Redtree Dyke as small vertical

pods.

The Junnagunna ore lens occupies an area approximately 700

metres x 500 metres.

3) Outcamp

The Outcamp prospect occuls close to Èhe Darlona JoinÈ Zone and

as such is similar to the Jack and Garee Lenses along the

Redtree Joint Zone. As yet, no unequivocal proof of the

exÍstence of a dyke in the Darlona Joint Zone has been

discovered, though the structural similarities with the Redtree

Joint Zone exist. A basaltic to andesitic sill 0ccurs within
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this area, is usually only a few metres thick and anywhere from

l4m to 37rn below surface. IÈs thíckness varies but increases

in an easterly direction towards the Darlona Joint Zone which

may possibly have been a feeder went for the sill'

Geochemically the sill is similar to the Siegal Volcanics

índicating that it was intruded into the sandstone at the same

time as extrusion of the Siegal Volcanics occurred.

4) Sue

The sue prospect abuts the outcamp prospect on its north-west

margin. The sill is Èhin Èo absenÈ and thíns as the ovellying

Siegal Volcanics thicken to the west. Mineralization occurs

either at the Siegal Volcanic - Unit t+ or aX the lower margin,

and occasionally also the upper margin of the sill'

5) Black Hill, Red Hill

These are elongated hills of outcropping qua:r:uz fiIled faults

with basic volcanics. A dyke has been found at Black Hill and

the possibility of an east-west trending dyke exists at Red

Hill. Mineralization at both areas is minor.

Tota1 tonnage at all five prospect areas is approximately

15,000 tonnes UrO. at an average grade of 0.17t U30B'
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CIIAPTER 6: THE USE OF THERMOLT'UINESCENGE IN URANII]I'I

EXPLORATION AT IIESTI.IOREI,AND

Summary of ChaPter

AI1 quartz at \^Iestmoreland had ATL glow curwes which at the

Beverley uranium deposit occurred only in the ore type TL zorle. This

meant that all qlrar|-z at llestmoreland had suffered large radiatíon

effects and therefore only small intensity variations \{ere present

approaching known ore-bodies .

For this reason, studies at l.Iestmoreland concentrated on closely

spaced geographic and stratigraphic sampling around uranium deposits to

see j-f consistent intensity variatj-ons occurred which could be used to

predict extensions to, or repetítions of, the known mineralization'

Intensity variations alone v/ere an unreliable guide to proximity to

mineralization, though generally HT intensity was at a maximum within

mineralization. Ratios of glow peaks were a more reliable guide of

proximity to mineralization with the HT/LT ratio increasíng towards

uranium concentrations .

Traverses examining the glorø peak temperature of the HT peak

revealed that in areas of uranium mineralization the HT peak temperature

was at a minimum i.e. less than 340"C.

Studies of the stratigraphic distribution of radiation effects

showed that a vertical homogenization occurs - in some areas high

radiation effects occur throughout a drillhole in other areas lo\^7

radiation effects occur throughout the drillho1e, regardless of current

uranium contents. In all cases sandstone samples in close proximity to

(within three to five metres) the overlying Siegal Volcanics show higher

radiation effects than samples further ahray from this stratigraphic

boundary.
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Using the observations above, extensive ATL measurements over the

rest of the llestmoreland region were conducted to attempt to find other

areas with potential for uranium occurrences. Several areas were found.

A single surface traverse over known buried mineralization showed

an increase in HT/LT ratio over the known uranium occurrence'

)t
J

6.1 l{estmoreland - Introduction to Data

More than 7OO samples from the Westmoreland area, both on a

regional and a very locaLized sca1e, were analyzed for their artificial

TL characteristics.

The purpose of regional sarnpling !'/as to examine whether large TL

intensity variations seen approaching the Tertiary Beverley deposit,

would also be present around Proterozoic deposits which had a very

different genetic history. The purPose of the local, or closely spaced,

analyses were to see if any consistent trends in TL glow curve parameters

occurred across known mineralizatíon. Such trends, if consistently

present, could be used to evaluate the proximity of randomly chosen

sarnples in an uraniferous disËrict to further mineralization.

The most striking factor of this study in general is that every one

of the 700 sarnples measured had suffered major radiation effects, i.e' TL

intensity was strikingly low and HT peak Percentage large, with all glow

curves corresponding to those of figure 2.34(ð) and (e) . This \'Ias true

regardless of whether the sample was taken from within the ore zone, 10

metres away from it or even 10km av7ay. It also held true, regardless of

the direction away frorn ore, i.ê. north' south, east or west. Because of

this, the large regional variations in TL intensity Present in Tertiary

sandstone hosted deposits upon aPproaching mineralization, 1'7ere noL

present at I^Iestmoreland. This also meant that interPretations of TL for

*
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exploration Purposes \tould be more complex as the small variations still

present would only correspond to variations of the type presented in

figures 2.34(d) and (e) .

For this reason \^rork lvas concentrated on a number of closely spaced

Iocal studies across known ore occurences, or in individual prospects '

The purpose of such closely spaced studies was to examine whether

consistent variations in TL parameters occurred approaching uranium

mineralization and whether such findings could then be used to indicate

extensions to, or repetitions of, known mineralization.

The principal area chosen to investigate variations in TL

parameters upon approaching mineralization was the Junnagunna prospect.

This deposit is weII defined and occurs in the south-west quadrant formed

by the intersection of the Redtree joint zone and the Cliffdale Fault

(figure 5.1) . The Junnagunna region was chosen as the Latge number of

drill holes on a gridded pattern made closely spaced sample selection

possible. The geology is also relatively uncomplicated with

mineralization occuring as flat lying sheets irnmediately beneath the

Siegal Volcanics/\^Iestmoreland Conglomerate contact. Further geological

detail is contained in Chapter 5 and also in Fuchs and Schindlmayer

(1e81).

other ore occurences studied were the Jack, Garee and Langi

deposits which constitute the Redtree Lenses and the Sue and Outcamp

deposits in the Longpocket Syncline. other prospects studied where

mineralizaÈion was not well defined were the Huarabagoo, Lilypond, Red

Hill, Jinjaree Valley and Flying Fox Anticline areas'

A summary of TL results at \^Iestmoreland are presented in the

atrached publÍcations; Hochman and Ypna (1984a) dealing wiÈh genesis of

the Llestmoreland uranium deposits and (1984b) - dealing wÍth uranium

exploration applications of TL at I^Iestmoreland and other deposits.
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6,2 Junnagunna Area

6.2.L InÈerpretlve l{ethods Used

Traverses across the Junnagunna orebody exami-ned variations in:

1) the intensity of the LT Peak;

2) the intensity of the HT Peak, and

3) the HT/LT peak ratio.

Considering small fluctuations in glow peaks at this stage of

radíation effects, one would expect Èhe LT peak intensity to decrease,

and the HT peak intensity to increase towards an area of mineralization.

The HT/LT peak ratio should therefore also increase towards

mineralization.

For convenience, trends of increasing radiation effects are refered

to as sensitization trends or effects, i.e. the standard test dose

results in a stronger HT peak ín samples which have been exposed to

higher palaeoradiation doses.

The results of this study are presented in fÍgure 6.2 (raw data is

given in Appendices 1 and 2). Each data point shown on the trawerses has

been taken from vrithin ten metres of the Siegal Volcanics l^Iestmoreland

Conglomerate contact, i.e. samples are from the same approximate

stratigraphic position. A brief resumé of each traverse is gíven,

followed by general conclusions. Locations of drill holes sampled are

shown in figure 6.1.

6.2.2 Variatlons ín Glorv Peak IntenslÈLes

Figure 6.2(A): No discernable trends are observed upon approaching

mineralization with the LT peak intensity at a minimum within mineralized

holes and the HT peak íntensity at a maximum away from mineralization.

Figure 6.2(B): No absglute intensities are available for this

traverse.
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Figure 6.2(C): The LT and HT peak intensities remain consistent

whilst approaching mineralizatíon, then the HT peak increases while the

LT peak initially decreases and then recovers.

Figure 6.2(D): No systematic variation in either HT or LT peak

inrensity is observed away from the one minera]-:-zed t]:ol.e (79/126>.

Figure 6.2(E): The LT peak intensity varies randomly, whereas the

HT peak intensity constantly increases in a Nttr direction toward hole

7g/L34. Such a systematic increase is consístent with the theory of

increasing proximity to mineralization, and although hole 79/L3t+ is

unmineralized, the nearby hole 19/133 contains 0.05t UgOa'

Figure 6.2(F): The HT peak intensity shows no systematic variation

through a series of mineralízed and unminerali-zed ho1es. The LT peak

intensity decreases rnarkedly from hole 78/84 (outside the orebody) to

hoLe 78/72 (within the orebody) then slowly increases to the SE.

Figure 6.2(G): The HT peak intensity is at a maximum within the

centre of the orebody, decreasing to the NI{ and SE margins. The LT peak

intensity shows no systematic variation.

Figure 6.2(H): The HT peak intensity increases and that of the LT

decreases ín a Ni¡l direction towards 79/L40. Such a trend is consistent

with the theory of increasing proxirnity to mineralizaEion and it is

worthwhile noting that nearby hole 79/I/+6 contains 0.05t uror.

Figure 6.2(I): Similar trends to traverse (H) can be observed

though the increase in HT peak intensity is more pronounced.

6 .2.2.I Discussion

A number of points are immediately discernible from the above data,

e.g. that no absolute correlation exists between peak intensíty and the

grade of mineralization. This is not surprising as TL is a measure of

the cumulative radiation dose rather than instantaneous ore grade,
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therefore iÈ can be expected that some current high grade ore areas

should show relatively low sensitization effects (indicative that the

high grade ore is of recent origin) and that some currently low grade ore

areas show high sensitízation effecÈs (indicative of higher ore grades in

the past).

Despite this there is a positive correlation in some ínstances

betvreen peak intensity and the geographical ore position (regardless of

grade). For example, in figure 6.2(F) the LT peak doubles in intensity

away from ore. A smaller increase in LT peak intensity is also observed

away from mineralization in 6.2(I), however, the opposite Èrend ís

observed in 6.2(G) with LT peak intensity decreasing away from ore. In

other traverses the LT peak intensity is wariable and no distinct trends

are present.

The HT peak intensity is generalty at a maximum within the

rnineralized zones and decreases a\^7ay from the mineralization, e'g'

figures 6.2(c) (G) and (I) and to a lesser extent figure 6.2(F).

No absolute LT or HT peak intensity is characteristic of

rnineralization, e.g. a HT peak intensity of 600-700 in 5.2(F) corresponds

to a grade of 0.22\ lll}a, whereas a HT peak intensity of 700-800 in

6.2(A) occurs in a non-míneraLized zone. This suggests that absolute

peak intensity is of doubtful value as a regional indicator of proximity

to mineralization in Proterozoíc uranium deposits where there is likely

to have been much rnobilization and redistribution of mineralization'

Interpretations of these evaluation techniques in this instance are

as follows:

1) Superimposed upon the regional doses further incident radiation should

cause the LT glow peak to decrease and the HT glow peak to increase, as

is the case \^then approaching mineratized zones at Beverley (see Lihapter

3).
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2) Loca:I fluctuations and some non-Iinearity can be expected as TL

measures positions of both past and present ore, and for this reason' no

correlation is expected betrveen present ore grade and TL inÈensity.

3) Further fluctuations can be caused by the varíable concenËration of

initial hole and electron traps in samples of different origin and by a

variable ionization effect caused by short rairge alpha-particles '

Despite such local fluctuations overall trends are present in some

cases. Figure 6.2 indicates that these local flucÈuations affect the LT

traps more than the HT Craps and therefore LT peak inüensity alone is not

a reliable guide of proximity to this particular type of rnineralization'

The HT peak intensity is less susceptible to local fluctuation and may be

of localized use vtithin known orebodies, e.g' in exploration for

extensions of, or repetitions to those already known as illustrated in

ínterpretation of the trend in figure 6.2(H).

6.2.3 Variations in Glow Peak Ratl-os

The HT/LT peak ratios are also shown in figure 6'2(A)'

Figure 6.2(A): The HI/LT peak ratio varies irregularly through

non-miner alized holes, increasing in mineralized holes '

Figure 6.2(B): The HT/LÎ peak ratio is at a maximum within the

centre of the orebody and a minimum outside it.

Figure 6.2(C): Again there is a sharp increase in the HT/LT peak

ratio within the orebodY'

Figure 6.2(D): The HT/LT peak ratio is constant in non-mineralized

holes and increases by 5Ot in the minera1-ized hole'

Figure 6.2(E): An irregular pattern through non-mineral.ized holes'

Figure 6.2(F): The HT/LT peak ratio is a maxÍmum withrn the

mineralized area.
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Figure 6.2(G): The same Crend as in traverse (F) with the HT/LT

peak ratio increasing to a maximum within the centre of the orebody'

Figure 6.2(H) and (I): Both diagrams show the same trend as their

peak intensity diagrams, i.e. increasing sensitization to the north-west.

6 .2.3 .L Discussl-on

The HT/LT peak ratio generally mimics the mineralization. As with

intensity, there is no absolute correlation between peak ratio walues and

ore grade, but agai'n, this is to be expected as TL measures cumulative

rather than instantaneous radiation effects.

As Èhe LT glow peak decreases and the HT glow peak increases, the

HT/LT glow peak ratio should also increase. This ratio has generally

been observed to be a reliable indicator of increasing radiation

sensitization, moreso than peak intensities, because individual intensiÈy

fluctuations mentioned above will be cancelled out.

The HT/LT peak ratio in figure 6.2 increases upon approachíng the

orebody (figures 6.2(B), (C), (F) and (G)) or mineraLízation (figure

6.2(I)). In these traverses a HT/LT peak raÈio of greater than 1.4

indicates proxirnity to the orebody. Many presently non-mineraLi,zed

samples have a HT/LT peak ratio of greater than 1.0, indicating that they

have suffered radiation damage almost to the same extent as presently

mineralized samples. This may suggest that these too may have been

mineralized at some stage in the past, that is, they are areas formerly

occupied by mineralization.
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6,2.4 Further Prospectl-ve Areas for Uranlum Exploration

Analysis of these three parameters, particularly the HT/LT peak

ratio and to a lesser extent the HT peak intensity, could prove useful

within a known uraniferous area to identify, in areas distant from the

orebody, increasing sensitization trends which are similar to those

observed upon approachíng the orebody. Such trends can be used to

suggest sites for extensions to the orebody or even new orebodies

(Figures 6.2(E), 6.2(H) and (I)).

Figures 6.2(H) and (I) show two parallel northldest-southeast

trending traverses away from the proposed extension of Redtree dyke

(assumed to be close to holes 143 and 144 and hawing a north-easterly

trend). Both traverses indicate increasing sensitization to the

northwest with HT/LT peak ratios greater than 1.4 in holes 146 and 140,

and intersection of minor mineralization in hole 146. This trend is

similar to that observed upon approaching the main Junnagunna orebody and

is consistent with the idea of increasing proximity to further

mineralizaÈion.

Similarly, increasing sensitization to the northl'/est is shown in

figure 6.2(E) towards a locality near r,¡hich minor mineralizatíon had

previously been detected. Results of follow-up work on these

sensitization trends are not yet known'

6,2.5 Glo¡v Peak Temperature Traverses

Lewy et al (L977) noticed a shift in glow peak temperature wich

distance from carbonate hosted Pb-Zn deposits. A shift in the

temperature of individual glow peaks which is present in or near ore

samples could also be used as a potential indicator of proxinity to

mineralization. Figure 6.3 shows the variation of the HT glow peak
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temperature across three of the previously selected traverses ' Figure

6.3(A), indicates that all non-mineralized samples have a HT glow peak

temperature greater than 365"C, whereas for two of the three mineralized

samples less than 340"c. Figure 6.3(B) indicates a wide spread of HT

glow peak temperatures (328'C-352"C) in ore through generally less than

340.C. The temperature is lowest in the central part of the orebody.

Figure 6.3(C) again shows all minera]ized samples as having a HT glow

peak temperature of less than 340'C, as does one non-mineralízed sample'

6.2.5.L Discussion

Ingeneral(13outof15samples),theHTglowpeakofmineraLized

samples shows a shift towards a lower temperature of less than 340"C' As

this is related to cumulative radiation effects it h'ill not vary

according to the time of ore formation, that is ' some recently formed ore

samples may not show a low temperature shift. conversely some presently

non-rniner a\ized sarnples may show a low temperature shift indicating that

at some past scage uranium was present. The non-míneralized samples from

hole 90 in figure 6.3(C) and hole 117 in figure 6.3(8) may represent such

cases. As such, this low temPerature shift may represent a useful tool

(for quartz of the same provenance) to detect areas of past

mineralization if accompanied by other signs such as high HT Percentage

etc.

6.2.6 A Vertical Profile study Through I{estmoreland conglomerate, unít 4

Two holes from within the Junnagunna prosPect, UMD 18/60 and UMD

78/17 rrTere sampled at intervals of one metre from the area immediately

below the overlying Siegal Volcanics, to the end of the hole and their TL

characteristics were determined'



133

uMD 78/60 is situated at LO26OE, 14749N (on the grid in figure 6.1)

and is an angled hole through the cliffdale Fault with an azimuth of

045/45. UMD 78/77 is a vertical hole frorn within the orebody. It is

loeated at 10349E, 141-78N. The aim of this portion of the study was to

observe the variation in radiation effects down the drill hole as a

result of mineralization, and geology. By this, one could gain an idea

of the vertical extent of a TL "mineralized" glow curve pattern' A

further aim was to test for any areas of greater radiation effects (away

from mineralization) to examine the suggestion Èhat there rrere, or had

been, bands of uraniferous heawy minerals which had contributed uranium

to these deposits. If so, such bands should be identifiable as regíons

of greater than background radiation effects. The data and a simple

stratigraphic column for each hole ís presented in figures 6.4(a) and

(b).

6 .2 .6 .I Hole UMD 78/60

The intensity of the HT glow peak fluctuates down the hole.

Generally it is at a maximum at the top of the hole, corresponding to

mineralization in the areas between 58m to 80m and again below 125m' The

area between 58m and 8Om coïresponds to the Íntersection of the Cliffdale

Fault which appears to be bifurcated around blocks of the sandstone,

containing inclusions of sandstone, e.g. 75m-82m. This area is

characterlzed by having a large portion of fault breccia qwaTXz' (The

fault breccia quartz has been affected by the widespread movement of

uranium and its TL glow patterns are very similair to those of the

!trestmoreland Conglomerate - see data in Appendix I and 2 where C2 and C3

represent Clíffdale Fau1t quartz).
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The area between 125m and 137m contains fine grained sandstones

with siltstone and tuffaceous bands. PyríÈe is also present. such an

area would provide reducí-ng conditions for precipitation of uranium and

may also have been host to sub-economic uranium accumulations in the

past. The HT peak percentage and HT/LT peak ratios echo that of the HT

peak intensity, i.e. beíng at a maximum within the same areas as above.

Generally fluctuations in these parameters are less Ëhan those of the

intensities.

The HT peak ternperature is extremely variable, alÈernating between

low temperature shifts and high temperature shifts within the space of a

few metres. OveraII though, the following observations can be made:

1) that the temperature is at a minírnurn within the areas where the

above Parameters are at a maximum;

2) the temperature is high in areas that are not míneralized ot

have no other anomalous features, i.e. "ordinary" sandstone

between 90m-120m;

3) the "ordinary,' sandstone in the uPper portion of the hole,

35rn-58m, has a lower mean temperature than the "ordinary"

sandstone in the lower part of the hole, 90m-120m, indicating a

slightly greater sensí-tization in the upper part of the hole.

6.2.6.2 Hole IIMD 78/77

As rvas the case in uMD 78/60, the intensity of the HT peak

fluctuates down the hole though is at a maximum l^Iithin the mineralized

areas. The same is true of the total percentage of the HT peak and of

the HT/LT peak ratio, and again Èhese are more stable than the intensity

itself.

The temperature of the HT glow peak is extrernely variable, varying

from a low temperature to high temperature shift within a few metres as
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slas the case in UMD 78/60. Once again, the areas of mineralization

correspond to areas with a 1or¡ temperature shift.

IJMD 78/77 is different to UMD 78/60 in that the "background" values

of the HT peak percentage and the HT/LT peak ratio are higher, i.e.

around 308 and 1.0 respectively as compared to 20-30t and 0.6-0.7. This

points to a higher background sensitization in llMD 78/77 which is not

unexpected as this hole is within the present orebody, whereas TJMD 78/60

is not. An interesting feature is the consistency of patterns and

parameters within the hole which points to a uniform sensixization whích

has affected the entire hole. The uppermosc portion beneath the Siegal

Volcanics shows highest sensitization, Èhen the rest of the hole shows a

uniform sensitization. This uniform sensitization has been found to be a

feature of other holes within the Junnagunna area and is discussed in a

following section.

Many variations in TL parameters can be related to variations in

host rock stratigraphy, e.g. higher sensiti-zatíon r¿ith fault breccias in

UMD 78/60 or silts with chlorite ín UMD 78/77. No evidence is found away

from presently mineralized zones of bands of higher than background

radiation effects which may be indicative of uraniferous hearry míneral

bands.

6.2.7 Vertícal Homogenization of Thermoluminescence wiÈh Drill holes

The consistency with which the TL pattern was repeated for UMD

78/17 has also been found to occur in other holes away from the dyke.

Figures 6.6 contains illustrations of the glow curve patterns for some of

these holes. Figure 6.5 is a more detailed drill hole location map of

Junnagunna, including holes not on traverses of figure 6.1. Although

samples are spread over the length of the hole, the similarity of glow

curve patterns is interesting, with many holes showing little variation
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of pattern at all. Sometimes these holes point to high sensitization

irrespective of actual grades, e.g. Ill{D 77/42, UMD 79/L33, UMD 79/123,

UMD 76/15, UMD 18/74 (figure 6.6(a)); in other cases sensitizations are

consistently low regardless of some spuríous uranium values, e.g. IIMD

78/86, UMD 78/89, Ul{D 78/58, UMD 78/90, UMD 76/17 (figure 6.6(b)).

Interestingly this apparent vertical homogenization only occurs in

areas wiÈh a volcanic capping, e.8. Junnagunna, Longpocket, but was not

found in areas devoid of such a volcanic capping, e.8. the Redcree

lenses. (see further in section 6.3.1) .

Given the uniform provenance of the Unit 4 sandstone, the vertical

homogenization may indicate vertical movement of uranium through the

strata, such that actual uranium concentrations are displaced up and down

the stratigraphic column thus sensi-Xizing the host rock over the entire

hole rather than isolated spots. Such a factor is seen to be important

in the genesis of the deposits and is discussed further in Chapter 7.

6.2.8 Distribution of Sensitization: Contour Maps

Since TL measures the cumulative radiation dose rather than

instantaneous ore grade, it can be used to distinguish between areas of

different radiation sensitization and to point out trends of increasing

sensitization. A comparison of these trends at varying stratigraphic

levels rnay lead to an understanding of protore movement within the

Junnagunna prospect.

Contour maps of HT/LT peak ratios are shown in figure 6.7. Values

of HT/LT peak ratios were contoured from "slices" of the sandstone

beneath the Siegal Volcanics, i.e. the peak ratio value was taken for

each hole within a particular 10-20 metre sandstone interval and these

values vrere grouped according to their sirnilarity to obtain an overall

sensitization pattern for the Junnagunna region. If any interval
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contained more than one sample point the highest walue of the HT/LT peak

ratio was selected, i.e. the most highly radiation affected sample

(recalling that the HT/LT peak ratio increases with increasing

radiation) .

This rnethod of presentaËion of the data thus makes it possible to

observe large areas of radiation effects within a particular

stratigraphic interval. A description of data presented in each diagram,

along with interpretation, follows:

Figure 6.7(a). This ís the contour map of the HT/LT peak ratio in

the 10 metre slice beneath the Siegal Volcanics. Within the Junnagunna

region the area of highest radiation effects occur ín a north-westerly

trending belt between grid lines 14,OOON and 14,300N. This area then

turns northerly and continues to the Cliffdale Fau1t. A comparison of

rhis diagram with that of the distribution of mineralization (figure 6.8)

indicates that this area of highest radiation effects coincides r,¡iLh the

rnost highly mineralízed area. Other areas of higher radiation effects

occur as isolated patehes either within the mineralized area, e.g. UI'ID

17/t+2, UMD 77/35, UMD 17/32 or outside of it, e.8. UMD 78/9L, UMD 78/81 ,

and UMD 19/134.

In the Junnagunna North area where rnÍneralization ís too sparse to

be contoured, the area of highest radiation effects occurs at the rnost

north-ïresterly edge of the prospect. Recalling the trends observed in

figures 6.2(H) and (I), indicative of increasing proximity to

mineralization, it thus confirms the potential of this area for further

exploration. A similar argument can also be used for the radiation

effects in UMD 79/134 which had also been previously found to be

sensitized though not mineralized,

Two areas of lower radiation effects are prominent: 1) the area to

the south-east of the dyke (apart from tJl'tID 79/LO7 which is strongly

mineralized both at surface and depth) and 2) the region between 10,100E





138

and 10,400E parallel to the dyke, despiÈe isolated patches of

mineralization, e.g. UMD 78/86. The former may be explained by the lack

of mineralization on the east side of the dyke, which itself reflects the

uplift and erosion of the upper 10 metres of l,Iestmoreland Conglomerate,

thus removing the (upper more silty and chloritic) part of the sandstone

suitable for uranium precipitation. The latter reflects the lack of

near-surface mineralization related to the dyke.

Figure 6.8(b). This diagram represents the HT/LT peak ratio

contour map of the slice 10rn-30m below the Siegal Volcanic contact. IË

is immediately obvious that overall radiation effects are lor¡er than for

the overlying 10rn of sandstone, again reflecting the Eree-ter suitability

of the uppermost part of the sandstone as a host for uranium. Three main

areas of interest are discernable:

1) Areas of higher radiation effects occurring r,zithin the orebody

and due to the presence of mineralization extending over

greater vertícal depth either in the central portion of the

orebody, or closer to the dyke margins.

2) Areas of higher radiation effects occurring parallel, and close

to, the Cliffdale Fault. A sharp drop in peak ratio values

occurs in the surrounding areas, i.e. there is a distinct

difference between highly and lowly radiation affected areas.

Areas of higher radiation effects reflect in part the slightly

deeper mineralization in these areas, but may also be the

result of a banking up of uraniferous solutions or protore, at

the impermeable quartz-filled Cliffdale Fault. Such solutions

may have been derived by leaching of the present orebody and

then moving down dip in the sandstone towards the fault.
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3) An anomaly at Junnagunna North reflects both proximity to the

asstrmed extension of the Redtree dyke near holes UMD 79/L40 and

UMD 79/143, and also the oecurrence of tuffaceous layers in UMD

79/r39.

Figure 6.8(c) represents the HT/LT peak ratio contour rnap for the

sandstone slice 30m-50n below the Siegal Volcanics.

A trend of higher radiation effects can be observed through the

holes UMD l9/L23, UMD 76/8, UMD 76/76 and UMD 79/108, all of which

intersect, or are vely near to the Redtree dyke. A similar trend ís

observed at UMD 79/IlO in Junnagunna North which is close to the assumed

dyke extension.

The anomalously high radiarion effects in UMD 78/59 (HT/LT:2.59) is

due to the precence of rnineralization at this depth, near to the

cliffdale Fault. other areas of higher radiation effects, e.8. UMD

79/7L6, U¡,lD 79/103 and UMD 78/88 are due to the presence of tuffs or

tuffaceous sediments.

6.2.8.L Dlscusslon

Generally, higher sensitization in the upper portions of the

sandstone coincide with mineralization, though a strong anomaly in the

non-mineral-r.zed Junnagunna North prosPect further illusËrates its

potential. Higher sensitization aË depth was also found to coincide with

1) the margins of the dyke related to pods of vertical mineralization and

2) the Cliffdale Fau1t, which, coupled with an increased proportion of

deep mineralization in this area leads to the hypoChesis of down-dip

movement of protore/ore towards the impermeable Cliffdale Fault. No

wholesale lateral or vertical sensitization Èrends, indicative of

transport directions, are discernable. This argues against hydrothermal

introduction of uranium from the dyke, or solutions eminating from
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faults, as vertica1- and/or lateral radiation zones would be expected

around such features if such were the case.

6.3 Variatlon Diagrams: 190'C Peak (LT)/26O"C Peak (l{T) vs 350'C Peak

(HT) Percentage

Although the methods discussed previously demonstrate the

applicabílity of TL as an exploration tool for sandstone hosted uranium

deposits, only one variable of data, or data for one specific depth' can

be presented at any one time. A method of incorporating several data

parameters (peak percentages, ratios and the apparent low tempelature

shift (LTS) in the HT glow peak temperature) at all depths, has been

derived and is sho¡,m in figure 6.9. This plot involved a calculation of

the percentage of each of the three major glow peaks as deseribed in

chapter 2.6. The ratio of the LT (190"c) peak over the l'lT (260"C) peak

has been plotted on the ordinate, and the total percenÈage of the HT

(350'C) peak on the abscissa. For these ATL studies, samples í-n a normal

or lol{ level gamma radiation enwironment, i. e. not subj ect to large

amounts of radioactiwity from the Presence of uranium or other

radioactive materials, would have a LT peak which would dominate over the

others. Hence, the LT/MT peak ratio would be high and the percentage of

the HT peak correspondingly low. Such samples would therefore plot in

the field indicated in the upper left-hand corner of figure 6.9.

One could expect the LT/MT peak ratio to decrease for increasing

sensitization, and the HT peak percentage to increase Proportionately

over LT and MT peak percentage. Such samples vrould be expected to

progress through the middle increasing sensitization-protore-ore fields

of figure 6.9. This trend is indeed very accurately followed as will be

seen in examples belorv, where all data points in the lor,¡er right-hand

corner of the diagram are from ore grade material.
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llherever a LTS in the HT peak occurs it is marked thus:(. If a LTS

occurs in an area not presently mineralized then it could possibly

Iepresent an area of past mineralization, )i.e. an area from which

uranium has recently been leached) especially if accompanied by a strong

HT peak.

Data for different ore occurrences and prospects are now presented

on these variation diagrams in order to examíne:

1) the overall patterns of ore movement' and

2) the suitabilicy of other potentially interesting areas for the

presence of uranium ore. It is in these latter areas that the

advantage of these diagrams is apparent, i.e- Èhe paucity of

data prevents the use of intensity, ratio or temperature

traverses to determine prospective areas, but these diagrams

help to classify individual samples as indicative of normal,

protore or ore.

6.3.1 Jack-Garee-Langí Uranium Deposíts (Redtree Lenses)

Each point on the diagram represents a sample taken from a

particular hole at a particular depth. Drill hole locations in the

Redtree area are contained in figure 6.10. Raw data for each of these

points is contained in Appendix 1. The data for the Jack-Garee-Langi

Lenses is plotted in figure 6.11. The following points are discernible:

1) The radiation effects and sensitization at Jack and Garee

Lenses are far stronger than in any other area (as will be

borne out by discussíon on further areas). More samples plot

in "strong" ore posÍtions and there are proportionately less

"normal" samples, e.g. UMD 7l/22, 24.7m, 37.7m: 63.3m and N130

42m plot in the extreme right-hand corner, or beyond' Many
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samples plot in the protore type TL field with comparatively

few in the normal or low leve1 field.

2) The mosÈ highly radiation affected material occurs to the

south-west of Jack Lens. Much of the sample ¡naterial taken

from this area, showing high radiation effects is not ore, e.E.

Nl28 71rn and Nl23 54m. Consídering current grades and location

of mineralizatíon, it therefore appears that this area could

have contained the highest grade mineralization over the most

extended period of time. As such, this area, i.e. in the

vicinity of N129, N123, N128, and also the area further to the

south-west along the dyke, ís worthy of further exploration for

high grade ore.

3) Samples taken from within the Jack and Garee Lenses also show

large radiation effects reflecting the ore grade ar.d/or

residence time, e.g. N74 2m, 76m; UMD 71/22 24.1m 37.1m' It

should be noted, however, that some (not all) high grade ore

samples from the Garee Lens do not plot in strong ore positions

but only on the ore/proxore type TL boundary, e.g. UMD 77/2I

15.6rn; Ut{D 77 /22 70n..

This implies a more recent deriwation for these ore samples -

perhaps a leachi-ng and reprecipitation of older ore. Such an idea is

supported by the work of Giblin (1980b) who showed that the ore in the

Jack and Garee Lenses rlras more oxidized than any other in the

I,,Iestmoreland region, and that groundwater washing these orebodies also

had the highest uranium content of those sampled. This indicates a

greater leaching and reprecipitation rate in the Redtree ore zones.

Further confirmation of this is seen in the greater abundance of

secondary surface mineralization coating the underside of half buried

rocks above the Jack, Garee and Langi Lenses.
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4> Radiation effects decrease along the dyke to the north-east,

i.e. towards Huarabagoo and Junnagunna. This coincides with:

a) a decrease in ore grade;

b) an absence of large mineralized blankets or

lenses, and

c) an appearance and gradual increase in thickness of

the basaltic Siegal Volcanics.

5) Ifhen compared to the Junnagunna prospect (following section)

the total sensitization is stronger in areas capped by

extrusive volcanics, e.B. Junnagunna, than in areas devoid of

these, e.g. Jack and Garee Lenses, whereas the sensitization at

some individual spots is much higher in the Jack and Garee

Lenses than at Junnagunna.

The significance of this observation j-s that sensitization at Jack

and Garee Lenses is confined to a few high grade spots which could

indicate that the ore has been vertically less mobile than at Junnagunna.

As an example of this localized sensitization, at Jack Lens, an apparent

recovery of low temperature peaks has occurred in holes N128 and N129

without affecting the sensitizatíon of the high ternperature peaks or the

LTS. Total TL intensity of these samples is therefore very strong. The

lack of vertical rnobility of ore here is also indicated by the lack of

vertical homogenization throughout the hole in contrast to Junnagunna,

Lilypond, Sue and Red Hill - all areas that are capped by volcanics'

6) Some samples plotting within the ore field of 6.11 are not

actually míneralized, e.g. UMD 77/2t+ 45n. This irnplies that

samples such as this either have not been mineralized until

very recently, or that mineralization is very close by' Hole

UMD 77 /24 is 200 metres down-dip from the Garee Lens, and given

the high leaching rate of these ore zones it is possible thac

small orebodies could be formed down-dip from the major
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orebodies. In fact, the Langi Lens - a small orebody

containing approximately 300-400 tonnes Usoa - is thought to

hawe formed by such a mechanism, i.e. down-dip leaching and

reprecipitation of ore frorn the Jack Lens.

As UI,ID 17 /21+ 30m-45rn shows the TL attributes of ore and protore,

and UMD 7l/23 31m the presence of protore, then it is therefore possible

that Langi Lens type minerali-zaxion could be found in this atea.

A further encouraging sign regarding the potential of the UMD 77 /24

- UMD l7/23 area is its geographical position, i.e. adjacent to the Langi

Lens on the opposite side of the Redtree dyke.

7) The distribution of protore type TL r¡ithin the Jack and Garee

Lenses is usually confined to samples of the underlying unit

lPtwr), e.g. N123 111m, N129 106n and N128 110m. This nay

indicate the presence of ore in these conglomerates at some

past stage, though more likely reflects the lithology of the

unit itself which is characterized by having a high volcanic

component. This has important genetic implications which will

be further discussed in the following chapter'

Protore type TL within the Unit 4 sandstone only appears further

towards the Huarabagoo area. This too may indicate a down-dip movement

of leached ore solutions or may be related to the absence of horizontal

mineralization and increasing presence of vertical pods.

8) Two sandstone samples taken from sandstone intervals within the

Redtree dyke show slightly less radiation effects than all

other samples. These samples N123 84m and NEI 70m have LT peak

intensities trvj-ce as high as other Westmoreland sandstones. In

comparison with host rock of the Beverley area (Chapter 3) they

have still however, suffered radiation effects and are still

two orders of magnitude less bright than the background



14s

host rock of Beverley. These samples may represent background

material for l{estmoreland.

Possible explanations for the increased LT peak intensities

are:

a) The dyke may have acted as a Permeability barrier to

mineralizing solutions resulting in less radiation

exposure to these samPles.

b) The heat of the dyke has caused annealing of the

crystal lattice to such an extent that restoration of

some low energy elecÈron and hole traPs occurred.

c) The LT peaks have been resensitized as part of recovery

after large radiation effects. This possibility is not

considered likely, due to the absence of an

accompanying low temperature shift in the HT peak.

A combination of a) and b) seems the most likely explanation.

Studies by Durrani et aI. (L977a) show that higher temperatures

accompanying irradiation result in an increased TL signal. Annealing

experiments by KauI et al. (I972) also indicate increased TL intensity

accompanying heat. This is in agreement with possibility b) above,

though absolute influences of the heat of the dyke cannot be known or

accurately equated with laboratory annealing experj-ments, as a cooling

basic magma will have a heat effect far in excess of the time presented

in laboratory experiments.

Protection of this quartz from outside influences after cooling of

the dyke led to the quartz beíng preserved in its then present state,

whereas similar heat affected quartz on the margins of the dyke would

have suffered further radiation effects in the course of uranium protore

and ore movement.
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The significance of this observation is that it i-ndicates that the

quarXz comprising the Unit 4 sandstone had already suffered major

radiation effects, prior to beÍng affected by radiation from the ore.

6,3.2 Junnagunna Area

Data for the Junnagunna region is shown in figure 6.12. Despite

crowding due to the number of data points, the following points are

discernable.

1) Compared to the Jack and Garee Lenses, samples at Junnagunna

have less radiation effects. This is borne out by a number of

points, that is:

a) the lack of "sLrong" ore type TL such that the HT peak

percentage is never greater than 60t. This is further

illustrated in figure 6.13 which is a plot exclusively

of mineralízed samples at Junnagunna;

b) the greater proportion of samples in the "normal" type

TL position as opposed to protore type TL positions in

the Redtree area;

c) the fact that fewer samples have a dístinct low

temperature shift in the HT Peak.

d) the position of many presently mineralized samples auray

from the main orebody which plot in the protore type TL

f ield rather than the ore tJ¡pe TL f ield , e'8. UÌ'ID

l9/L33 25m, Uì'lD 79/L25 25rn, UMD 19/126 27m and UMD

7B/69 26n.

These observations indÍcate thaË ore residence time is likely to

have been shorter here than at Jack and Garee Lenses.
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2) In almost every hole the area immediately below the Siegal

Volcanics-sandstone contact shows sensitization features

regardless of whether there is mineralization present or not.

Figure 6.14 shows only the top samples from each hole. A

comparison with figure 6.12 indicates the generally more

radiation sensitized nature of the top samples. Samples plot

in the protore type TL field or in the ore type TL field

(however, no non-mineralized samples plot as ore). This

suggests previous movement of protore and/or ore along this

contact,

3) HoÌes close to the dyke show sensitization not only at the

contact with the Siegal Volcanics but throughout their depth,

reflecting the presence of vertical pods of mineralization at

depth, close to the dyke. This, in turn, reflects the more

suitable environmenÈ for uranium precipitation close to the

basic rocks.

4) With increasing distance away from the dyke, the sensitization

at depth decreases. Generally, with increasing distance from

the dyke, the total radiation effects in the hole decrease,

except for holes within the orebody.

The situation therefore is one ¡,¡here the uppermost portion of the

hole will show strong radiation effects due Xo ore/pxotore mowement and

the rest of the hole show a vertical homogenizatÍ-on, either uniformly

higher or lovrer radiation effects.

5) The area to the south-west of 13,200N has a lack of ore at the

volcanic sandstone contact. There ís a gradual increase in the

amount of ore and proÈore from this position (13,200N) in a

north-easterly direction towards the Cliffdale Fault.

The distribution of ore and protore type TL also changes beginning

as only present at the contact, then also becoming more abundant with
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depth, i.e. present at the contact and further down the hole. Once

agairr, this indicates the possibility of the previously discussed

banking-up of ore and ore-bearing solutions at the Cliffdale Fault

following down-dip movement in a north-easterly direction.

6) The area on the south-eastern side of the Redtree dyke always

shows less radiation effects than the opposite side. This was

also indicated by che contour maps in section 6.2.8. This

observation does not apply to holes in close proximity to the

Redtree dyke which are sensitized at all depths and also

contain wertical pods of mineralization, but rather applies to

holes aX a gTeater distance from the dyke. Reasons for the

Iack of mineralization and sensitization were previously

discussed, i.e. uplift and erosion of the upper 10 metres of

silty chloritic sandsÈone suitable for uranium precipitation on

the south-east side of the dyke.

l) As at the Jack and Garee Lenses ' some samples from the

underlying Unit 3 conglomerate, or close to the Unit 4 - Unit 3

contact plot as Protore type TL reflecting:

a) the sensitized nature of the Unit 3 conglomerates lÀrith

their abundance of acid volcanic clasts, and

b) the possÍbility of accumulation of uranium during

solution transport and movement near this contact.

8) The prospectiwity of the area in the vicinity of UMD 79/133 and

UÌ"lD l9/I34 is reflected by the positions in which samples from

these holes are found, i.e. in the Protore Èype TL fields'
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6.3.3 Junnagunna North

The information for Junnagunna North is also plotted in figure 6.12

in relation to all Junnagunna data and is plotted separately on figure

6.15.

The situation is basically the same as at Junnagunna proper, i.e.

ore grade mineralization plots in a less sensitized area than at Jack and

Garee Lenses and so is presumably more recent, e.E. IIMD 79/137 30m has a

grade of 0.39t U3OB yet only plots in the protore type TL field. Other

interesting points distinct from Junnagunna include:

f) The Wanigarango Joint Zone (passing through approximately

10,350E) is the extension of the Redtree Joint Zone/Redtree

dyke. As yet, no dolerite has been found hTithin the

Ilanigarango Joint Zone but is presumed present, e.g. holes UMD

79/LLO, Ul"lD 79/143 and UMD 79/Lt+4 show little sensitizatíon at

surface, but increasing sensitization with depth in a similar

fashion to holes UMD 76/16, UMD l9/I07 and UMD 79/LOL close to

the Redtree dyke in the main Junnagunna prospect; this

illustrates usage of TL as a lithological indicator.

2) Once again, as observed in sections 6.2.2,6.2.3 and 6.2.8, the

trend of increasing sensitizatíon to the north-\,rest away from

the presumed dyke can be seen, i.e. from holes UMD 79/L43 to

UND l9/I35 ro UMD 79/L4O and UMD l9/L44 ro UMD 79/145 to UMD

79/L46. UMD 79/L46 which has a marginally economic grade of

0.05t UrO, plots in a "strong" ore position. This again

implies that further uranium may be present at a slightly

greater distance from the presumed dyke than UMD 19/L46.





150

6.3.4 Huarabagoo

Huarabagoo is usually taken to mean the area along the margins of

the Redtree dyke in the region situated between the Redtree ore lenses

and Junnagunna. Drill hole locations of samples used in the study are

found in figure 6.10, and the data for this project is contained in

fígure 6.L6, from which the following points arise:

1) Ore type TL positions are variable, occr-lrring as vertical pods

down to 85 metres below the surface. Protore type TL is also

randomly scattered along the length of the dyke, generally at

depths of less than 40 metres and noticeably only in those

areas which still have a volcanic capping. Areas which do not

have a capping of Siega1 Volcanics do not contain protore. The

implication is that this ore has been fixed in its present

position, í.e. rùas less vertically mobile than in areâs with a

volcanic capping.

2) The Huarabagoo area contains numerous samples with a strong LTS

in contrast to the Redtree and Junnagunna areas, e.g. TJMD 16/4

32m, H31 7lm; which could mean that uranium mineralization has

been higher grade in the past than at present.

A further point of interest concerns the position of the possible

"past uranium" occurrences, (areas with a strong HT peak percentage, a

LTS, but no mineralization) , which occur at depths flom 22m in H25 to

134n in NE18. This, coupled with the random distribution of present ore

reflects the suitability of the entire dyke for provision of the reducing

environment necessary for precipitation of uranj-um - regardless of depth

though within Unit 4 of the Llestmoreland Conglomerate (Ptw4 ) .
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6.4 Further Usage of Variation DLagrams in Non-MineraILzed Areas and

Areas Dístant from the Redtree Jol-nt Zone

Apart from determining relationships between present mineralization

and protore within prospects, the LT/MT peak ratio vs HT peak percentage

variation diagrams can also be used to consider the prospectivity of

areas where no mineralization is currently present. This can compensate

for a lack of data suitable for usage on traverses. It is in this

context that the method is used in the followíng areas, i.e. to determíne

their prospectivity for uranium occurrences.

6.4.L JinJaree Valley

The Jinjaree Valley is situated on the northern dip slope of the

Longpocket Syncline in a smal1 open fold within the sandstone which

creates a valley, surrounded by sandstone with an occasional covering of

Siegal Volcanics. The Siegal Volcanics are present as a thin sill within

a few metres of the surface in the easte-rn part of the valley, rather

than as an extrusive. The location is shown in figure 6.L1.

A total of five diamond holes r^rere drilled in the eastern Èhro

thirds of the valley based on the detection of two large alpha meter

anomalies. No mineralization at all was detected in the ho1es.

Samples have been taken from these holes to compare their TL

response with those of known ore containing areas, discussed above, and

to detect proximity to ore, if any. Results are presented in figure

6.18. Drill hole locations are contained in figure 6.19.

1) As with other areas, all samples have suffered major radiation

effects and the area below the sandstone-basalt contact usually

shows sensitization. In general, however, the strata below

this contact shows less sensitization than the equivalent
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horizon in other areas, saY Junnagunna or Huarabagoo' An

explanation of this ¡,rould require that there has been movement

of less protore, or even less protore in this area'

2) Holes llMD 79/L21, Ul'fD 79/122 and SUD 19/29 were drilled to

intersect major alpha-meter anomalies with alpha counts of

greater than 1,000 per hour. Figure 6.18 indicates that even

these holes are not strongly sensitized. Coupled with the

absence of míneralization, these areas therefore appear

unprospectíve despíte the large alpha-counts.

The holes which are more strongly sensitized in the Jingaree Valley

are those l¡hich are closest to the sandstone edge, e.8. UMD 79/L22 and

SUD 79/32. The samples taken from just below the volcanics in these

holes (I5m and 32m respectively) ploÈ in protore type TL positions. This

may imply one of two possibilicies:

a) an increased drainage flow from the sandstone edge

providing more uranium, or

b) the possibility of mineralization further up the

sandstone slope.

This latter situation would parallel that of the anomaly 22 area

(to be discussed later) r^rhere UMD 79/L09 was drilled at the sandstone

edge of the southern dip slope of the Longpocket Syncline to intersect a

major alpha-meter anomaly. No mineralization was detected and the

conclusion drawn was that the anomaly itself was caused by leaching of

uranium from the Jack Lens further up the sandstone slope.

3) Despite the presence of the alpha meter anomalies in the

easterrrmost portion of the Jinjaree Val1ey, the TL

sensitization increases towards the west. A lack of holes

makes this trend speculative rather than conclusive, but if

real it would suggest that further exploration could be

continued in the western portÍon of the valley.
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4) A further point of interesÈ is Èhe lower degree of

sensitizatíon in samples SUD 79/32 26.5m and UMD 79/122 3n

taken from sandstone within the volcanics and above the

volcanics respectively. Although lor,rer in sensitization they

have still suffered major radiation effects. As such, they are

similar to the previously discussed samples NEl 70m and N123

80m from the Jack and Garee Lenses atea, taken from within the

Redtree dyke. These Jinjaree samples also indicate:

a) the inherently high radiation effects in the Unic 4

sandstone prior to further exposure to uranium ore, and

b) the further sensitization effects caused by ore

mowement beneath the volcanics.

6.4.2 Longpocket

The Longpocket area comprises the Outcamp and Sue Prospects - tl'/o

small mineralized bodies each totalling a few hundred tonnes contained

UaOa. They are situated in the hinge zone of the Longpocket Syncline.

The Darlona Joint Zone, with a postulated, though as yet undetected,

dyke, runs adjacent to the eastern margin of Outcamp approximately along

the grid line 61,000E. Locations of prospects and drill holes are

contained in figure 6.20 and data is presented in figure 6.2L. Major

observations are as follows:

1) The area is a mixture of strongly sensitized and ordinary

sandstone. Areas of ore plot either in the "strong" ore type

TL field, e.g. UMD 77/44 40m (despite a low grade of 0.05t

U3os) or in the protore type TL field, e.B. UMD 78/70 48n (also

0.05$ U3Os) illustrating that this area has been subject to

much redistribution of ore as have the Junnagunna and

Huarabagoo areas.
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2) From the point of further exploration potential, a trend of

increasj_ng sensitizatjlon southwards along the joint zone

through LJMP 78/8 and UMP 78/9 is present, leading into the

Golara area. Hole UMD 79/]-].8 (not shown on location map) in

the Golara area has intersected ore with a grade of 0.28t U3OB

thus firming the potential of this area for mineralizaÈion

analagous to the Redtree tYPe.

3) The Red Hill prospect, to the north of Sue (data separate in

figure 6.22) is situated along an east-west trending quartz-

filled fault with fragments of surrounding basic volcanics.

The only mineralization intersected SUD 78/28 28m plots in the

ore type TL field in figure 6.22 bux has no LTS. No distinct

pattern can be drawn between TL response and geological

position for this area, which may indicate recent

remobilization and redistribution of uranium rather than

permanent high grade mineralizati-on.

6.4.3 Flying Fox AntÍcline

The location of the Flying Fox Anticline is shown in figure 6.23.

Six drill holes were sampled from around the anticline in three

prospects: Lagoon Creek, South \^Iest Corner and Battle Creek. These are

also marked on figure 6.23 and data is presented in fígure 6.24.

a) South Llest Corner occurs in an embayment in Unit 4

sandstone such that it is enclosed to the north, east

and west. Siegal Volcanics cover increase to the

south-lrest. None of the samples from either IlD6 or \^IDB

show major sensitization aPart from IlD8 64m which is a

tuffaceous horizon.
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b) Lagoon Creek is situated on the western margin of large

Unit 4 outcrops and is covered by weathered Siegal

Volcanics contaíning a five metre wide layer of

alluvial gravels and silicified sandstone ' None of

these samples frorn !üD11 or I^ID1-2 show strong

sensitization, and only minor sensitization ís present

below the contact.

c) Battle Creek is situated adjacent to the margin of the

northern dip slope outcrops of the Flying Fox

Anticline. This prospect is the most promising of the

three. Samples taken from just belor¿ the Siegal

Volcanic contact show evidence of sensitization by

their plotting in the protore type TL field - in

particular \^ID 13 30m which also has a LTS, and to a

lesser extent I^I14 30m also.

I{D 13 is situated closer to the sandstone outcrop than \^ID 14 hence

the increased sensitization may be a result of leaching from mildly

uraniferous areas such as Conglomerate Hill in which the Embayrnent

prospect occurs. This prospect was explored and tested by BHP during the

early-mid L97O' s without any major ore discoweries-

6.4.4 Ltlypond

Lilypond is the area in the Longpocket Syncline between Junnagunna

and the Outcamp/Sue prospects. As yet, no mÍ-neralizaXion has been

discovered in this area so five random holes were sampled to determine

their TL sensitization characteristics. AlÈhough all have suffered

radiation effects, figure 6.25 shows that none of them show any further

sensitization attributable to mineralization. This further downgrades
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the potential of this area for discoveries of economic uranium

accumulations.

6.4.5 Others

Sarnples from tr,¡o other prospects (Anomaly 22 and Airstrip) where

the lack of drill holes prevents an exhaustive examination of data' are

plotted on figure 6.26. Observations are that:

1) UMD 79/IO9 does not show any strong sensitization despite the

alpha-rneter anomaly causative of the drilling of the hole.

2) The only hole to show any sensitj-zation above normal levels at

the Airstrip prospect is SUD 79/34 132m - a shaley tuff forrning

the base of the volcanics.

3) SUD 79/34 L4I.2m - a sample of late-stage qluaÍtz veíns wíCh

pyrite shows little sensitization above normal background

I^Ie s tmoreland Conglomerate .

6.5 Surface Trawerse Results

Charlet (1973) used TL to índicate the presence of anomalous

uranium buried beneath Tertiary sands aÈ too great a depth to be detected

by conventional scintillometer techniques. If confirmed by further work,

TL would thus have great potential as a quick time and money saving tool

in detecting buried mineralization and siting drill hoIes. A very

limited test program was undertaken in Lhis study. Nineteen samples have

been taken from the surface of Unit 4 sandstone outcrops in a traverse

across the Redtree dyke. Samples r{ere taken approximately 100rn aPart

along the line 9645N starting 11,550E, 9,645N (sample TI) such that

sample Tll was taken frorn the south-east margin of the dyke and sample

T12 frorn just past the north-'!,Iest margin overlying hole Hl5.
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The aim of this study was to see if any change in TL

characteristics were obvious when approaching the dyke (and buried

mineralization) on the surface outcrops. TL intensity and ratio data is

plotted in fígure 6.27 .

On the intensity traverse, the íntensity of the LT peak ís erratic,

firstly increasing dramatically ats a distance of 200 metres from the dyke

and then decreasing by 50t at the dyke margín. No other systematic

variation can be discerned.

The intensity of the HT peak increases by approximately 75* ax

sample location T7 (400 metres from the dyke) then remains high showing

no further fluctuatÍon across the dyke. Mínor fluctuations occur at T15

and T18.

The HT/LT peak ratio shows a distinct increase across the dyke (T11

and T12). Further elewated ratio values at T7 and T14 are discussed

below.

In figure 6.28 traverse samples are plotted on a variation diagram.

Some individual samples do exhibit sensitíza:-ion features, e.E. sample

T11 and T12 frorn the dyke margin plot half way along the sensitization

curve. Both have a LTS.

Sarnple T12 is situated above drillhole H15 which is mineraLized

flom 23.8m-24.9m at a grade of 0.09t U3Os. The sensitization in T12 may

have resulted from thís mineralization, i.e. by upward leaching and

redistribution. If such is the case, then T14 which plots in a similar

position to T12 in figure 6.28, and also has LTS, could also be

indicative of a similar occurrence. Further groundwork indicating any

significant radiometric anomaly or locating surficial secondary

mineralization would help to confirm or negate the potential of this

site. T7 also plots ín a sirnilar position but does not hawe a LTS. This

site too, could therefore vrarrant further exploration.
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An assessment of the potential of this method thus indicates the

following:

1) In Proterozoíc sandstones where there has been considerable

time for much redistribution of uranium, intensities of either

HT ànð/or LT peaks are variable for surface samples and may not

be the most useful technique in detecting buried

mineralization.

2) HT/LT peak ratio and LT/MT vs HT variation diagrams may be of

more use in detecting possible anomalous areas which may then

be reassessed by later groundwork.

Further r^rork must be done however, to more fully assess the use of

ATL as a surface prospecting technique.

6,6 Conclusions on the Use of Thermolumf.nescence 1n Exploration for

Uranirrm ín the Proterozoic Sandstone Hosted Deposits at Westmoreland

1) Large variations ín TL inÈensity (ie. orders of rnagnitude

variations as observed at the Tertiary Bewerley deposit), do

not occur on a regional scale approaching the Ptoterozoíc

I^Iestmoreland Deposits. As a consequence TL nay not be as

useful an exploration tool for these tyPe of uranium deposits

as it undoubtably is for the simpler Tertiary ro1l-front type

deposits. Nevertheless TL nay still, in some instances, be of

use on a l-ocaLízed scale in detecting further mineralization in

a known uraniferous district. Such usages however, will

require a large number of sarnples to be analyzed.

2) Of the methods used at l^IesÈmoreland, traverses examining

variations in the LT glow peak and HT glow peak intensities

across the Junnagunna orebody do not show unambiguous

variations associated with ore, though generally the HT peak
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intensity is at a maximum within the ore zones ' The LT peak

intensity fluctuates markedly upon approaching the ore zones

and within mineralizaxion itself and thus is not a useful

parameter in Proterozoic sandstones by itself'

3) HT/W glow peak ratios are better indicators of proximity to

mineralization, as many fluctuations associated with intensity

alone are cancelled out. The HT/LT glow peak ratio increases

towards uranium mineralization and a value of 1.4 or more i-s

usually associated with mineralization.

4) The HT peak temperature generally shows a shift to temperatures

less than 340"c in areas of present uranium mineralization.

The same LTS is also found in quarXz XhaX is spatially related

to uranium rnineralization but is not mineralized at present.

Occurrence of a LTS in a non-mineralized sample with a strong

HT peak percentage may therefore represent ar| aTea previously

mineralized.

5) Variation diagrams incorporating peak ratios, percentages and

the LTS are a means of Portraying a maximum amount of

beneficial data and are useful in determining relative

radiation effects on a small number of samples which may

preclude the use of traverses etc.

6) Variations in TL characteristics have allowed the determination

of a munber of prospective areas for further exploration. The

most promising of these, not necessarily in order of

suÍtability are:

a) The area to the north-west arÀlay from Ëhe Redtree dyke

extension in Junnagunna North, i.e. further north-wesc

than the line of holes llMD 19/146, UMD 79/I4O and UMD

te/L37.
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b) The area downdip of the Garee Lens in the vicinity of

IJMD 77 /23 and perhaps IJMD 77 /24 for the possibility of

further Langi Lens type mineralization.

c) The area to the south of the present Jack and Garee

Lenses based on the larger amounts of radiation damage

in these areas than even in some of the ore lenses. As

a point of ínterest, the area to the south of the Garee

Lens was also mentioned by Curtis (1976) as being

worthy of further exploration, as the Garee Lens

dispersion halo extended predominantly into this area

rather than symmetrically overlapping the orebody.

d) The possiblity of mineralization at depth belor^r sample

Tl4 taken on the surface traverse.

e) The possibility of mineralization in the Jinjaree

Valley on the southern sandstone slopes based on the

presence of a TL anomaly and alpha-meter anomaly in

holes at the edge of the sandstone ín the valley and

similarity to the Anomaly 22 sixe.

f) The area at Junnagunna close to, or slightly north-west

of , holes UyrD 79/133 and IJMD 79/L34 which showed

sensitization and minor mineralization.

7) A surface anomaly associated rvith buried mineralization in hole

H15 indicates that TL surface traverses may be a means of

detecting buried mineralization, though further work is needed

to more exhaustively test this usage.

8) TL may also be of indirect use in uranium exploration by

contributing to a knowledge of the genesis of such deposiËs -

in this case the radiation effects suffered by all samples, the

sensitization beneath the Siegal Volcanics/^Testmoreland
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Conglomerate contact, the vertical homogenization within areas

capped by volcanics and absence in areas wíthout a volcanic

capping. These and other considerations will be more fully

discussed in the following chapters.



CHAPTER 7

GENESIS OF THE }IESTI'IOREI.AND URANII]Ì'I DEPOSTTS
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CTIAPTER 7: GENESTS OF THE I{ESTUOREI.AND UR.ô.NIIIM DEPOSITS

Summary of Chapter

In Chapter 6 several previously unknown observations regarding the

genesis of the I,Iestmoreland Uranium Deposits nrere revealed by TL

measurements. These included the widespread radiation effects throughout

the entire Westmoreland Conglomerate, the radiation sensitization along

the \^iestmoreland Conglomerate/Siegal Volcanics contact and the vertícal

homogenization of radiation effects within drill holes. These are

coupled v¡íth existing geological, mineralogical and geochemical data to

suggest a genetic model for the l^Iestmoreland deposits.

The ubiquitous radiation effects are interpreÈed to indicate an

initial high background uranium content for the \^Testmoreland

Conglomerate, which was derived from the acid igneous source rocks for

the clastic sequence. It ís suggested that this preeontained uranium v/as

remobilized during an unspecified thermal event, possibly associated with

intrusion of dolerite dykes. The remobilized uranium was moved in

convective cell systems - upward near to the heated dykes, horízontally

along the sediment/volcanic stratigraphic boundary and then downwards at

some distance from the dykes.

Precipitation of uranium occurred at the margins of dolerite dykes

or beneath the basaltic volcanics, where suitable reducing conditions

exis ted.

Subsequent massive extrusive volcanism then protected the uranium

deposits from the effects of weathering.

** Jr
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parts 1 and 2 of this study have examíned the direct use of TL in

uranium exploration: Part 1 in the simple, Tertiary, sandstone hosted

deposits; Part 2 in the more complicated Proterozoic, sandstone hosted

deposits exernplified at trIestmoreland. The following two chapters (7 and

8) , which constitute Part 3 of this thesis, tlse the TL results obtained

at the \.Iestmoreland deposits to assist in developing genetic models for

such deposits.

Genetic models, not only for the tr{estmoreland Uranium Deposits, but

for aII ProXerozoic sandstone hosted uranium deposits are many and

varied. Because of the ability of quartz to "remember" prevj-ous exposure

to radiation, iL is to be hoped that TL studies may add extra information

to these genetic studies, perhaps in determining source or permanency of

uranium.

In chapter 7 only the I^Iestmoreland Uranium Deposits are discussed'

TL results are added to existing geochemical and geological results and

previous theories are examined in the light of this integrated

information. A genetic rnodel, compatible with the existing information

is then suggested.

In chapter 8 information from other Proterozoic sandstone hosted

uranium deposits is synthesized, similarities and differences between

these deposits are highlighted, Èhen with new results gained by TL

studies at üTestmoreland a possible speculative classification of this

class of deposits is suggested.

7.L Prevl-ous Genetic Theories for the l{esÈmoreland Uranium Deposlts

After discovery of the Redtree Lenses in the 1950',s, one of the

first genetic models proposed was that of Newton and McGrath (1958) who

considered that hydrothermal fluids deríved frorn the intrusion of the

Nicholson and Norris Granites (now the Nicholson Granite Complex)
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supplied uraniur mineralization along the pre-existing fault and joint

systems. Morgan (f965) also suggested that hydrothermal mineralizing

solutions derived from the Nicholson Granite had led to the presence of

mineralization at the Eva ¡nine, 50km north of l,Iestmoreland.

Hills and Thakur (1975) consider that since the Nicholson Granite

Complex predates the I.Iestmoreland Conglomerate, it could not have

supplied uranium-rich fluids aÈ Llestmoreland. However, this rnay possibly

have occurred at the Eva mine, where mineralization is located in a sandy

lens in the Cliffdale Volcanics which rr¡as intruded by a later granite

phase. The occurrence of epidotization and talc schist formation at Eva

also suggest some Èype of hydrothermal metasornatic activity related to

mineralization. Against this Èheory is the age of mineralization at Eva

which has been put at 430 rn.y. by Hills and Richards (1972), and is too

young to have been derÍved from granites intruded during Early-Mid

Proterozoic times. This age howewer was gained using Lhe U-Pb technique

on pitchblende and it may relate to a remobilization of uranium at a

later time.

Another younger granite to which the same reasoning could be

applied for the I¡Iestmoreland deposits is the Packsaddle Microgranite,

intruded during the mid-Carpentarian and marking the top of the Tawallah

Group. This is also considered an unlikely source due to its limited

size and distance from \lestmoreland.

Davidson (L964) considered the fact that the llestmoreland

Conglomerate was sandwiched between two supposedly acid-intermediate

volcanic units - the Cliffdale Volcanics and the Siegal Volcanics, and

thought that uranium could be derived frorn leaching of both presumed

uranium-rich units. Since then, however, the Siegal Volcanics have been

found to be basaltic to andesitic rather than andesitic to dacitic and

their inherent uranium concenLrations are hence lower than r¿ould have

been expected (as discussed in section 5.3 and Appendix 4) .
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Queensland l{.ines geologists of the late 1960's postulated a

relationship between the l,Iestmoreland deposits and the then newly

discovered Narbalek deposit in the Pine Creek Geosyncline in the Northern

Territory. BoÈh deposits v/ere spatially related to intrusive dolerites

which led to the theory that the dykes themselves may have been the

uranium source for hydrothermal mineralizíng fluids. Since then, many

differences between the two deposits have been found particularly in host

rock lithology (unmetamorphosed conglomeratic sandstones at Westmoreland

and graphitic quartz feldspar schists and pelites at Narbarlek), in

stratigraphic positíon (above the CarpenLarian unconformity at

I^Iestmoreland and belo¡^¡ it at Narbarlek) and in ore grade (0.15* UrOu at

l,Iestmoreland, average 1.9* U3OB and spots up to 10* U3OB at Narbarlek),

thus negating such a genetic link. Further to this, basic igneous rocks

have an inherently low uranium content rendering them unsuitable source

rocks for uranium deposits as previously discussed in Chapter 5'3.

Hills and Richards (L912, L976) advanced no genetic model as such

for the l,Iestmoreland deposits, but upon examination of the U-Pb isotoplc

compositions at tr'Iestmoreland and the U-Pb, K-Ar and Rb-Sr systematics in

the East Alligator Uranium Field reached the conclusion that accumulation

of uranium took place under low grade conditions as no evidence of

rnetamorphísm of the same age of mineralization (900 m.y. 500 m.y. ) could

be found in the K-Ar or Rb-Sr isotopic records '

This led to the thought that the formation of primary pitchblende

reflects the oxidation-reduction state of the environment and its effect

on the kinetics of uranium precipitation, rather than the temperature and

pressure of formation, i.e. precipitation of uranium was in response to

redox changes rather than to temperature and Pressure changes.

Hills and Thakur (1975) considered that the dolerite dykes and

faults along which they were emplaced, acted as channelways for later

mineralizing solutions from an unknown source. They envisaged these
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solutions as causing the widespread alteration of the dyke and the

chloritic alteration of Èhe sandstone and considered that the vertical

ore lenses within the dyke and the sandstone were of hypogene origin,

with the peneconcordant mineralization in the sandstone being of

supergene origin.

A number of points render this model questionable including the

Iack of a suitable source for the mineralizing solutions as well as the

lack of supposedly supergene lenses at Huarabagoo '

Further to this, Fander (L976) considered that the mineral.i.zing

fluids \{ere not responsible for the large scale alteration of the dyke

(although they may have made a minor contribution) as mineralization in

the dyke was erratic and more likely to have formed by migration of

uranium into altered dyke rocks during a lorv temperature metasomatic

alteration. Alteration in the dyke and overlying volcanics as well as in

the basement Cliffdale Volcanics is accompanied by large scale

introduction of potassium and depletion in sodium and calcium, rather

than by introduction of uranium, and hence should be attributed to a

regional deuteric alteration of the Westmoreland province.

Lastly, no data exists to suggest that the vertical and horizontal

ore lenses represent hypogene and supergene mineralization respectively,

in fact it is more consistent to believe that both are contemporaneous'

relaËed to the one major minera1-ízing event as will be advanced in

section 6.3.

Renewed exploration interest in l^Iestmoreland in 1975 by Minad and

Urangeschellschaft Australia lead to a ner,r genetíc concept quite distinct

to those advanced abowe. Clavarino (L915) and Curtis (1976) summarized

thinking with a nine point rnodel as follows:

1) Uranium is present in an Archaean basement.

2) Detritally contained uranium is concentrated in Lor,¡er

Proxerozoíc metasediments .
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3) Formatíon of the Murphy Tectonic Ridge and its lateral basins,

followed by metamorphism of Lower Proterozoic rocks and

intrusion of the Nicholson Granite Complex causes local

hydrothermal remobilization of uranium.

4) Further development of the Murphy Tectonie Ridge, erosion of

the granites and initiation of acid volcanism. Continued

hydrothermal uranium remobilization in metasediments, granites

and the Cliffdale Volcanics.

5) Deposition of the Tavrallah Group with uranium locked detritally

into sediments derived from the ridge except where volcanic

events and fissures permit further hydrothermal remobilization.

6) Devitrification of acÍd volcanics takes place during the final

stages of development of the Tawallah Group, releasing uranium

from wirhin the Cliffdale Volcanics and the Cliffda1e Volcanic

clastic component within the l^Iestmoreland Conglomerate.

7) Development of a groundwater transporÈ regime within the

I^Iestmoreland ConglomeraËe in restricted aquifers from which

uranium in solution is precipitated where suitable reducíng

conditions exist at contacts with other lithologies, or

internallY.

8) Burial by later straÈigraphic sequences may or may not have

affected this process.

9) I^Ieathering to present day exposure releasing uranium into the

drainage system and supergene concentration at sites of pre-

existing uranium occurrences .

This model is therefore quite different to previous ones which

postulated hydrothermal fluids as supplyíng uranium in that, in this

case, the uranium is derived by low temperature phenomena, i.e.

devitrification of acid volcanics and derivation of uranium from within

the sandstone in the final analysis.
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Certain assumptions, however, such as the pre-existence of an

Archaean basernenÈ Ëo supply uranium, and the continuing hydrothermal

remobilization of uranium in stages 3, 4 and 5, may be argued against,

particularly the former, in view of the absence of Archaean aged rocks

wihin the province. The closest Archaean rocks occur in the Pine Creek

Geosyncline some several hundred kms to north-west. The lack of obvious

hydrothermal veining also precludes the need for continuing hydrothermal

remobilization.

Other debatable points include the role of the Murphy Metamorphics

in supplying uraniun by erosion from the Murphy Tectonic Ridge in wiew of

their lovr uranium contents when compared with the Nicholson GraniËe

Complex and the Cliffdale Volcanics and the role of a simple hydrodynamic

groundwater transport regime in concentrating uranium, particularly in

the vertical lenses.

Despite these obj ections, the present author favours some points of

this model, i. e.

1) Iow temperature derivation of uranium from the sandstone, as

opposed to the earlier models of high temperature hydrothermal

introduction of uranium from unknol{Tl source' and

2) precipitation in response to oxidation reduction changes from

oxidizing uranium bearing solutions encountering reducing

environments at sandstone volcanic interfaces.

Other authors, without having advanced an genetic model, have seen

fit to classify the I^Iestmoreland deposits as sandstone type deposits,

e.g. Dalkamph (1978) and Tilsley (1981). In those studies, no attempt

has been made to sub-classify l.Iestmoreland into a more particular genetic

deposit type, though in view of the host rock age and lithology, and the

age and associations of mineralization, it is assumed that the uranium

mineralization of the Athabasca unconformity type is being suggested.
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7.2 CharacterÍstlcs of the llestmoreland Deposlts

fn order to be wholly satisfactory, any genetíc rnodel advanced

would have to account for the following properties of the \.Iestmoreland

area, its uranium deposits and mineralization associations:

7 .2.L Thermolumlnescence CharacterLstÍcs

The model advanced must be able to explain the following TL

characterístics as determined in Chapters 6.2, 6.3, 6.4 and 6.6:

1) The fact that all quartz in the Unit 4 sandstone has suffered

rnajor radiation effects comparable with a near-ore position at

the younger Bewerley deposit.

2) I,rlhy the sandstone immediately below the Siegal Volcanic

lùestmoreland Conglomerate contact is sensiti-zed, often

strongly, irrespective of actual mineralization'

3) The reason why sandstone r¿ithin the basic dykes themselves,

although showing some radiation effects, is not as strongly

sensitized as the Unit 4 sandstone.

4) Ifhy sensitization often decreases with distance avray from the

volcanic contact, but in holes close to the dyke rernains strong

regardless of depth.

5) Ewen though sensitization tends to decrease av/ay from the

Siegal Volcanics contact, a vertical homogenization of sorts in

TL patterns is present in holes from Junnagunna, Longpocket and

Lilypond.

6) Ilhy such a vertical hornogenization is not Present at Huarabagoo

or at the Jack and Garee Lenses, and why extremely strong

localized sensitization is observed in the latter area.
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7) The TL characteristics and sensiXj-zed nature of clasts of the

early acid volcanics as found in the Unit 3 conglomerate.

8) The TL characteristics and role of the tuffs interbedded within

Unit 4.

9) Ifhy all types of quartz within the lùestmoreland area including

vein quari-z and small euhedral quartz crystals, whether in

faults or associaEed with mineralization, all show major

radiation effects.

7,2.2 GeochemLcal and }llneralogical Characterl-stics

A statistical study of uranium mineralization beneath the Siegal

Volcanics and its mineralogical associations has been undertaken at the

Junnagunna orebody holes to see if any míneralogical difference exists

between rnineralized and unmineralized areas. Data is given in Table 7.1

and points of interest are as follornrs:

A distinct relationship exists between mineralization and

hematite/chlorite content, i.e. all mineralized holes contain

hematite associated with uranium minerals, and practically all

contain chlorite also. The converse, however, does not aPPlY,

i.e. hematite and/or chlorite may also exist in non-mineralized

areas.

The hematite associated with mínera]-izaLion is a fine red-black

variety - a micaceous specular hematite. Hematite further down

the hole away from mineralization is an earthy red colour.

Chlorite is dark green to black.

l"lost non-mineralized holes also have hematite and chlorite at

the sandstone contact with Siegal Volcanics. The only major

exception is in the region of UMD 79/143 - UMD 79/Lt+6, where

moderate hematite is present with chlorite being sparse or

absent.
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No direct relationship exists between mineralization and

silicification. Mineralization generally occurs in well

silicified areas, though well silicified areas need not

necessarily be mineralized.

Small euhedral quarxz erystals are associated with

mineralization. They also occur away from mineralization in

small joints and faults. These probably represent dífferent

modes of formation. (As reported previously the TL

characteristics of the crystal quartz are very similar to those

of most sandstone).

Limonite is not associated with mineralization. 50t of

limonite occurrences are in completely non-rnineralized holes,

and when occurring in mineraLized holes ís not spatially

related to pitchblende but usually occurs be1ow, and rately

above ore. Some 1ímonite represents oxidation from pyrite.

The lack of limonite and the presence of hematite in

mineralized zones may represenÈ a further conversion of

limonite to hematite accompanying the mineralization process.

Twenty nine occurrences of sulphides are recorded in the

Junnagunna drill logs - 23 occurting in mineralized holes and

six in non-mineral_j-'zed holes. Of the 39 mineralized holes at

Junnagunna, 23 contain sulPhides.

Sulphides occur in three forms:

a) Detrital grains which are original constituents of the

sandstone. The sulphide is pyrite and is extremely Tate, being

scattered at random throughout Unit 4. This detríta1 sulphide

ís certainly not abundant enough to cause precipitation of

uranium.

b) Grains associ-ated with mineralization. These are also usually

pyrite, though chalcopyrite and galena also occur. Being
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associated with mineralization means that they occur close to

the Siegal Volcanícs or the Redtree dyke. As such, thêy rnay

have formed by release of sulphur complexes into the upper few

metres of sandstone conËemporaneous with the migration of Fez+

and Mg2+ during extrusion of the basalts or intrusion of the

dolerites (Fander L976), or during deuteric alteration of the

volcanic flows and dykes.

c) Veins and veinlets of pyrite, chalcopyrite and galena, with

minor sphalerite associated r^¡ith euhedral qvaxtz crystal

development along microfaults and joints. Pyrite is often

oxidized to marcasite and limonite. These represent a later

stage feature than mineralízaxion (Hills I973, Manning I9l9)

and are not associated with ore development.

(Microscope descriptions of the different sulphide forms are given

ín Appendix 3).

The geochemical and mineralogical associations of the

mineralization that must therefore be explained by the proposed genetic

model are:

1) The intimate presence of hematite, chlorite and euhedral quartz

wi.lh rnineralization and the frequent occurrence of clays and

sulphides as well.

2) The lack of association between limonite and pitchblende.

3) The geochemical relationship between U, V and )Fe and the

unexpected association of those elements with high P¿3+ /Pez+

ratíos (Curtis 1976, Manning 1979).

4) Ilhy the mineralization at the Jack, Garee and also Outcamp

Lenses, where capping volcanics are missing, is more oxidizing

than in areas such as Junnagunna and Sue, i.e. with with

capping volcanics.
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5) Idhy mineralization has remained fixed in an oxidizing redbed

errvironment

7.2.3 Location and Structural CharacterLstics

The geomorphological and structural points needed to be accounted

for are:

1) The presence of mineralization irnmediately below the volcanic

contact yet the sparsity within the basalts themselves, and the

almost complete absence of mineralization away from the upper

few metres of Unit 4 at Junnagunna and Sue.

The spatial association of the horizontal lenses with the dyke.

The proximity of vertical pods of mineralization to the dyke.

The association of the Jack and Garee Lenses with the Redtree

dyke with mineralization occurring at a depth of approximately

40m from the top of Unic 4 as opposed to areas such as

Junnagunna, where mineralization is within the upper few

metres.

The proximity of the Junnagunna orebody to the Cliffdale Fault.

The confinement of mineralization to the UniE 4 sandstone and

absence in the underlying three units.

2)

3)

4)

s)

6)

7 .3 Genetic llodel

In determining a genetic model, the following four points need Èo

be known:

1) The original source of the uranium.

2) The method of fixing the uranium withín the sandstone until

concentratíon and precipitation.



]-74

3) A transport and precipitation mechanism to concentrate the ore,

and

4) a means of preserving it to its present state-

A knowledge of these four properties would also explain many of the

points raised in section 7 .2.

7 .3.I Source of Uranlum

As was prewiously suggested, the original sources of uranium for

the l^Iestmoreland deposits have included hydrothermal mineralizing

solutions from granites (Newton and McGrath, f958), dykes (unnamed

Queensland Mine geologists), or an unknown source (Hills and Thakur,

1915), devitrification of the Cliffdale Volcanics and its clasts (Curtis,

l-916) and an Archean basement (Clavarino 1975). Other possibilities that

have been proposed in recent years include placer deposits of detrital

hearry minerals, deposited along positive topographic features represented

by the Cliffdale Fault (Ewans L979), uraniferous heawy mineral bands

viithin the Ilestmoreland Conglomerate (Ahmad et aI. 1984) the tuffs and

tuffaceous sandstones recently identified as being interbedded within the

Unit 4 sandstone, and the possibility of remobilization of deeper higher

grade mineralization (Schindlmayr and Beerbaum, 1984).

The first of the more recent suggestions seems unlikely, in view of

rhe limíted association of míneralization with faults in the I,Iestmoreland

area, other than the Cliffdale Fault, and even then, only in the

Junnagunna area.

Page (1981) studied acid tuffs in the Barney Creek Formation in the

l,l.cArthur Group (overlying the Tawallah Group) and found that they had

uranium contents of up to 230 ppm. As such, these could have been

excellent uranium source rocks, however, the llestmoreland tuffs are
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different to these both in uranium content and in mode of formation,

(discussed further with geochemical results in Appendix 4).

Croxford (L964, 1968) and Croxford and Jephcott (1973) considered

that the l"lcArthur River tuffs and corresponding ones at Mt. Isa were

derived from a rhyolitíc parent magma and would therefore be expected to

be enriched in uranium. On the other hand, the l,rlestmoreland tuffs and

overlying volcanics are more basic in nature (section 5.3 and discussion

in Appendix 4), and would thus have a lower uranium content than those at

McArthur River and Mt. Isa.

TL work on the l,Iestmoreland tuffs shows that they have a dominant

MT peak and a large íntensity (figure 7.L), and therefore could be

considered to shov¡ some sensitization. However, these are probably still

in the transition stage to major radiation effects (observation

7.2.L(8)). Hence, they are less radiation-effected than would be

expected if they were rnajor suppliers of uranium.

Volumetric considerations also rule out the tuffs as a viable

possibility to supply sufficient uranium, as they are quite thin (usually

less than 10cm thick, though up to 30cm) and do not form a major

constituent of the sandstone.

Clavarino (1975) and Curtis (L916) invoked devitrification of the

Cliffdale Volcanics to supply uranium. Many samples from the Unit 3

conglomerate show a distinctive TL pattern (figure 1.2), with the MT glow

peak having maximal intensity (observation 7.2.L(7)). These rocks are

all petrologically characterized by acid volcanic fragments. The quartz

is thus also possibly volcanogenically derived. Giles (1980) found that

nany Middle to Lower Proterozoic acid volcanics throughout Australia are

signíficanÈly enriched in large-ion-lithopilg elements including uranium

relative to their Archaean and Palaeozoíc counterparts. Uranium contents

were up to 50 ppm. Similarly, Teale (Ph.D. at Univ. of Adelaide in

prep.) has found that rnany similar aged acid volcanics in South Australia
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and the Northern Territory contain uranium concentratíons up to 70 ppm'

Uranium analyses by Ayres and Eadington (1975) on the Edith River

Volcanícs in the Pine Creek Geosyncline (which are equivalent to the

Cliffdale Volcanics) range from 12 pPm to 56 ppm with a mean of 13.4 ppm.

They consider the work of Rosholt and Noble (1969) and Rosholt et al.

(Ig/L), who showed that recrystallized volcanic rocks have probably lost

60t of their original uranium, to conclude that the original uranium

content of the Edith Riwer Volcanics was high (33.5 ppm assuming a 60*

loss). Further to this, they consi-der a high th/lJ taluio in the Edith

River Volcanics of 2.8 (vs 2.L for the average rhyolite (Imbo, 1968) to

indicate that uranium has been lost from the volcanics. The T}l/U rati-o

of rhe Cliffdale Volcanics is 3.5 (average of L2 samples fro¡n Mitchell

(L916)) pointing to the possibility of a l.arger uranium loss than that

for the Edith River Volcanics.

Further evídence of large uranium loss from such acid rocks is

supplied by Labhart and Rybach (L974), who show that 908 of uranium may

be leached from such rocks without any apparent weathering effects and by

Hart et al. (1981), who used U-Pb isotope studies to indicate an BOt

uranium loss from basement rocks in the Vredefort Dome, South Africa.

Applying this reasoning and considering the work of Giles (op. cit)

and Teale (op. cit) , as well as the TL characteristics of Cliffdale

Volcanic fragments and clasts, the C1iffdale Volcanics thus appear an

attractive original source for uranium, as does the coeval Nicholson

Granite Complex which is sinilarly enriched.

All of the 7OO or so sarnples measured of Unit 4 of the lfestmoreland

Conglomerate have lower LT/MT peak ratios than for most conmon

sandstones. The displacement of this ratio towards 1.0 could indicate

that the qwartz is derived frorn material with a generally high background

value of uranium in Unít 4 sandstone, which led to a sensitizaËion

affecting all quartz.
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This is further confirrned r,rhen one considers that all samples are

over the threshold at which major radiation effects (ie. the drastic

decrease in ATL intensity) occurs. Shekhmametev (1973) placed this

threshold at 10 ppm U over a 300 rn.y. period'

Further to this, as discussed in section 3.1, Hayslip and Renault

(L916) found that concentrations of uranium in the Jurassic Morrison

Formation below l0 pprn, had no effect on the intensity of the HT glow

peak, even though under laboratory conditions, a radiaÈion dose created

by such concentrations should have caused rnajor radiation effects. The

conclusion reached is that a radiation dose created by 10 pPm U or less

under the burial conditions experienced by the Morrison Formation (which

are similar to those of the üTestmoreland Conglomerate), is not large

enough to produce rnajor radiation effects in the host sandstone.

It is important here to re-emphasize the fact thaL radiation doses

caused by uranium concentrations of 10 Ppm or less, apparently hawe

little effect on the TL signal. Therefore, according to this reasoning

any sensitization or radiation effects in the l.Iestmoreland Conglomerate

should be caused by uranium concentrations of at least 10 ppm and

possibly more.

This walue, although high for sandstones, seems plausible in view

of the work of Manning (1,919) , who found that the l{estrnoreland

Conglomerate had been derived dominantly from the Cliffdale Volcanics and

the Nicholson Granite Complex rather than the metasedimentary Murphy

Metamorphics. It also aPPears possible in view of:

l_) the high uranium contents of these acid igneous rocks, as

previously established ;

2) the massive erosion of these rocks - an estimated 10,000 metres

has been eroded frorn the upper portions of the Nicholson

Granite Complex and therefore the coewal Cliffdale Volcanics as

well (Gardner, 1978) and,
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3) the avaílability of the uranium for leaching, i.e. McAndrew et

al. (1980) found that uranium in the granites of the Pine Creek

geosyncline tended to form uraniníte rather than be locked into

accessoïy rninerals. Teale (pers. comm.) has also shown by

electron microprobe analyses that uranium in ProterozoLc acid

volcanics tends to be found in the glassy and leachable

components of the extrusiwe raËher than being incorporated into

accessory minerals such as zíTcot.:., leucoxene, monazite etc'

It should also be noted here that the regional sandstone background

uranium content within the I'Iestmoreland Conglomerate is still 4-6 ppm

(Schindlmayr and Beerbaum, 1984).

Other workers have also established a link between the uranium

content of a sediment and the provenance rocks of the sedí-ment. For

example, Ishihara et al. (1981) determined the thorium and uranium

contents of sandstones and shales derived from a number of different

sources in western Shikoku, Japan. They discovered that the sandstones

of the Izumi Group, which were deríved from a granitic and rhyolitic

provenance aïea, had higher uranium and thoritun contents than the

sandstones and shales derived from other source rocks of sediments and

mafic volcanics, the Shimanto Supergroup and Chichibu Group. Sirnilarly,

Beeson (1981) who studied the associations of uranium in the Permian-

Triassic Beaufort Basin of South Africa, concluded that the bulk of the

established uranium mineralization was related to the presence of source

lithologies capable of providing uranium.

The favoured source for the uranium for the \.Iestmoreland Uranium

Deposits is therefore from v/ithin the l^Iestmoreland Conglomerate itself,

which was derived by erosion from Proterozoic acid igneous rocks which

themselves had an inherently high uranium content. Thus the derived

sandstone was also significantly enriched in uranium, Ieading to the

major radiation effects observed in the entire sequence. This is similar
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to the ideas of Clavarino (1975) and Curtís (L976) who recognized the

potential of the Cliffdale Volcanics clasts in the I^Iestmoreland

Conglomerate to provide uraníum upon devitrification, Chough this

suggested uranium source differs from their need to invoke Èhe existence

of a uranium-rich Archaean basement, Èo originally provide uranium.

7.3.2 The l.[echanism to Hold Uranlum Wlthln the llestmoreland Conglomerate

After deposition of the l^Iestmoreland Conglomerate, the contained

uranium would have been quickly leached out of the sandstone (given its

redbed nature) by oxidizing groundwaters unless a suitable reducing agent

or barrier mechanism was awailable. Such an agent rnay have been the

interstitial sulphides or perhaps the clay and chlorite contained within

the upper metres of the sandstone, thus accounting for observation

7 .2.2(L) . However the interstitial sulphides are so rare that they are

not consídered a viable reductant, though the clay and chlorite may well

have slowed down the leaching of uranium.

The preferred retention mechanism involves the high concentrations

of vanadium found, particularly in mineralized areas, but also in non-

mineralized areas. The background vanadium content of Unit 4 of the

I,Iestmoreland Conglomerate is usually greater than 50 ppm and up to 420

ppm (curtis 1976, Manning 1979), as opposed to 20 ppm for the average

sandstone (Rankama and Sahama, 1950). Vanadium was supplied to the

sandstone during pyroelastic and basic tuffaceous extrusion - the tuffs

have high vanadíum concentrations in excess of 500 ppm. Vanadium would

also have been supplied by surface alteration of magnetite.

Uranium in the oxidized state would complex with the excess

vanadium in the groundwater regime and form a uranyl vanadate which would

thus im¡nobilize the uranium in the sandstone and prevent further

leaching. Such a mechanism may also help to explain the intímate
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association of uranium and vanadium, not only aÈ I.Iestmoreland

(observation 7.2.2(3)) but also in many other similar aged deposíts as

noticed by other rrorkers, ê.8. Ayres and Eadington (1975) in the South

Alligator Valley; Brookins (1980) at Oklo; and Gibl-in (pers. comm.) at

Ranger.

Ayres and Eadington (op.cit) found that uranium was strongly

associated with vanadiurn in the South Alligator Valley, but not with

total carbon, thereby irnplying that uranium was not introduced with

reduced carbon in carbonaceous shales, but that these had provided a

reducing environment at a later time for uranium which ltas associated

with vanadium being transported together as a uranyl complex.

Thus, the blocking of uranium by vanadium would allow further

accumulation of hematite by surface alteration of magnetite, enabling

further development of the red bed nature of the sandstone. Subsequent

massive extrusive volcanism vrould then halt the effects of further

surface alteration and lock the uranyl vanadate into the sandstone.

7.3.3 Transport and Precipltatlon

The situation thus far, therefore, is one of the l.rlestmoreland

Conglomerate with overlying Siegal Volcanics, with uranium fixed in the

I^Iestmoreland Conglomerate as a uranyl vanadate but sÈil1 in a dispersed

form, i.e. is not concentrated to form an orebody. The mechanísm

proposed by clavarino (1975) and Curtis (1976) to transport and

concentrate the uranium involved groundwater movement. Although this

undoubtedly played a part, it is not sufficient to explain certain

propertíes of the deposit such as the present ore positions of wertical

Ienses, or the vertical homogenization of TL patterns within indivídual

ho1es.
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One way of explaining such facts is to invoke the vertical dykes

having triggered a convective groundv¡ater flow, upwards along the dykes

due to localized heat flow and downwards because of higher salinity

(density) differences during cooling. As the convective flow involved

oxygenated waters from the more oxidizí.ng sandstones, uraniurn could have

been mobilized in this way, flowing towards the intrusives and their

surface extrusives, and be precipitated as pitchblende in the more

reducing conditions. Transport through the sandstone would be as a

uranyl wanadate. Langmufr (1978) has suggested that these soluble

complexes exist in oxidizing conditions with an excess of vanadium, but

due to the lack of available data he has been unable to either identify

the soluble complexes, or classify the precise thermodynamic conditions

under which they exist. Schindlmayr and Beerbaum (1984) also support the

idea of a convective ce1l concentratíng uranium, though they favour a

heat flow event along rejuvenated dyke filled structures at 820 m.y.

the oldest pitchblende ages. As yet, no tectonic event or igneous

activity of this age is known wíthin the l^lestmoreland region.

Once the first uranium concentrations were formed ín this way, the

system may even have had enough heat generating potential to continue a

vertical convective current due to radiogenic heat production which

would displace actual uranium concentrations up and down the

stratigraphic column. The direction of flow would be determined by heat

(np) and/or the density of solution (down) with lateral movement along

the Siegal Volcanic contact. This mechanism would account for

observations 7.2.1(2) (4) and (5). The principle of this mechanism has

been worked out by Fehn et aI. (1978) who show that radiogenic heat

derived from a rnildly uranium and thorium enriched granite can drive such

convective ceIls. A model inwolving convective cells driven by

radiogenic heat has also been prewiously proposed by Tilsley (1980, 1981)

and Hoeve et al. (1980,1987) for the Athabasca uranium deposits.
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A cartoon sketch of the l^Iestmoreland system is gíven in figure 7 .3.

The impermeable nature of the dolerite dykes and overlying basalts

v¡ou1d prevent najor penetration of the convecting uranium-bearing

solutions which explains the sparsity of rnineralization within the

volcanics, as well as Èhe lesser sensitization shown by the sandstone

inclusions in dykes and/ox volcanics (observation 7.2.1(3)). Such a

model would also account for the close spatial relationship of horizontal

Ienses with the dyke (observation 7.2.3(2>) and the proximity of vertical

pods to the dyke (observation 7.2.3(3)). Precipitation of uranium as

pitchblende would occur at the more reduced conditions close to the

dolerite dykes and their surface extrusives (observations 7.2.3(L) and

(6)). Such conditions r^rould promote alteration of the volcanics and

dykes and the migration of Fez+ and Mgz+ and sulphur complexes into the

surrounding sandstone. This v¡ould lead to the formation of sulphides

(pyrite) and conversíon of clays to chlorite (Ferguson and Rowntree,

1980) within the few metres of sandstone close to the volcanics. Upon

encountering these reducing conditions, uranium would form pitchblende

along with liberation of vanadium into the sandstone. Vanadium would

probably be absorbed by clays and micas and indeed the vanadium rnica

roescolite has been identified in these areas by )ßD analysis (Manning,

L919).

The uppermost portions of Unit 4 also contain abundant clays and

given the sorptiwe properties of clays and uranium (Muto 1965; Giblin

1980a) these too could immobilize uranium.

A third mechanism for reduction and precipitation of uranium as

pitchblende involves the scavanging iron oxy-hydroxides such as goethite.

Fine-grained natural goethite has an enrichment factor of 4x103 and

amorphous ferric oxy-hydroxides have an enrichment factor of 1.1 x 106 -

2.7 x 1-06 (van der lùeijden et al . L976; Langmuir, L978) and thus are

capable of absorbing much uranium and retaíning it ¡.rrithin the convective
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cell. Recent Russian work (Shmariowich, 1980) has indicated that some of

the iron oxy-hydroxides may be redueíng enough to allow precipitation of

pitchblende. Such a mechanism has previously been proposed by Ferguson

and Rowntree (1980), for the concentration of pitchblende at Narbarlek.

Such a mechanism would explain the intimate association of

mineralization with hematite at llestmoreland as goethite, during eharge

couple transfer with the uranyl ion, would oxidize to hematiÈe, i.e.

goethite -+ hematíte + water (Langmuir, 1-97l) (observations 7.2.2(L) and

(2)). If the liberation of water in this reaction took place in mildly

acidic conditions, it could have perhaps caused minor dissolutíon of

silica and reprecÍpitation as the small euhedral q:uar:-z crystals which

are associated with mineralization.

Finally, one has to consider the vanadium-rich nature of the

mineralized samples (up to 850 ppm in sample N12 from the Jack Lens) ' As

previously discussed, this also could help in retention of uranium' In

fact, the secondary uranium mineralization found in sandstones above

areas with no present volcanic capping is largely carnotite - a uranium

vanadate.

Therefore, despite the oxidizíng red-bed nature of the sandstone,

suitable reductants and reclucing environments are Present to cause

precipitation of uranium as pitchblende in Èhe upper few metres of the

sandstone or in the sandstone close to the dyke. This explaíns

obserwation 7.2.2(5) .

7 ,3.4 Preservation

Preservation of Junnagunna type deposits v¡ould be achieved by

protectíon from the effects of surface alteration and oxidation by a

thick covering of Siegal Volcanics. These deposits would therefore be

fixed in the positions in r^rhich they had been reduced'
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Thís situation cannot be applied to the Redtree area where the

sandstone has no volcanic cappíng. If the Jack and Garee Lenses had been

at the contact after erosÍon of ttre Siegal Volcanics anð hence exposed to

the surface, then they may have been lost. These orebodies, however,

occur at a depth of 30rn-4Om below surface. It is hypothesized that

erosion of the overlying volcanic cover caused termination of the

convective ceII system. Once the capping lras removed, convection would

finish and the ore formed would remain at whatever depth it had been in

the system prior to cessation of convection. This would account for

observation 7.2.3(4). Once again, the presence of excess vanadium in the

sandstone would prevent excessive leaching, though this ore would still

not be as stable as that protected by a wolcanic capping. This rnay

explain the higher oxidation state in the Redtree area than in the

Junnagunna or Sue areas (Eh: +0.375 V, pH:6 in the Redtree area; vs Eh

+0.100V pH: 7.5 of Junnagunna) and also the higher uranium values in

groundwater in the former as opPosed to the latter (up to 1000 ppb U vs

2O-3O ppb U); Giblin (1980b), and thus may explain observation 7'2.2(5) '

The work of Giblin (op.cit) also indicated that the oxidation potential

tended to decrease with depth in the Jack and Garee Lenses, i.e. more

reducing con<litions were encountered at depth. For example, in N129 18rn

Eh: +0.180 v, pH:5.1 which is suitably reducing for Preservation of

pitchblende, whereas at the surface, where redox condicions are more

oxidizing, the major mineral is carnotite. This conforms with

thermodynamic expectations as ïepresented in figure J.4 aftet Langmuir

(1e78).

The cessation of convection would also explain the lack of a

vertical homogenization v/ithin holes in the Redtree atea, and since the

ore \¡ras relatively irnrnobile, would also account for the strong localized

sensitization found at the Jack and Garee Lens (observation 7.2.1(6)),

but weaker spot sensitization in areas where convection has been
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continuous, e.g. Junnagunna. As conwection continued in areas such as

Junnagunna, this would lead to further vertical homogenizat.ion of TL

patterns within individual areas. Continued convection would also

dissípate mineralization and thus could account for the lower owerall

grade of mineralization at Junnagunna as opposed to the Redtree Lenses.

Dissipation of mineralization would lessen the radiogenic heat

production driving the cell, and thus could eventually lead to

termination of the cell.

These deposits could therefore be preserved from either further

Proterozoic or Cretaceous weathering to the present time, due to either a

volcanic capping or their depth below surface. Down-dip movement from

the deposits would occur after cessation of conwection and may have lead

to formation of the Langi Lens and also to a banking up of ore-bearing

solutions at the Cliffdale Fault resulting in the deeper sensitization

and occasional mineralization found there.

7.4 Summary of the Genetic Model

A point by point model of the history of the Westmoreland region

leading up to the formation of the uranium deposiÈs and preservation

until the present is as follovrs:

1) The formation of the Murphy Tectonic Ridge (as described in

Chapter 5.2) comprises geosynclinal metasediments of Lower

Proterozoic age, followed by nultiple intrusions and widespread

extrusion of uraniferous acid volcanics '

2) Uplift of the ridge and subsidence of the formatíve McArthur

Basin rvith erosion of up to 10,000 metres of the Nicholson

Granite Complex and an unknown amount of the Cliffdale

volcanics, resulting in deposition of the l,rÌestmoreland
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Conglomerate, with an inherently high uraniurn content of at

least 10 pprn and probably higher , (4-6 ppn is still left).

3) Conternporaneous with deposition of the llestmoreland

Conglomerate is pyroclastic activity, resulting in the

ínterbedded tuffs and tuffaceous shales wiÈhin Èhe sandstone.

Vanadium released from the tuffs and from surface alteration of

magnetite retains uranium in the sandstone, despite the

oxidized nature of the sandstone and the groundwater regime

within it. Clays, syngenetic chlorite and rare dispersed

sulphides may hawe also contributed to the fixation of uranium.

4) Massive extrusÍve basic volcanism stops surface leaching and

alteration effects. Migration of Fe2+ and Mg2+ with the

introduction of sulphur complexes, creates a reducing

envíronment close to the volcanics, which, coupled wíth clays,

iron oxy-hydroxides and a high wanadium content, is suitable to

precipitate uranium as pitchblende following the next step.

5) Intrusion of dolerite dykes or other sources of localized heat

flow along rejuvenated joint zones (Schindlmayr and Beerbaum,

f984) , sets up convective cell systems with oxygenated 1,/aters

moving upward near the dyke because of localized heat flow and

downward further away from the dyke because of salinity and

density differences. In this way, uranium is transported along

the contact of the Siegal VolcanicsÆestmoreland Conglomerate

and ís reduced to pitchblende. At the same tÍ-me, goethite is

altered to hematite during sorption of uranium. Similar

occurrences near to the dykes, at any depth, result in the

vertical pods of mineralization.
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6) Uplift and erosíon of the overlying cover in the Redtree area

halts convection, leaving the Jack and Garee Lenses at their

present depths.

l) These are modified by later weathering and down-dip movement of

uraniferous solutions to form the present day situation.
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CIIAPTER 8: PROTEROZOIC SANDSTONE HOSTED URANII]I{ DEPOSITS

A BI}ÍODAL CI,ASSIFICATION?

Summary of Chapter

In chapter 7 LX r¡¡as suggested that the lJestmoreland Conglomerate

itself provided the uranium which was subsequently concentrated to form

the current deposits.

Chapter 8 compares the I^Iestmoreland deposits with other similairly

aged uranium deposits and refers to TL studies on tI¡/o other Australian

Middle Proterozoic sandstones. These two referenced TL studies revealed

that ubiquitous host rock radíation effects do not occur in all Middle

ProEetozoic sandstones. fn turn, rrot all of these units have initial,

high, pïe-contained uranium contents. The initial uranium content of

such a sandstone may reflect its provenance, with Èhose being derived

from uraniurn rich Middle Proterozoic acid igneous rocks having high

uranium contents and those derived from uranium poor metasedimentary

sequences having low inherent uranium contents.

The former are considered more likely for derivation of economic

uranium deposits from within the sandstone itself.

tr *
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Uranium mineralization ín other Proterozoic aged sandstones and

conglomerates is known throughout the h7orld, noteably the Athabasca

Formation in Canada and the Franceville Series in Gabon. As yet, no

extensive mineralization has been discovered in the Kombolgie Sandstone

in the Alligator River Uranium Field of the Pine Creek Geosyncline

(Northern Territory), though by comparison with the Athabasca Forrnation

in Canada it does appear likely that discoveries may be made in the

future.

Because ATL studies at l^Iestmoreland have resulted in new

discoveries and interpretations which may have wider applications (eg'

the radiation affected nature of the entire \^Iestmoreland Conglomerate),

these results wiIl be used to assist in a speculative classification of

Middle ProXerozoic sandstones and their uranium deposits.

Extensive ATL studies have also been conducted on tvro other Middle

Proterozoic sandstones in South Australia which are referred to in this

chapter. No extensive discussion of the studies is given other than to

dravr out the points relative to this chapter i. e. the radiation effects

on the sandstones and its use in classification of Middle Proterozoic

sandstones. One of the studies (on the Corunna Conglomerate) has in

part, been published and is appended to the back of this thesis. Studies

on the other sandstone (the Pandurra Formation) were parL of contract

work for a private company though nol\7 are on oPen file in the South

Australian Department of Mines and Energy Envelope system' Details are

given in the bibliographY.

Considering that the llestmoreland Conglomerate is contemPoraneous

with the Kombolgie Sandstone whích is, itself, considered an equivalent

of the Athabasca Formation, it could be thought that these sandstones and

their uranirrm deposits, or potential uranium deposits, would be similar'

In order to discover any such similarities, (or to highlight differences)

which may be useful in determining a general model for Protetozoie
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sandstone uranium deposits, a comparison of the deposits rnade' A brief

description of each area is given Èo acquaint the reader with necessary

information concerning tectonic setting, host rock lithology,

mineralization (if present) and current theories of genesis. The most

important of these aspects are summarized in Table 8'1'

8.1 Comparison of the Itestmoreland Uranl-um Deposits Wlth Other

Sírnilarly Aged Uranium DePosits

8.1.1 The Athabasca Formation and its Uranium Deposits, Saskatchewan,

Canada

The Athabasca uranium deposits are located in the Athabasca Basin

of the Saskatcher¡an Shield. The shield area is part of the Churchill

Structural Province and is comprised of Archaean granulites and

continental crust overlain by Aphebian (Lower Protrerozoic) platform cover

(Lewry and Sibbald, Iglg). These have been deformed and metamorphosed by

the Hudsonian orogeny (c.a. 1750 n.y.) during which time anatectic

rnobilization resulted in late tectonic granitoid intrusion (Hoeve et a1 '

1980).

The lithology and thickness of Lower Proxerozoic rnetasediments

varies within the province, however, where best exposed in the l'Iollaston

Domain, they are composed of four main stratigraphic units. These are:

a basal clastic unit;

a graphitic pelitic unit with occasional quartzite psammite,

calc-silicates and marble;

a thick often calcareous meta-arkose with interlayered calc-

silicates and meta-Pelites ;

and

an amPhibolite-quarxzitic unit.
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These are unconformably overlain by continental red beds - the

Martin Formation which is folded but not metamorphosed, and the slightly

younger Athabasca Forrnation which is undeformed and unmetamorphosed. The

Athabasca Formation is a 1400m thick sequence of flat-lYÍng, fluviatile,

poorlytowellsorted'oftenclay-richqlJartzsandstonerviÈhminor

conglomerate, siltstone and rnudstone. Conglomerate is concentrated

towards the bottom of the sequence (Ramaekers, L979). Much of the red-

bed nature of the sandstone was acquired during diagenesis, i.e. most of

the hematite formed during diagenesis rather than being an original

component of the sandstone (Ramaekers, L976).

Mineralization is pitchblende and uraninite is of three main types:

1) Late Hudsonian - metamorphic hydrothermal pitchblende deposits

of simple mineralogy as at Beawerlodge. Primary mineralization

is 1780 rn.y.t 20 m.Y.

2) Grenvillian - This is a more important episode and encompasses

the unconformity type deposits in the Athabasca Basin. Primary

mineralization is dated at 1000 rn.y. - 1300 m.y. (Hoeve et aI.

1980)

3) A later Palaeozoic t¡rpe leading to mineralization within the

Athabasca Formation. This type is the one to be compared with

the l{estmoreland dePosits.

Current ideas for the genesis of this third type of deposit are:

a) Displacenent of older deposits into the cover rocks by

post-ore faults (Kalliokski et al. f97B)'

b) Upward rernobilization of older uranium by Kirchner et al.

(1980), who point out that the age of this mineralization

type varies from 1-07 m.y. - 250 rn.y' at Key Lake, and by

Tilsley (1980) who considers them epigenetic concentrations

related to weathering.
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c) Derivation from within the sandstone itself during post

cover rock diagenesis (Hoeve et al. 1980, 1987).

8.L.2 The Oklo Deposf.t, Gabon, llest Àfrica

The uranium deposit of Oklo, Boysindi and Oklobondo occur lÀtithin

the Franceville n + 1 series which is a sandstone unit htithin the

Francewille Basin. This is an intra-cratonic basin which overlies the

Archaean Lower Proterozoic Congolese craton (Molina et aI. L975).

Basement is composed of Lor{er PtoXerozoic-Archaean granites and

syenites with some acid wolcanics. Ages range from 2,200 m.y. to 2,500

n.y. (I^Ieber and Bonhomme, I9l 5). The Franceville Series unconformably

overlies the basement acid igneous rocks. It is comprísed of

conglomerate, sandstones and interbedded tuffs up to 1,000 metres thick

in the centre of the basin, but only 140 metres thick on the flanks as at

Oklo (Pfiffelmann, L9l5). The basal sandstone which hosts the uranium

deposits (the FA1 series) is derived from the underlying basement which

is reflected in the abundant feldspar and j-mmature nature of the quartz

grains. It is overlain by a 4OO metre thick sequence of pelites v¡ith

interbedded sandstones named the FB series (Chauvet, 1915).

The age of the sediments in the Franceville Basin is thought to be

either 2,000 m.y. (Brookins, l-980) or 1850 m.y. (InIeber and Bonhemme,

Lgl5), though the latter is now interpreted as a post-orogenic diagenetic

silicífication age.

Mineralization occuïs at the unconformity between the FA and FB

series, and is of two types:

1) Low grade mineralization (0.4t U3OB) dated ax 2,000 n'y' by

Devillers et al. (1975), i.e. the same as the age of the

formation of the FA series sandstone. This mineralization is

associated with quartz, hematiÈe, vanadium and boron'



193

2> High grade mineralization (up co 70t u3os) tectonically

concentrated in cracks and fissures by remobilization of older

low grade ore. This is associated with hydrocarbons and

hematite with an absence of quartz, vanadium and boron. This

high grade ore underwent natural fission for a period of 0.5 -

2'O rn.y. approximately 1,950 n.y. a}o (l.Ieber and Bonhomme,

1975) and as such has attracted world-wide attention.

The original uranium is considered to have been derived do¡ninantly

from the basement r^rith the interbedded tuffs also contributing some

uranj-um. However, the similarity in age between the FA series sandstone

and the low grade mineralizatíon contained within it, certainly argues

for a syngenetic concenÈration and early remobilization such that uranium

may have been contained within the sandstone during deposition (following

Brookins, 19B0).

Further details regarding geological setting, mineralization and

the natural fission reaction are covered very fully in the 1975 IAEA

publication "Le phenomene dtOklo".

8,1.3 Deposits of the Dubar¡nt Group, Keewatfn, North l{est Territories,

Canada

The Duba¡,¡nt Group overlies Archaean-Aphebian basement metasediments

in the Baker Lake and Thelon Basins which are also contained in the

Churchill Structural Province in the Keewatin District, North I^7est

Territories. It rests unconformably on the basement which is composed of

belts of metavolcanic and metasedímentary rocks with a felsic ortho and

paragneiss complex (Miller, 1980).

The basal unit of the Dubawnt Group is the South Channel Formation

- a pebble supported conglomerate with minor sandstone interbeds. This

is conforrnably overlain by the Karza¡'t Formation - a 1000 meÈre thick
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sequence of cross-bedded plagioclase-rich arkosic sandstone with

interbedded mudstone and siltstone. The Provenance area for both

formations consists of bioÈite and hornblende-bearing felsic gneisses and

rnetavolcanics with associated paragneisses. The iron-rich nature of

these sedi¡nents ís thought to have resulted frorn the breakdown of mafic

detrital minerals derived from the basement (Miller, oP'cit). These

clastic units are overlain by thick sequences of pyroclastics and

intermediate to acid lavas which are, in turn, overlain by the Thelon

Formatíon - a pebbly sandstone/conglomerate considered equivalent to the

Athabasca Formation in the Saskatchewan district.

Uranium mineralization occurs in six main types which are described

ín Curtis and Miller (1980). The Karzart Formation has the most potential

of these types and is included as such in this study'

The uranium rnineralization is associated with Cu and Ag, and occurs

in a close spatial relationship with younger larnprophyre dykes intruding

the South Channel Formation and the Katzan:. Formation.

Miller (1980) considers that the source of the uranium for this

mineralization type was the overlying Christopher Island alkalic volcanic

rocks rather than the Archaean-Aphebian basement, the lamprophyre dykes,

or from within the sandstones themselwes.

Concentration of uranium resulted when oxidized uraniferous h/aters

encountered reducing environments created by disseminated epigenetic

sulphide assemblages near to the lamprophyre dykes.

8.1.4 The Kombolgle SandsÈone ln the EasÈ Alllga:'or UranLum Fleld,

Northern TerritorY, Australla

The Easr Alligator Uranium Field (EAUF) is situated in the Pine

Creek Geosyncline ín the Northern Territory, Australia' It is broadly

similar, geologically, to the Athabasca Basin. Basement rocks comPrise
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Archaean to Lower Proterozoic 'S" type granites (following the

terminology of Chappell and White, (I974)) and granulites (Ferguson et

al. 1980a). These are the Archaean Rurn Jungle Complex in the west of the

geosynclíne and the Lower Pxoterozoic-Archaean Nanarnbu Complex in the

east (Page et al. 1980). These are overlain by 14 kilornetres of

metasediments with minor interbedded tuffs (Gerowie Tuff) which are

reeognizable in the west of the geosynclíne but noË in the east (Needharn

et al. 1980).

I^Iithin the Pine creek Geosyncline, two distinct regional

metamorphic zones are present. The boundary between these coincides, in

part, with the north-northwest trending South Alligator Valley. To the

west of this, the regional metamorphic grade is low, i.e. greenschist

facies, and to the east is medium to high, i.e. uPper amphibole to

granulite facies (Ferguson 1980).

These Early Proterozoic sediments were deposited in an

intracratoníc basin under alrernating continental and shallow marine

environments (Stuart-Smith et al. 1980).

Late tectonic uranium-rich "I" type granites (of the Chappell and

Ilhite (L974) terminology), equiwalent to the Nicholson Granite Complex,

intrude the entire geosyncline. These have not suffered regional

rnetamorphism or deformation. Felsic volcanism (the Edith River

Volcanics) accornpanied granite intrusion, followed by intrusion of

continental tholeiitic dolerites, such as the Oenpelli Dolerite dated at

1,688 m.y. (Stuart-Smith and Ferguson, L9-/8, Page et al. 1980).

The Edith River Volcanics are considered equívalenË to the

Cliffdale Volcanics in the Murphy Tectonic Ridge (Plumb and Derriek,

L975) and are unconformably overlain by the Kombolgie FormaÈíon, a

sequence of conglomerate and sandstone wiÈh mi-nor interbedded, dominantly

intermediate, volcanics. The formation has a variable thickness of 600
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metres - 15OO metres (Crick et al. 1980) and is considered equivalent to

the llestmoreland Conglomerate.

l{ithin the EAUF, the Kornbolgie Formation overlies the Cahill

Formation of the Lower Proterozoic metasediments with marked

unconformity. The Edith River Volcanics are sparse to absent.

i,Iithin the South Alligator Valley, the Edith River Volcanícs

unconformably overlie the Lor¡er Proterozoic Koolpin Formation and are, in

turn, owerlain by the Kombolgíe Formation.

Major uranium rnineralization is located within Èhe Cahill

Formation. Tt is beyond the scope of this thesis to fully examine

genetic models for this type of uranium deposit and hence the reader is

referred to Taylor and Rowntree (1980) for a swnmary of the three main

proposals, i.e. hydrothermal introduction of uranium along faults (Binns

et aI. 1980), deposition in a brecciated karstified environment from

uraniferous groundwaters (Ferguson et aI. 1980b), and the mixing of two

solutions close to the unconformity - one a low saliniÈy uranium-rich

solution, the other a highly concentrated CaCL, brine (Yprna and

Fuzikawa, 1980).

No mineralization has yet been found within the Kombolgie

Formation, aparË from minor deposíts in the South Alligacor Valley such

as the Skull deposit (Ayres and Eadington, L975). The uranium source for

this deposit and others in the South Alligator Valley is considered to

have been the Edith River Volcanics, from which uranium was leached

eÍ-ther by low temperature groundwater (Ayres and Eadington (op.cit) based

on preliminary sulphur isotope data) or by hydrothermally heated

groundwater (Crick et al. l-9S0, based on gangue mineralogy).

Despite the lack of significant mineralizatÍon in the Kombolgie

Formation at the present time, potential exists for future discoveries,

hence it is included in the ensuing discussion.
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Lirnited TL measurements have been undertaken on the Konbolgíe

Forrnation. Twenty one samples from the chlorite injection zone at the

base of the formation, írnmediately overlying the Jabiluka orebodies, all

showed major radiation effects with glow curves as in figure 2.34(d>,

i. e. akin to background l+Iestmoreland Conglomerate. Because of the

limited regional and stratigraphic distribution of the sarnples, it is not

known whether the radiation effects are:

1) an inherent feature of the Kornbolgie Formation (as is the case

of the I.Iestmoreland Conglomerate) ;

2) a result of upward migration of uranium and daughter products

or

3) caused by uranium movement along the base of the Kornbolgie

Formation.

Further detailed sampling at warying stratigraphic levels from

holes rtrithin the orebodies, at the margins of the orebodies and distant

from mineral-Lzatíon would be needed to distinguish between the above

three possibilities.

8.2 Discussion

The aim of this discussion is to examÍne the characteristícs of the

five sandstones and uranium deposits (or potential host rocks) with an

examination of existing models, and to contribute to the formation of a

geneÈÍc model for Proterozoíc sandstone-hosted uranium deposits. A re-

examination of Table 8.1 certainly indicates that many similarities do

exist, e.g. host rock lithology, stratigraphic position and primary

rnineralization type, though some obvious differences also exist, e.g. the

rock type irnrnediately underlying the host rock, the provenance of the

host rock and the grade of mineralization.
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8.2.1 A Gomparlson of the llestmoreland and Oklo Deposits

The Oklo deposit is found to be most closely sirnilair to those

deposits at l^Iestmoreland. A more detailed cornparison of both is gíven in

Table 8.2. This shows clearly the similarities between the two, ewen in

those characteristic where the I,Jestmoreland Conglomerate (and its

deposíts) differ from the Athabasca Sandstone (and its deposits) and the

Kombolgie Formation. For example, both the \.Iestmoreland Conglomerate and

the Franceville FA Series have a similar tectonic setting, a similar

basement of acid igneous rocks as well as less conmon metasediments. The

lithology and thickness of the host rocks are similar, as are

mineralization associations and positions. The ages of both host rocks

are poorly defined though do also owerlap.

The source of the uranium at OkIo ís thought to be the basement

acid igneous rocks with contribution from the interbedded tuffs. As was

mentioned in the previous section, when considering the concentration

mechanism of uranium and the source rocks of the FA Series sandstone, it

does seem possible however, that uranium was contained within the

sandstone during erosion from the basement and redeposition.

Confirmation is provided by Weber and Bonhornme (1975) who consider the

age of low grade mineralization and sedimentation to be almost ídentical,

Brookins (1980) also considers that syngenetic and early epigenetic

processes contributed to the low grade ore at Oklo. This is, therefore,

another strong similarity between the two deposits, i.e' that original

uranium contents rvithin the I^Iestmoreland ConglomeraÈe and the FA Series

sandstones were anomalously high and that the economic ore in both cases

may have forrned by renobilization of these Ínherently high

concentrations. This is plausible considering that both sandstones rìrere

derived from Proterozoic acid rocks which are known to have inherently

high uranium concentrations as Ìr/as discussed in section 7 -3.
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The rnajor difference between the I^Iestmoreland Uranium Deposits and

those at Oklo is the presence of hydrocarbons and high grade ore at the

latter. Muir et al. (1930) have reported the presence of hydrocarbons in

the McArthur Group, overlying the Tawallah Group which they consider may

have been deríved from wíthin the Tawallah Group. The presence of

hydrocarbons within the llestmoreland Conglomerate is therefore a

possíbility which may be confirrned by later liTorkers.

If suitable localizing structures are found within the Ilestmoreland

Conglomerate, then higher grade ore than is known at present could also

be discovered.

As a matter of interest, some thermoluminescence studies have been

undertaken at Oklo by Durrani et a1. (1975). In a very localized study,

they took 15 quartz samples at 10 cm. intervals starting from the.reactor

core (high grade ore). Their results showed no TL at all for five

samples taken within the high grade ore (50t U3Os), though samples taken

outside this zone had TL patterns as shown in figure 8.f(a).

I^Iestmoreland samples from the Jack and Garee Lenses show TL P terns

similar to this (figure Ll(b)), indicative of similar, if not more

radiation damage than Èhe Oklo "low grade" ore samples. This may further

confirm the prospectivity of the Redtree area for higher grade

mineralization.

8.2.2 A Cornparison of the llestmoreland and Oklo Deposits wlth those of

the Athabasca, Keewatf.n and East Alllgator Regions

The uranium deposits at l^lestmoreland and Oklo show some differences

when compared with those of the Athabasca and Keewatin regions, i.e. in

the position of mineralization, the age of mineralization and the

mineralogical associations. To expand, the lùestmoreland and Oklo

deposits occur wíÈhin the upper 10 metres of their respective host rocks
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and are overlain by more impermeable capping rocks (basalts and pelites

respecÈively), whereas the deposits ín the Athabasca Formation occur at

its base, close to the contact with the underlying Lower PxoXetozoic

metasediments (figure 8.2) . This is also reflected in the age of the

deposits where the I.Iestmoreland and Oklo deposiËs are Precambrian,

lrhereas the Athabasca ones are much younger, e.g. 107 m.y. - 250 m.y. for

the Key Lake deposit (Kirchner et al. 1980) and are considered to be

displacernents or rernobilizations of the older deposits in the underlying

pelitic metasediments, e.g. Kalliokski et aI. (1978), Kirchner et al.

(1980) and Tilsley (1980). It should be pointed out however, that Hoeve

et a1. (1980) do not consider the uranium deposits within the Athabasca

Formation to have been derived from older deposits but from within the

Athabasca Formation itself. They quote U-Pb isotopic studies by Gantcatz

(7g1g> which show that the ore constituents \^lere not derived from

precursor ores, but were leached from ordinary rocks not enriched in lead

and uranium. Hoeve et al (1'987) also suggest a variation on the

convective cell model to derive economj-c uranium deposits within the

Athabasca Group in which derivation of uranium from wíthin the sandstone

is an important part of the model.

The mineralization at trIestmoreland and Oklo is associated with

clay, chlorite, hematite and vanadium which is also different to the

Athabasca and Keewatia situation where it is dominantly associated with

sulphides and hernatite.

Differences also exist in the host rock setting and provenance

between the \festmoreland ConglomeraXe/FA' Series sandstones and the

Athabasca Formation/Rarzan Arkose/Kombolgíe Formation sandstones. The

former unconformably overlie Lower Proterozoic granitic or syenitic

basemenÈ and/ot acid volcanics, whereas the latter unconformably overlie

Lor'rer Proterozoic metasediments (apart from the South Alligator Valley
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where the Kombolgie Formation overlies a thin (66 metres) portion of the

Edith River Volcanics) .

The l.Iestmoreland Conglomerate and FA Series sandstone were derived

from their underlying acid igneous basement, whereas the Karzan Formation

and other similar units in Canada were derived from Lower Proterozoic

metasediments, e.g. the Karzan and South Channel arkoses in the Keewatin

District, North \.Iest Territories (equivalent to the Martin Formation in

the Beaverlodge District) were derived from a provenance area of felsic

gneisses, mafic metavolcanics and paragneÍ-sses (MilIer, 1980).

No provenance studies hawe been accomplished as yet on the

Kombolgie Formation. Likewise the provenance of the Athabasca Formatí-on

is unknown.

It is this difference, i.e. the provenance of the host rock

sandstones to these uranium deposits, and irnplications for inherent

uranium content, that is considered the most important. As has been

proposed for the I^Iestmoreland and Oklo deposits, the sandsCones derived

from Lower-Middle Proterozoic uraníum-rich acid igneous rocks have a

sufficiently high uranium concentration for economíc uranium deposits to

be derived from within the sandstones themselves. This would not be

posslble for sandstones derÍved from uranium-poor rocks such as Lower

Ptoxerozoic metasedimentary sequences or uranium-impoverished granitoids,

as the derived sandstones themselves vrould not have an inherently high

uranium concentration.

A method of testing this proposal would be in undertaking a TL

study of a Proterozoic sandstone known to have been derived from uranium-

poor source rocks. This model proposes that such a sandstone should have

a low inherent uranium content and thus, in this case, not all samples

from such a sandstone would have suffered major radiation damage.
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8.3 The Corunna Conglomerate, South Australla

Such a study as mentioned above has been accomplished on the Middle

Proxetozoic Corunna Conglomerate ín South Australia (Yprna and Hochrnan,

1987 , copy appended). This unit ís ín the same stratigraphic position as

the Kombolgie Forrnation and l{estsmoreland Conglomerate, overlying the

Lower-Middle Protexozoic unconformity. Giles et al. (1980), J. Parker

(pers. conm.) and N. Lemon (pers. comm. 1984) indicate that the rnajority

of the Corunna Conglomerate is derived from the underlying uranium-poor

Hutchinson Group and Middleback Sub-group metasediments with only local

input from radiogenic granites such as the Burkitt Granite. This

sandstone should have an owerall low inherent uranium conterrt. (Present

uranium content is 1-2 ppm). The TL study indicated that not all of the

Corunna Conglomerate had suffered major radiation effects, i.e. as the

rnodel predicted. The background glow curves had very large LT peak

intensity like background glow curves of the Bewerley host rock.

"Ore-type" ATL glow curves r{rere limited spatially and stratigraphically,

being confined to either the Middle Proterozoic unconformity surface or

being associated r,¡ith shear zones with present mÍnor concentrations of

uranium.

Simílar results vrere obtained by the author (Hochman, 1984) on the

Midd1e Proterozoic Pandurra Formation in South Australia. This study

showed that not all of the Pandurra Formation had suffered radiation

effects - in fact, of. 4 units within the Pandurra Forrnation radiation

effects were confined to one stratigraphic layer which had been derived

from a uranium enriched Middle ProÈerozoic granite (the Hiltaba Granite).

The other three uniÈs (provenance unknown) had glow curwes like those of

the Beverley background, i.e. 1ittle radiation effects.
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A Possible Bimodal Glasslflcatlon of ProterozoLc Sandstones and

fmpllcations for Uranlum Exploratlon

The significance of these observations is that not all Protetozoie

sandstones show widespread najor radiation effects. Those deriwed from

basernent uranium-rich acid igneous rocks do show widespread radiation

effects, whereas those derived from uranium-poor source rocks (such as

the Corunna Conglomerate) may not have ubiquitous radiation effects. A

birnodal distinction between Middle Proterozoic sandstones and their

uranium deposits may thus be possible and is summarized as follows:

T]¡pe l: These are sandstones which are derived from uranium-rich

Lower-l'fiddle Proterozoíc acid wolcanics and granites. They have:

1) an inherently high uranium concentration which in the case

of the I.Iestmoreland Conglomerate rnay possibly be Sreater

than 10 ppm, such that,

2) the entire sandstone will show major radiation effects.

Uranium deposits contained in the sandstone may be derived from

within the sandstone itself . A proven example is l.Iestmoreland. The Oklo

deposits may also belong in this category.

Type 2: These are sandstones which are deriwed dominantly from

uranium-poor Lower Proterozoic basement rocks including metasediments,

basic to íntermediate metavolcanics with only minor acid igneous

influence. These derived sandstones should have:

1) an inherently low uraniurn concentration and therefore,

2) not a1l samples of these sandstones will have suffered

major radiation effects.

llhere radiation effects do occur they will be spatiaLly and/or

stratigraphically confined.
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Thís type of sandstone may also conEain uranium deposits though the

uranium would probably not be derived from within the sandsÈone, but

would hawe been introduced from outside of it and hence be of younger

dge, i.e. epigenetic or exogenic deposits. The Corunna Conglomerate in

South Australia represents such a sandstone as does part of the Pandurra

Formation. The Athabasca Formation deposits have young mineralization

ages relative to the age of their host rock (as discussed previously),

though since the original source of uranium for these deposits is

disputed, it would be unwise to characÈerize thern into either of Type I

or Type 2 sandstones on the current (lack of) information. A similair

case can be argued for the Karzan Arkose, Keewatin District, where even

less information is currently available.

It needs to be stressed that although it has been shown thaÈ there

are two types of Proterozoie sandstone based on their ATL

characteristics, that the allocation of the Oklo uranium deposit into

Type 1 is based on literature research than hard evidence. The only

means of further testing of this proposal and subdivision, would be to

undertake further TL studies on all of the Franceville Series, Athabasca

Formation and Karzan Arkose.

It is not known at presenÈ where the Kombolgí,e Formation would fit

in this classification, in view of the lack of knowledge regarding its

provenance and the lack of known mineralization which could be compared

with basement mineralization. Further TL studies ¡¿ould also be needed to

clarify the position of the Kombolgie Forrnation.

The author also feels that it is important to re-emphasize }:ete

what is not being proposed, i.e. it is not proPosed that a Proterozoic

sandstone must be derived from uraniurn-rich acid igneous source rocks in

order to contain a uranium deposit. tr{hat is being proposed is that if a

Proterozoic sandstone is derived from such rocks, then an economic
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uranium deposit rnay be formed frorn within the sandstone itself, as well

as the possibility of being introduced at some later stage.

As a guide in exploration for such 'tsyngenetically derived" uranium

deposits, the following four factors vrould be necessary for economic

uraniurn concentration. These criteria could be determíned by examination

of geological rnaps and notes, líterature research etc. , and confirrned by

an ATL study of a suite of selected spatial and stratigraphic samples

selected frorn the proposed host rock, to examine radiation effects before

the commitment to an extensive field exploration program.

1) The presence of uranium-rich Lower-Middle Proterozoic acid

volcanics and granitoids.

2) A (Middle) Proterozoíc sandstone derived from such rocks

and resting unconformably on them.

3) An overlying relatively ímpermeable cap rock to prevent

uranium escape, or alternatiwely the presence of a fixing

agent such as vanadium, hydrocarbons, iron oxyhydroxides

etc. to irnmobilize the uranium in the sandstone.

4) A mechanism capable of concentrating uranium, e.g.

intrusion of dykes as at l{estmoreland to tuxigger a

convective cell, the development of a groundwater transport

regíme in conjunction with a reducing environment, suitable

structural characteristics, evidence of tectonic or heat

flow actívity capable of remobilizing syngenetic uranium.

Other factors which may also prove useful are to consider such

areas as the above, close to the edges of the relevant basin where the

basal sandstone is best exposed, and to look for the presence of a

suitable reducing environment in which to precípitate uranium after

transport.



CHAPTER 9

CONCLUSIONS ON THE USE OF ARTIFICIAL THERMOLIIMINESCENCE IN

URANIIII.Í EXPLORATION AND ORE GENESIS STUDIES

AND RECOI'IMENDATIONS FOR FURTHER RESEARCH
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9.1 Introductlon

Perhaps the most important observation recorded in this study is

that the artificial thermoluminescence (ATL) glow curves of qu.aÍtz,

change in response to radiation, in a manner which could have been

predicted by previous studies on LiF TLD-100 by Fairchild et al (1975).

Fairchíld et al (op.cit) showed for LiF TLD-I-OO, that in the dose range

800 rad to 3x107 rad, there was an initial increase in the low

temperature (LT) peak intensity, followed by a decrease in LT peak

intensity. This vras followed by a progressive increase and subsequent

decrease ín rniddle temperature (MT) peak intensities, till at the

conclusion of the experiment (3x107 rad), only the high ternperature (HT)

glow peaks remaíned.

The importance of the present study, particularly at the Beverley

uranium deposit, is that it has been shown that the same Progressive

change in glow peak shape occurs, in quartz, in a natural geologícal

radiative environment. Initially, the LT peak intensity of quartz from

the Beverley environnenL is large and dominates all other glow peaks '

I^Iith increasing radiation the LT intensity decreases and the MT intensity

increases. At still larger radiation doses, for quartz within the

Beverley ore body, the ì,1T peak inËensity decreases, such that the HT peak

is the dominant glow peak. (This change in glow curve shape is portrayed

in figures 3.7-3.9). Admittedly this trend is not as well defined in

qlJart;z from a natural radiation environment, as in LiF TLD-100 in a

controlled laboratory radiation environment, though the trend

nevertheless does exist. The progressive change in glow curve shape with

radiation is the basis on which this thesis is therefore based.
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9.2 Gonclusions Regarding the Use of Àrtiflctal Thermolumlnescence ín

Uranium Exploratlon

The principal ain of this thesis was to test whether, or not, ATL

could be advantageously used in exploration for uranium mineralization.

Following case studies at the Beverley and I^Iestmoreland uranium deposits

and the Bremer River prospect, the answer must be a qualified, or

guarded, yes. The qualification ís necessary in that ATL seems better

suited to exploration for certaín types of uranium deposit.

In exploration for Tertiary sandstone hosted uranium deposits, such

as the Beverley uranium deposit, ATL is not only useful, but has some

very distinct advantages over other exploration methods. The advantages

of ATL arise because of the extreme nobility of this type of uranium

mineralization - in the Beverley case uranium is transported over a

distance of eight kilometres. Conventional geochemical and geophysical

exploration techniques rely on detecting the Presence of uranium

mineralization and/or daughter products and hence are not suited to

identify areas r^rhich may previously have hosted nobile uranium. ATL, in

contrast, detects cumulative radiation effects in a mineral lattice and

can therefore identify areas through which uranium rnineralization has

passed. Trends of increasing radíation effecÈs gained from several

samples may then define a pathway of uranium transporÈ, which may lead to

Èhe site of current deposition. At the Bewerley uranium deposit this

trend of increasing radiation effects was observed in drill-holes spread

over the r,rhole eight kilometres of uranium transPort. The trend of

increasing radiation effects $Ias marked by a decrease in LT peak

intensity of two orders of rnagnitude and a corresponding increase in the

proportional percentage of the HT peak.
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In addition to defining the transport pathway, ATL studies at

Beverley also showed a zone of anomalous ATL, ("ore-t1rye TL"), around the

ore-body, which enlarged the primary exploration target by a factor of

four to fíve.

ATL studies at the Tertiary Bremer River prospect in South

Australia, in a series of drill-holes extending away from basement rocks,

showed a lack of increasíng radiation effects. This downgraded the

potential of the prospect for rnobile uranium "roll-front" type uranium

deposits and a recommendation was able to be rnade to the exploration

company to discontinue drilling.

Application of ATL at the Proterozoíc sandstone hosted llestmoreland

uranium deposits, ín northwest Queensland, proved to be far more

complicated than at their TerÈiary counterparts. The complications v¡ere

introduced by the elevated and ubiquitous uranium contents of the host

sandstone and the much longer residence time of the uranium. These

factors lead to a "normal" or "background" type of ATL glow curve

patÈern, which at the Beverley deposits had been found only in, or near'

the orebody itself. Variations in ATL approaching mineralization were

therefore more restricted than those encounted at the Beverley deposit.

Variations in ATL peak intensity approaching mineralization at the

Junnagunna prospect, Westmoreland, vrere not conclusive, though generally

the HT peak intensity was at a maximum within the ore-body. The HT/LT

peak ratio was a much better indicator of increasing proxinity to

mineralization and generally a HT/LT ratio value of greater than 1.4 was

associated with mineralizatíon.

Limited traverses across the Junnagunna ore-body also exarnined the

change in temperature of the HT glow peak. This was consistently found

to be a minirnum (below 340'C) within Èhe ore-body and higher (greater

than 355"C) outside the mineraLized zor.e, The discovery of this low

temperature shift (LTS) in the HT glow peak, when coupled with a strong



209

HT peak in samples presently unmineralized, r,ras tentatively interpreted

to indicate that such samples had hosted uranium mineralization in the

past.

An extensive study at l^Iestmoreland, comprising almost 800 samples,

did identify several areas suitable for exploraÈion for further uraniurn

mineralization. However, whether ATL was advantageous in exploration in

this instance, is debatable. The complexity of ínterpretation in terms

of geological processes and uraniurn rnobility, coupled with the large

number of samples needed Èo make such interpretations, suggests that in

small scale local mine environments, ATL, though providing some useful

ínformation, may not have significant advantages over other more conmon

geochemical or geophysícal techniques.

9.3 Conclusions Regarding the Use of Thermoluminescence in Ore

Genesis Studies

9.3.1 The Beverley Uranium DeposLt, South Australla

(1) At the Beverley uranium deposit the discovery of an eastward

trend of increasing radiatj-on effects, and the rapid decrease

in radiation effects past (down-díp) the orebody, rePresent

conclusive proof of the accretionary migration, or rrsnow-

balling" movement of uranium in Tertiary roll-front type

uranium deposits.

(2) The lack of sensitization within the Beverley host rock

indicates that the source of the uranium, at Beverley, was not

from withín the host rock. Rather, the eastward trend of

increasing radiation effects a!¡ay from the granitic Mt. Painter

basement suggests deriwation of uraniurn from groundwaters

draining the uranium-enriched Mt. Painter granitoids.
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9.3.2 The llestmoreland Uranlr¡m DeposLt, Queensland

ATL measurements at llestmoreland indicate that there is a

ubiquitous radiaÈion sensitization along the l{estmoreland

Conglomerate/Siegal Volcanics contact.

Ilithin areas capped by basic volcanics there exists a vertical

homogenization (of sorts) of ATL glow curve Patterns wíthin

individual drill-holes. This vertical homogenLzation may

indicate either strong radiation effects throughout the drill-

hole, or in other cases, weaker radiaÈion'effects throughout

the drill-hole.

Quartz from Unit 3 of the l^Iestmoreland Conglomerate has a

distinctive ATL glow curve indicative of radiation

sensitization. This quarxz ís derived from the underlying

uranium-enriched Cliffdale Volcanics .

The fact that all samples of the Llestmoreland Conglomerate have

ATL glow curves which at Beverley r\rere found only in' or near,

Èhe ore-body, ís best explained by a high ínherent uranium

content within the Llestmoreland Conglomerate and a longer

residence time. The present uranium content of the

l{estmoreland Conglomerate is still 4 to 6 pprn, the ATL data

suggest an initial content of perhaps 10 ppm. This seems

plausible in víew of the derivatíon of the I^Iestmoreland

Conglomerate from the underlying Middle Protetozoic Cliffdale

Volcanics, which themselves have an elevated uraniurn content.

A proposed nodel for the genesis of the l^Iestmoreland uranium

deposits, incorporating the ATL data and interpretations above,

is as follows:

(1)

(2)

(3)

(4)

(s)
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(a) A high inherent uranium content within the l'ilestmoreland

Conglomerate is remobilized by heated groundwaters,

possibly triggered by dolerite dyke intrusion, or by some,

as yet unspecified, heat flow event along pre-existing

lineaments;

(b) Uraniurn is transported in a convective cell system, upward

near the margins of the dyke (due to heating of

groundwaters), along the l^Iestmoreland Conglomerate/Siegal-

Volcanics contact and downwards (due to cooling of the

transporting solutions) away from the dyke. Such a

convective cell system, transporting and concentrating

uranium could explain the apparent vertical homogenization

of radiation effecËs observed;

(c) Uranium is precipitated where suitable reducing conditions

exist near to sandstoneþasic volcanics contacts, and

(d) Preservation of the uranium deposits, once formed, is

achieved by extrusion of massive basic volcanic flows

preventing oxidation and dissipation of the deposits.

(6) Although the entire I^Iestmoreland Conglomerate has suffered

major radiation effects, not all Protetozoic sandstones have

suffered major radíation effects. ATL studies on the Corunna

Conglomerate and Pandurra Formation in South Australia show

that they have background glow curves identical to the

background glow curves of Beverley host rock, i.e. glow curves

with very dominant LT peaks - indicative of only minor

radiation effects. This suggests that these sandstones, the

Corunna Conglomerate in particular, have had only lo¡v inherent

uranium contents as opposed to the high inherent uranium

content proposed for the l^Iestmoreland Conglomerate ' The

inheriÈed uranium content is a function of the uranium content
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of the source rock and a possible bimodal classification of

Proterozoic sandstones (based on ATL results and IiÈeraÈure

research) may be thus possible into:

(a) Those sandstones derived frorn uranium rich source rocks

(Míddle Proterozoic granites and acid volcanics), such that

Èhe derived sandstone has a high inherent uraníurn content

and hence ubiquitous radiation effects. Examples of this

type may include the lùestmoreland Conglomerate and the

Franceville Series (host to the Oklo uranium deposit);

(b) Those sandstones derived from uranium poor source rocks

(Lower Proterozoic metasedirnents), such Èhat Èhe derived

sandstone has a lor¡ inherited uranium content and has not

suffered ubiquitous radiation effects. Examples of this

type include the Corunna Conglomerate, Parts of the

Pandurra Formation and possibly the Karzan Arkose in the

Northr^rest Territories , Canada.

9.4 RecommendatLons for Further Research

Research opportuníties ínto a newly deweloping field often seem

Iimitless. It is not the purpose of this sub*chapter to enumerate all

such opportuniÈies, buÈ rather to very briefly list some directions for

advantageous research in further developing the uranium exploration

applicaËions of ATL.

The most pressing need in establishing widespread usage of ATL in

uranitrm exploration is to calibrate known glow curve shapes against known

radiation doses. For example, if each of the glow curves Presented in

Figure 2.34 could be universally calibrated against a known radiation

dose, then, knowing the geological age of a sample, it would be possible

to make a reasonable estimate of the uranium concentration required to
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produce such a glow curve. (Such a calibration would also be beneficial

in dating applications of TL and could allow extension of the age range

datable by the TL nethod back to hundreds of millions of years).

Unfortunately such calibration ís not foreseen in the short term

future. Each quartz sample is different and responds differently to

radi-ation depending on internal defect structures. lfhen coupled with the

problems in extrapolating results obtained at dose rates in the

laboratory with dose rates in geological environments, such a universal

calibration would conceivably have to await a far better understanding of

what defects are responsible for qwarxz TL, how such defects resPond to

radiaÈion, and how these defects are annealed under geological

conditions.

A second useful piece of further research would be to more

accurately deternine the precise Èhreshold, under variable geological

conditions (e.g. host rock age and ambient temPerature), at which

sensitization is initiated in quartz. Such information would allow rnore

confident back-calculation of uranium contents in rocks based on total

dose estimates gained by ATL.

Further case studies examining the use of ATL in exploration for

different types of uranium deposits would also be useful and may have the

serendipitous side-effect of enabling some sort of rough empirical

estimates to be made of the calibration doses and uranium thresholds

mentioned above. In this context it should be rnentíoned here that in

1985 the Sirotope group, developing the use of lead isotopes in mineral

exploration, had accumulated 400 case studies over 12 yeats to enhance

and interpret their technique.

There remains much rnore basic research and many more case studies

to be performed before ATL can be used in a quantitative way in uranium

exploration, though there is no obstacle for its present application in

qualitative or semi-quantitative ways.
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APPENDIX 1 Location and tabulated description of samples

Key Quartz

wr

T

ST

SA

a

H

ch.

c

S

M

x

c. g.

n. g.

f. g.

p. s.

w. s.

R.F.

Cong

well rounded quartz grain

rounded qúartz grain

subrounded rr rr

subangular It rr

angular rr r?

Henatite

Chlorite

CIay

Silicification

Uranium minera 1i zation

present

absent

coarse grained

mediun grained

fine grained

poorJ.y sorted

well sorted

Rock fragments

Congloneratic.



APPENDIX 1

A1'- 1

A
andLocation description of sanpleg

Quartz
Sanple Location wr r sr sa a H Ch. C S M Comrnents

UMD76/4 32n

UMD76/5 32n
rt 39m

It 45m

rr 55m

tt 60rn r

UMD76/6 30m

'r 44.8m
tr 60m

UMD76/7 L7n
tt 25m

" 49m

rr 57m

UI4D76/8 20n
,, 44m

rr 70m

UlvlDT6/15 40m

rr B6m ¡

UMD76/16 14n

tt 21rn

tt 30m

" 40m

UMD76/I7 34n
t' 46m

rr 5Bm

rr 71m

rr 84m J

UMD76/18 21n

rr 36m

'r 41m

tt 66m

il8lm)

UMD77/L9 40n
tt 55m

rr 70m

tt B5rn

Junnagunna

v

xx

x

xxx
x

x

x

/x
/x

x

x

x

xx
XX

/x
/x

x

x

//x
xx/

/x
/x

X

/x
/x
/x
/x
/x
XX

XX

xx
X

X

/x
X

/x
X

f.g. with c.g. bands.

f. g.

n. g.

f .g.

n.g

n.g

P'S', m'8

n.g p.s

ïn. g.

f-m.g.
f.g.
f-n.g.

f -n.g.
f.g.
m. g.

f -rn.g

f.g.
f -m.g

It

il

It

il

tt

ll

il

tt

ll

il

il

il

It

tt

It

il

il

il

ll

n

ft

tt

il

It

It

n

il

il

il

il

lt

il

il

il

lt

x

x

x

I

Y

X

x

X

X

X

x

x

v

x

x

x



A7 -2
APPENDIX 1: (contrd)

Quartz
Sanple Location w:r r sr sa a HCh.CSM Cornrnents

UMD77 /19 106n "' Junnagunna

UMD77 /20 30m tr

rr 45m rt

il 60m rr

il 80m rt

r' lllrn i n

UMD77/32 25m rr

il36mil

" 47m rr

tt 58m il

il 70mv il

UMD77 /35 24m rt

tt 35m il

il 46m rt

tt 57m il

t' 69mi il

UMD77 /39 18m I'

tt 22m rr

rr 50m il

rt 50m rt

tr70mI"

LIMD77 /40 15n rr

il25mil

il 40m rr

rr 54m il

n 69.2m u il

UMD77/42 30m rr

rt 40m il

il 60m tt

rt 75m tt

r' 88.1rn rr

tt 98. lm , rr

UMD78/58 ztnt rr

ú 44.3m il

UMDTB/S9 50.5n tr

rr 50. 5m rr

il60nil

" 61.6m il

x

v

/x
xx

x

/x
/x
/x
xx
/x
/x

x

x

/x
/x
/x
/x
/x
XX

/x
/x
XX

x

x

x

/x
/x

X

x

/x
/x
/x

x

x

x

/x
x

x

m. g.

f -n.g.

n. g.

f.g.
f.g.
f -n .9.

m

m

f.g

f.g

v

Y

x

X oò

g

v

v

x

x

l

v

xx

f.g.

n. g.

f -m. g.

f -m.g .

rn.g'

f -n.g

n.g.
f.g.

f.g.
f.g.
f -n.g

f.g.
f .g.

x

x

x
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APPENDIX 1: (cont'd)

Sample
Quartz

Location wr r sr sa a HCh.CSM Cornments

UMD78/59 70.5n

'r 85.5m

'r 88.8m v

rr 98.5rn

UMD78/60 19m

" 42m

tt 65m

'r 79m

It 91.2m

'r 124m .

r| 150m

UMD78/64 59.7n

'r 100m J

UMD78/69 26m

n 38m

. rt 5Om

" 61m

UMD78/71 25m

" 51m

tt 7 0ÍÍt ,,1

UI{u-TB/72 30n
r' 40m

tt 65m

tt 80m

rr 110n .7

UMD78/74 28m

tt 49.7m

'r 65m

rr 7Om

rr 112m ..

Junnagunna /

/ ///
XX

f -n.g.

f.g.

il.9., qtz. clasts.
recrystallized, cherty

recrystallized, cherty.
c.8., P.s.
Ptw, rd.qtz clasts.
p.s., m.g. recrystallized.
f.g., w.s.

f.g.
n. g.

vugs, ninor recryst.
vugs.

f..g.
f.g.

f.g.
f -m- g.

m. g.

vugs, fl.9., qtz clasts
f.g.
very hematitic.
wetl sorted.

vugs.

R.F. and clasts vugs,
limonite.

f.g.
f. g.

f.g.
f.g.
rn. g.

f.g.

x

XX

l/x
v

It

n

ll

il

il

il

il

il

n

?t

il

tt

lr

il

n

il

il

tt

ll

il

It

n

il

It

il

il

il

il

il

xx
xx

/x

/x

/x
/x

x

XX

x/
XX

X

x

x

X

x

X

x

x

x

x

X

X

x

x

x /x
x/x
x//
x /x
//x
x/x
x/x
//x
/xx
x//
x/x
x/x
//x
/xx
x//
/xx

x

/xx
/xx

XX

XX

/x
/x
xx

UMDTB/77 25.2m ll

It

il

il

tt

il

/ / xl
/x

/ x lx
/ x lx

/ lx
/ / / / /lx

40n

60n

B0n

10Om j
30n

il

il

It

It

UMDTB/79



A1 -4
APPENDIX 1: [cont'd)

Sample
Quartz

Location wr I sr sa a H Ch. C S M Cornments

uMD78/79 Junnagunna /70m

Bûm

1 03n

104n

10&n

1 10n

11ln

I18n l

il

ll

ll

n

il

il

It

il

il

tt

il

lr

il

ll

il

il

ll

il

il

tt

ll

?t

lt

?t

It

n

il

ll

It

il

il

ll

il

?t

il

n

il

ll

il

il

tt

il

tt

Y

Y

v

/x

/x

/x

XX

xx

X

x

X

x

/x
/x

/x

xx
/x
/x
/x

x/

//x
/x

x /x
x

/x
//x

/x
XX

x

x

X

/x
X

/x
/x

x

/x
//x

x

x/x
x/x

x

x/x
x

XX

x

x

x

xx
X

/x
X

x

/x
x

xxx

f -n.g.
vr. s. recrystallized.

vugs and vein quartz

f.g.

f.g

p.s

f.g.
f -n.g.
f -n.g.
vuggy; volcanic fragments.

f-n.9. Graded bedding.

n.g. rd qtz clasts.

rn. g . dark qtz clasts

f.g. with c.g; p.s. band.

f .g. -c.g .

p. s.

f .g., p.s.-c.g. p.s.
p.s., occ.veinlets of qtz.
tuff.
n.9., w.s.

f.g.
vugs with vein quartz.

Y

LJMD78/81 30.5rn

rr 40m

t' 50m

rr 60fn

tt 70m .

UMD78/82 28m

rr 39m

r' 51m

.tt 62m

tt 74m

UMD78/85 35.5n
rr S6rn

,, 44m

" 55m

rr 55m

rr 61n

tt 70m

tr 70m

UMD78/84 32m

tt 54m

r' 76m

tr 9Bm

tt 12Om ''

UMD78/85 31.5n

4lm

50n

60. lm

70.2m

3On

It

It

ll

il

v

riMD78/86
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APPENDIX 1: (cont'd)

Sample
Quartz

Location wr r sr sa a H Ch. C S M Comments

UMD78/86 60n Junnagunna x Conglomeratic; R. F. and
clasts.

il

UMDTB/87

100m

27m

32m

37m

43m

44m

17m

25m

33m

41m

49n

1On

30. ln
50m

70. 1m

16ln

24m

32m

4ùn

49m

8nr

18m

28m

38n

49In

xxx
X

xx
x

x

/x
/x
/x
/x
/x
xx

X

x/x
X

x /x
/x

X

/x
X

XX

xx
/x
/x
/x
/x

x

X

x

x

x//
xx
xx

/ xx
/xx

As above.

f.g.

f .g.
f.g.
n. g.

f -n.g.
f -n.g.
m. g.

rn. g.

f-n.g.; w.

ll

lr

il

il

ll

tt

ll

tt

il

il

il

t?

il

il

il

il

It

lt

il

il

il

ll

il

tt

il

il

il

il

il

tt

il

n

ll

il

It

il

x

It

It

il

il

t?

ll

It

It

v

uMD78/88

Y

X

x

x

x

X

x

x

v

v

uMD78/89
il

il

il

s

f.g.; w.s.

m. g.

f -n.g .

n

m

n.g. Recrystallized.
tuff.
m. g.

c.g. Qtz.clasts.
Ptwa

uMD78/90
It

It

It

il

ll

ll

il

il

v

v

x

Y

x

x

X

v

v

n.g

uMD78/91 tb

g

UMD78/92 27.8m

'r 35m

" 70m

t' 10 6n

LJMD79/100 26n

tt 44m

tt 62m

rr 7Bm 1¡

" 94.5m

UMD79/101 33.9m

It 52m

v

x

x

x

x

x

X

x

x

// x

/ / n-f.s.
/ x x c.g. Acid volc. clasts.
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APPENDIX 1: (cont'd)

Sanple
Quartz

Location r^rx r sr sa a H Ch. C S M Cornments

UMD79/101 70n Junnagunna /
ll

il

uMD79/rO2

BBn 'zi

109n

2Bm

53n

59m

44m

50m

30m

4Bn

66n

84m J'

100n

30m

50n

70n

9ùn

1OBn

30n

5Orn

70m

9ûmJ

11ùn

45n

65m

85m

110n

13ùn .,

15. hn

28.2m

47.6m

60. 1n

/5m i
23m

43n

65n

x /xx
/ / xx
x /xx
x xx
x x /x
x /x
x /x
x //x

/x
x

/x
x xx

xx
/ /xx
x //x
x //x
x x /x
x x/x
x x//
x //x
x //x
x x/x
/x
x //
x x/
x xx
/ x /x
/ xx
x x/x
x //x
x x/
x //x
x //x
/x
x xx
x /xx

x

v

x

v

tl

il

il

tt

il

It

il

It

n

il

It

tt

ll

il

tt

il

lt

il

il

il

ll

il

il

ll

tl

il

il

tf

il

il

ll

tt

It

il

ll

v

f . g. (tuff) .

qtz clasts. Conglon.

n.g.
n.g. recrystallized.
n. g.

n. g.

fn.g.

rn. g.

f -n.g .

f.g.

f -n.g .

f.g.
n. g.

c. g.

rn-c . g. Rd. clasts .

Ptwa

fn.g.

f -m.g .

n-c. g.

n-c.9. nilky qtz. clasts
Ptw,

n. g.

n. g.

n. g.

fn. g.

n.g.
n.g.
fn. g.

f.g.
vugs, n-c.9.
n.g.
f.g.
n.g.; R.F.

n.g. ; p.s. clasts.

il

It

It

It

tt

ll

tt

?t

r.MD79/103

v

x

x

x

v

x

v

x

x

x

X

x

x

x

x

x

x

uMD79/106 v

il

n

il

It

uMD79/r07

uMD79/108

il

n

il

tt

il

il

il

il

v

l

v

v

Y

v

v

Y

v

uMD79/110

uMD79/1L2

It

It

lt

il

il

/

/il
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APPENDIX 1: (cont'd)

Sanple
Quartz

Location w:r r sr sa a H Ch. C S M Connents

uMD79/Ll2
il

uMD79/Lr4

83n

102n

25m

50n

70m

95n

l-07m J

4ùn

50n

60n

69. 5m

77.5n /
29.5n

34m

39m

44m

49n

26m

3ln
37m

43m

49n

25m

45m

60n

Bùn

100m

I2tn I
30m

4Bn

66n

84n

100n.'

25m

32m

3Bn

Junnagunna v x

x

X x

x

x

x

X

X

x

x

x

x

x

X

X

x

m. g.

acid volc. clasts

n. g.

m.g. recrystallized.
m. g.

n. g.

f .g.
n.g. recrystallized.
fn. g. rt

rn.g.

qtz. clasts.
n. g.

recrystallized.

R.F. m.g.

f-n.g.; p.s.
m.g.; p.s.
f -m.g .

f.g

m.g.

n. g.

n.g. ; vugs.

f-n.g.
f.g.

il

il

il

It

tt

il

il

il

il

il

il

il

It

It

ll

?r

il

il

il

il

tt

il

il

il

ll

tt

il

il

il

il

il

It

il

il

il

uMD79/116

il

lt

il

1t

It

il

il

It

v x

X

x

x

x

x

X

x

x

x

x

x

X

x

x

x

x

X

x

x

x

X

v

x

x

x

x

x

wD79/rr7 x /x
x /x
/ /x
x /x
x /x
x /x
x /x
x /x
x /x
X

il

il

ll

il

uMD79/119 v

tJltIDTg/123

lt

ll

il

il

il

il

tt

It

il

il

It

ll

il

il

v

Y

x

X

x

x

x

x

X

X

X

x

X

x

xX

uMD79/L24

x

x

x

x

x

x

x f.g dark clasts
/x

uMD79/rzs / f.g.
x f.g.
x m.g-il

il
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APPENDIX 1: (cont'd)

Sanple
Quartz

Location hrr r sr sa a H Ch. C S M Comrnents

uMD79/r25 Junnagunna /x
xx

x x/
x //x
x x/x
x x /x
x x /x

//
/x
/x

x

x

//

f .g.

fn. g.

f-n.g.
Linonite, f-n.9.
p.s; f.g.-c.9.

tJt[D79/126

44m

50n

27m

33n

39n

45m

50m

26.Im

32m

38n

44.Im

50. ln
25m

37m

39. ln
46.2m

5Orn

38n

43m

48n

52m

16m

24m

32m

40m

48n

26.5m

30n

36n

43m

50n

40.5m

45. ln
50. 2n

55. 6m

60n

il

ll

il

It

lt

It

il

ll

It

il

It

It

il

tt

lt

It

il

It

It

It

lt

lt

It

il

il

il

tt

It

?t

il

il

tt

il

il

It

It

tt

il

il

il

x

x

x
il

uMD79/r27 n. g.

f -m.g.

f -m.g.

f -m.g.

f -m.g.

f.g.

n.g
f.g

f -n.g.

f-m.g .

Recrystallized.
rn. g.

n. g.

n. g.

n.g. rd.dark qtz. clasts.

il

It

il

il

il

il

It

il

u[4D79/ r33

x v x

x

x

uMD79/r34

uMD79/73s

xx

v

/x
/x
XX

xx
XX

/x
x

x

x

/x
x

x

x

XX

XX

/x

/x
/x
/x
/x

x

x

x

x

il

tt

Ù

il

il

il

lt

il

uMD79/t37 x

X

uMD79/r38
il

il

ll

il

m

f
g

ûb
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APPENDIX 1: (cont'd)

Sanple
Quartz

Location wr r sr sa a H Ch. C S M Comments

uMD79/139 34m Junnagunna

38n rr

42m rr

46n tr

50n rr

20m rr

28m tr

36m rr

43m rr

50rn rr

l1n rr

17.9m rr

25m rr

32m rr

4On tt

5n rr

1lm tr

17n rr

23m rr

29m tr

Tmrr,
14n rr

2Im rr

28. 5n rr

30m rr

10n rt

18n rt

24m rr

32m rt

40m rr

/ xx
x //x
/ //x
/ x/x
/ //x
x x/x
/ //x
x /x
x /x
x //x
x xxx
x /xx
x //x
/ //x
/ //x
x //x
x //x
x //x
x //x
x //x
x x/x
x /xx
x x/x
/ /xx
/ xx

x/
x

/x
X

/x

v

x

x

x

v

x

x

X

x

x

x

x

x

x

x

x

X

x

x

f. g.

n.g.; p.s
f.g.
n. g.

f-n.g. Recrystallized
n. g.

f -n.g.
f -n.g.
rn. g.

Linonitic-n. g.

f-n.g .

f.g.
f -n.g.
f -n.g.
Linonite-n.g.; w.s.

f.g.

'n.r. , ï.,
large rd. qtz. clasts .

f-n.g .

rn"g.

fn. g.

f . g. (ruff )
f.g.

f.g

It

il

il

il

il

ll

r

il

v

v

uMD79/740

uMDTs/L43
il

il

tt

il

v

v

v

tx4D79/I44
il

il

It

tt

uMD79/r4s
il

il

il

il

uMD79/146
il

il

il

il x

UMDTB/60 I2m

13n

14n

15n

1Bn

ll

ll

t?

ll

il

x

x

x

x

X

v

v

x

x

x

x

x

Recrystallized.
?t

il

il

il

n

It

il , linonite
Recrystallized, m.g.



APPENDIX 1 (cont'd) A1- 10

Quartz
Sanple Location w:r r sr sa a H Ch. C S M Comments

uMD78/60 20m Junnagunna

2Im rr

22m rr

23m rr

24m tr

25m rr

26m rr

27n rr

28n rr

29m rr

50n rt

3In rr

32m rr

33m rr

34n rr

35m rr

36n rr

37m rr

38n tr

39rn I I

40m rt

41n It

43m rr

44m rr

45rn rr

46n rr

47m rr

48n rr

49m rr

50n It

51m rr

RecrystalTízed, m.g.
tt m. g. Boxworks .

'1" '""1"'" f -n's'

n. g. rr

No recryst I n. rn. g.

Recrystallized.
ïn.9.

rn.g.

m. g.

n. g.

rn.g-

Recrystallized. Qtz veins.

';r.t n;,'. .t:'.'.

It ll

tt rl

Many dark qtz. clasts.

/x
xx
xx
xx
x/
x/
xx
/x
/x
/x
/x
/x
/x
xx
XX

XX

xx
XX

XX

xx
XX

xx
x/
x/

XX

XX

/x
/x
xx
XX

/x
/x
/x
y'x

/x
/x

//x
x/x
x/x
x/x
x/x
x /x
x /x
x /x
//x
//x
//x
//x
//x
//x
//x
//x

/x
/x

//x
/x

x/x
x/x
x/x
x/x

ll

il

ll

il

il

tt

tl

It

il

il

il

t?

il

ll

il

il

il

It

It

il

It

il

n

il

il

lt

il

tt

It

ll

v

/ //

v

v

/

Y

Y

/

Y

I

v It il ll il

tt

ll

il

il

il

52m

53n

54n

55n

56m

t?

It

il

It

It

Y

XX

/x
/x
/x

//x
x/x
x/x
x /x
x/x

Larger clasts.
Clear qtz. clasts.
n.g.
Partial recrysttn.
Minor recrystrn. Clasts.
f.g. Recrystallized.
?'Acid dyket' appearance.

Henatite in veinlets.
Vugs with linonite + pyrite
As above - purple qtz.

crystals.
Recrystallized.
As 51n. Recrystallizerl .

RecrystalLjzed.
Less recrystrn.
rr il smal1

euhedral qtz.
n.g. No Te crystallization.il 57m /x



APPENDIX 1: (cont'd) A1-11

Sample
Quartz

Location Ì{rrsrsaa HCh.CSM Cornments

UMDTB/60 Junnagunna58m

59n

60n

6ln
62m

65m

64m

66n

67n

68n

69m

7Orn

7Im

72n

73m

74m

75n

76m

77m

78n

79n

B0m

8ln
B2m

83m

84n

85n

86n

B7m

8Bn

89n

9Orn

91n

92m

93n

v

/x
x/
/x
/x
/x

XX

xx
/x
/x
XX

/x
/x

/x
/x
/x
x/
xx
xx
xx
xx

/x
xx

/x
xx
/x
/x

/x
/x
/x
/x
/x
/x
/x
/x

X

x

X

x

X

x

x

X

n.g. Qtz veinlets.
rn.g. Minor recrystn.

Qtz + henatite veinlets
Euhedral henatitic qtz.

Qtz. veins.

Recrystallized, cherty.
Breccia with linonitic

vugs.

Breccia.
Veins of qtz, hem. vugs

As 67n.

Partial recrystn.

il

il

tt

il

il

It

tl

il

ll

il

It

tt

It

tt

v

v

v

tt

n

It

ll

il

lt

il

lt

il

ll

It

il

il

lt

il

n

il

il

il

il

il

il

n

il

il

il

tl

t?

tt

il

It

il

il

n

ll

il

il

il

il

il

n

tt

il

tt

il

il

ll

lt

ll

il

il

il

il

tt

v

v

v

v

x/x
x/x
x /x
x/x
x/x
x /x
x/x
x/x
x/x
x/x
x/x
x/x
x/x
x /x
x /x
x/x
x /x
//x
x /x
//x
x/x
x/x
//x
x/x
//x
x /x
x /x

il

il

il

v

v

Fault qtz.

Qtz. veins.
Partial recrystn.

v

{

v

il

Hematite matrix.
il

Veins of qtz/hen/Ur0'?
n. g.

Qtz.clasts.
Cherty, recrystallized.
Linonitic.
Vuggy.

Pyrite.
vuggy.

Recryst. Qtz/hen. clasts
m. g.

Partial recrystn.
p.s. n-c.g.conglon.

Henatite veins



A]--t2
APPENDIX 1: (cont'd)

Sample
Quartz

Location ürrrsrsaa HCh.CSM Cornrnents

uMD78/60 94n

95n

96m

97m

98n

99n

100m

1 01n

I02m

I03n

104m

1 05n

106n

107n

108n

109n

110n

1 1lm

II2m

1 15m

I 14n

1 15m

1 16n

1 17m

1 18m

I 19n

120n

12lm

I22m

123m

I25m

I26m

I27m

128n

I29m

130n

XX

xx

XX

x/

/x
XX

xx
XX

XX

xx
xx
XX

/x
/x
xx
XX

x/
x/

/x
XX

x/
/x
x/
/x
x/

/x

x /x
x/x
x/x
x/x
x /x
x/x
x/x
x/x
x/x
x/x
x/x
x /x
//x
//x
//x
//x
x/x
//x
//x
x/x
//x
//x
//x
//x
//x
//x
//x
/xx
//x

/x
//x
//x
//x
//x

/x

Junnagunna Recrystallized.
n-c. g .

m.g. Little recrystn.
n. g.

Recrystalli zed.

il

rl

tt

il

il

il

il

il

il

It

il

il

il

il

Ir

il

il

il

il

It

il

il

il

It

It

il

il

ll

n

il

il

It

ll

It

il

il

tt

il

It

?r

It

il

il

il

tt

il

ll

lr

tt

?r

il

tt

il

il

It

il

It

il

n

fl

n

tt

It

It

il

il

ll

il

il

tt

il

v

rr f.g.-c.g.
Linonitic vein.

Massive qtz. vein.
Euhedral qtz vein.

qtz. veins.
Darker qtz. clasts.
Minor recrystn.

n. g.

euhedral qtz. veins.
Minor recrystaln.

P's', n'8'
n.g. Larger clasts.

More clay.

qtz. veins
f .g.-n.g. Patchy silicifn
P's', m'9'

Larger clear grains.

Crunbly-non silicified.
m. g.

tuffaceous?

f.g.
hematite veinlets

v

Y

v

v

Y Tuffaceous? f.g.



APPENDIX 1: (contrd) A1-13

Sanple
Quartz

Location wrrsrsaa HCh.CSM Cornments

uMD78/60 Junnagunna13In

I32m

135n

I34m

155n

156n

I37m

I58n

139m

140m

14lm

I42n

I43m

I44m

145n

146m

L47m

148n

149n

l5lm
152m

153n

154m

/x
/x
xx
/x
/x
/x
/x
/x
/x
x/

/x
/x
/x
/x
/x

/x
/x
/x

/x
/x
/x
/x
/x
/x
/x
XX

xx
/x
/x
/x
/x
/x
/x
/x
/x
/x
/x
XX

XX

xx
XX

Euhedral hen.qtz cryst.
Conglornerate.

n. g.

hern. on j oint plane.

'' -:'r'

c. g.

Tuff?

Volcanic fragments.

f.g.
m-c.g. Some large clasts

il

il

il

il

il

il

il

It

il

ll

il

il

lt

il

il

tt

il

It

tt

It

il

u

il

il

il

lt

It

il

ll

il

il

il

ll

lt

It

il

n

It

il

il

t?

il

il

It

X

v

Y

Yv

v

v

il

il

It

tl

Bimodal.

Euhedral qtz. crystals
in veins.

c-m.g .

c-m. g .

more c1ay.

Feldspar grains. Crumbly
illlll

ilItll

More clay, less feldspar

UMDTB/77 23m

24m

26m

27m

28n

29n

30m

3ln
32m

33m

34m

35n

?r

It

il

il

rt

il

ll

il

il

il

il

il

/x
/x
xx
/x
/x
x/
/x
/x
/x
/x
XX

/x

/x

/x
/x
xx
/x
/x

/x

x

x

x

v

v

n. g.

n. g.

n. g.

n.g.
n. g.

micaceous.

veinlet of dark quartz.
m. g.

some vugs.

less silicified, no vugs

m. g.

il

tl

il

il

lt

lt

il

il

il

il

il

v



A1-14
APPENDIX 1: (cont'd)

Sanple
Quartz

Location rrlr r sr sa a H Ch. C S M Comnents

uMD78/77 Junnagunna36m

37m

38n

39n

4lm

42m

43m

44m

45n

46m

47m

4Bn

49n

5ùn

51n

52n

55m

54n

55n

56n

57n

58n

59m

6In
62m

63n

64m

65n

66m

67m

6Bm

69m

70m

7Im

72m

73m

v

v

v

/x

/x
/x
/x
/x
/x
/x
/x

XX

xx
xx
/x
xx
xx
XX

XX

XX

xx
XX

xx
XX

xx
xx
xx
xx
XX

XX

/x
/x
/x
/x
XX

xx
XX

//x
//x
//x
//x
//x
//x
/xx
/xx
/xx
/xx
/ /x
//x
//x
//x
//x
//x
//x
//x
/xx
/xx
//x
//x
//x
/xx
//x
//x
//x
/xx
/xx
/xx
/ xx
/ xx
/xx

patchy silicifn, nic.
n.g.
f -n. g.

m'8' , P's'
dark qtz. color, m.g.
rr vugs with henatite.

*;,r .ot:.u hem. patches .

c.g. rr tr " .

f-n.g. Red hem.streaks.

f-n.g. Occasional mica.

m. g.

f.g.
u":r t"t:t silicifn.

Occasional nica.
m.g.; p.s.; Occ. R.F.

It

il

il

lt

lt

lr

il

il

It

il

il

il

It

n

ll

il

il

il

It

il

tf

il

It

ll

il

il

il

il

il

il

il

lt

tt

il

tt

il

il

lt

It

il

il

il

il

il

il

il

il

It

?t

It

il

il

il

il

il

il

tt

It

il

It

ll

lt

It

il

il

il

il

il

ll

tt

v

v

v

v

//

il

Ir

n

il

It

il

il

il

il

fl

il

il

il

Y

v

v

f

v

v

f.g
t,,t' Larger o,,t'u clasts

n.g.
f-c.g. R.F. Mica.

R. F.

Very clayey.

Patchy silicification.
?r . Some R.F.

n.g.; R.F.

f -n.g.

v

v

m-c.g.Occ. R.F

tt

?t

il

f-n.g. Occ.dark qtz.gr.



A1-15
APPENDIX 1: (cont'd)

Sanple
Quartz

Location wr I sr sa a H Ch. C S M Conrnents

uMD78/77 74m

75m

76m

77m

78n

79n

8ln

B2m

85n

84n

85m

B6n

87n

88n

89m

90m

91m

92m

95m

94n

95n

96n

97m

98n

99n

10lm

L02m

1 03m

104n

I05n

I 06n

107n

1In

15n

29.9n

xx
xx
/x
/x
/x
xx
XX

/x
/x
/x
/x
/x
/x
XX

XX

xx
xx
xx
xx
XX

xx
xx
xx
xx
/x
/x
xx
xx
/x

/x

xx

/xx
/xx
/xx
/xx
/xx
/xx
/xx
/xx
/xx
/xx
//x
//x
//x
/xx
/xx
/xx
/xx
/xx
/xx
/xx
/xx
/xx
/xx
/xx
/xx
/xx
/xx
/xx
/xx
/xx

xx
xx
x/

x

//x

Junnagunna Very p.s. Lge qtz clasts.
m.g. p.s. r rr tt

Black hern. bands.

p.s; m.g.
tr rr vugs.

Silt band. n.g; p.s.
Silt patches.

f.g. Black hen. patches.
ll It ll ll

ilttllll

Less clay.
Darker rounded grains.

ilillr

Large clasts q R.F.

il

il

lt

?t

il

il

il

il

ll

il

il

il

il

il

ll

il

il

il

il

ll

ll

It

It

il

il

il

il

il

?t

It

il

il

il

il

il

tt

tt

It

lt

il

lt

il

il

il

il

t?

il

tt

ll

tt

lr

il

lt

n

il

il

il

il

It

t?

il

il

il

il

il

il

tt

ll

ilil

ilil

uMD76/14

patches of silt.
Larger clasts.

It and R.F

n.g. ; p.s.
f.g.
Larger rounded clear grns.

rr with green clay.
f .g.
f.g. Ê n.g. Micaceous tuff.
n. g.

m.g. Occ.R.F.

Igneous rock clasts.
Mottled altered appearance.

Ptw,

Ptwr-hem. in natrix.
Vrggy, larger pebbles.

ll

Redtree

n.g.; w.s.



APPENDIX 1: (contrd) A1-L6

Quartz
Sample Location wr r sr sa a H Ch. C S M Comments

u[4D77 /2r 15. 6n

4Orn

60n

83n

I0n

24.7m

37 .7m

69.5n

15.5m

30. 5m

59.2n

50m

45m

6I.2m

300 r

3361

357 |

4461

5521

162l

306 '

4461

10'

110 r

185 r

387 |

sl2l
19B I

2ggr

447 |

593 |

65r

2401

3621

560 |

Garee Lens / xl
x /x/
x x/
/ xx
X XX

x x//
x x/
x //x
x //x
x /xx

x

x /xx
x //x
/ / xx
x x//
x x//
/ /x/
x x/x
x xxx
x x/x
x /xx
x /xx
x xxx
x xx/
x //x
x x /x
/ x x

x //x
x /x/
/ lx
x /x
x /xx
t/ /x
x /x

x /x

tt

il

ll

il

n

It

t?

ll

t?

il

X

x

X

x

X

m.g; p.s. Larger pebbles.

vuggy

Ptwr. Clasts rinmed by ch

Minor vugs.

Vrggy, recrystal lized.
Band of pitchblende.
n.g. Some vugs.

Vugs with euhedral qtz.
Mud/sha1e band, c.g.

ut4D77 /22

uMD77 /23 Redtree

uMD77 /24

il

tt

il

Ú

It

il

il

il

t?

lt

It

vuggy

clasts

N7 Jack Lens

X

x

x

X

v

x

ïn-c . g.

Vugs,

n. g.

Vugs.

Vugs, I imonite .

1 f.g. and c.g.
Altered feldspars.

Binoda

Ptwa.

Ptw,.

w.s. f.g.
Ptw' Acid volc. clasts.
very very hematitic.
n-f.g. Banded henatite.
n.g. vuggL secondary min

Vugs with henatite, m.g.

Vuggy, f.g.
Ptwr. Acid volc.clasts.
ïn-c. g .

Vuggy,m. g.

Ptwa ?

Ptwr. Acid volc. clasts.
Some mica.

Conglomcratic.

Volcanic clasts. Hem.
rnatrix.

Altered feldspars in
clasts. Ptwr.

l,{uch c1ay.

N26

lt

il

Redtree

lt

il

il

il

tt

il

il

il

fl

il

il

N45A

il

ll

N74

Jack Lens

il

?t

il

il

il

It

N123 Redtree /
ll

tt

It

il

il

il

ll

Nl28
It

il

n

/ x /xxN1 29 100 ,



A1- 17

APPENDIX 1: (cont'd)

Sanple
Quartz

Location wr r sr sa a H Ch. C S M Cornments

Nl 29 168 |

2601

4541

2001

2S0l

594 r

104 |

2431

3251

4961

497 l

55r

160 |

2541

385 |

140 |

294l

42rl

Redtree x//
//x
x/x
//x
x//
x/x
//x
x/x
//x

X

X

/xx
//x
//x
xxx
/xx
x//
x /x

/ //x
x

/ //x
x x /x
x /xx
/ /xx
x //x
x /xx
x //x
x //x
x /xx
x //x
x //x
/ / xx
x x/x
x /xx
x xx
x /xx
/ /xx

X

xx

m. g.

m.g. Vugs, R.F.

Ptw-? Acid vo1c. clasts
5

Many vugs.

Recrystal lized .

Ptw-
3

m. g.

f-n. g. Recrystallized.
Between 2 volcanics.
f.g. pinkish "dyke-1ike"
Breccia.
Vugs with qtz and limonite.
Dark and cherty qtz.
Vugs with qtz. and hem.

Ptw,. Altered feldspars.
5

Euhedral qtz and mic.hem.

Vuggy, hematitic.
Ptw-.Evidence of HT altera-t t ior,?

Acid volc. clasts.
Bottom contact of dyke.

More clasts.
Ptw-. Recrvstallised.3'
Vuggy, limonitic.
Vuggy, qtz. clasts.
c.g. Recryst .qtz.clasts.
f.g. Banded hem.

m-c.g. vug qtz.
Large clasts.
Vugs, dark qtz.
Conglomeratic.

Acid volc. clasts.
fn.g.

Rounded clear qtz.clasts.
f.g.1ayers.
m.g. micaceous.

rn. g.

rn. g.

il t?

il

It

il

il

It

lr

il

n

il

il

il

il

tl

It

il

il

Y

/x
/x

xx

Nl30
il

il

NE1

It

lt

It

ll

il

il

il

x

X

x

NElO x

x

x

X

x

NE 11

il

il

NE23 138 |

27 4l

3461

5201

10m

29.6m

14.2m

44.6n

59. 8m

14n

22.7m

4lm

59. 5n

29m

37m

46. 5m

32m

40m

50m

t?

It

ll

il

tl

It

It

il

il

ll

il

ll

il

uMD76/9 Huarabagoo x

x

x

x

77 /27

il

il

il

il

il

il

il

il

77 /2s

78/ss
n

tt

Huar-Junn.

79/ r3O
il

il

It

il

il

?til



Al- - 1B

APPENDIX 1: (cont'd)

Sample
___i¿¡.r L¿

Location r^rf-l-Ï-=ã--t H Ch. C S M Comnents

uMD79/ 136
t?

NE18

14m Juar-Junn.

32.3m rr

50. 4n It

156t Huarabagoo

3O2t il

4481 rr

6241 il

60t rr

3l2t r?

465 I rr

100r il

I42t It

2391 il

287 | rt

103 | rr

197 | rt

350 r rt

500 | rr

85f rr

149 t rr

506r il

x/xm.g.
x / x p.s., n.g. R.F.

/xxf.g.
/xxm.g. crumbly.

x / / n-c.g. ïecrystallized
x / x Recïystallized-chertY
//xPtw,
x/xSmallvugs
x//n.g.
/ / x Conglomeratic volc.clasts.
/ / x Some recrystd.qtz.clasts.
x / x Some vein qtz.

///n.s.
/xxf.g. layers.

/ / xn.g.
xxxOcc. R.F.

/ / x Banded hem.

x x x Ptwa.Large chertY clasts.
x / x Many qtz. veins.

x / / Near basic volcs.
/ / * c.g. Acid volc.clasts-

//

XX

x/
/x
/x
/x
xx
/x
/x
XX
x/
/x
/x
/x

/x

/x
x/
xx

/x

It

tt

il

1/

Hl5
il

tl

H25

It

il

il

H31

il

ll

il

H66
. tt

il

v

IJMD77 / 34 Longpocket

77 /38
lt

n

77/43

5n

2Im

34. 8m

42m

59. 9n

65. 6m

22m

50n

75n

22m

45m

65m

19. 7n

40m

60n

13.6n

XX

x/
xx

xx
x/
xx
x-/
/x
xx
xx
XX

X

il

il

ll

il

il

tt

tt

il

il

il

lt

il

ll

ll

il

It

il

il

tt

Ir

il

il

ll

x

v

x

v

x

v

v

x

X x x /x Euhedral qtz.development

x

x Acid volc. clasts.
x

x Ptw,

/ t.e.
x c.g.
x Ptwa

x f .g., w.s.

x v.f ,g. rnicaceous.

x qtz. clasts.
x Tuff
/ ,.g., w.s.

x Recrystallized.
/ t.g., w.s.

v

x

x

x

v

77/44

77/4s
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APPENDIX t: [cont'd)

Q.rartz
Sample Location wrrsrsaa HCh.CSM Comments

77/4s

77 /,46

77/48

67.3m

20.3m

42.9m

67.7m

10m

41. 8m

62m

30.4n

39. Im

62.5m

10m

2Im

38 .3m

57n

2Im

40. 4m

60. 6m

30.5m

52m

56m

B.9m

48. 5m

81m

24.3m

53n

80m

8n

L7m

24m

3lm

48. 5m

55. 5m

8- 1Um

18- 20m

L2-l-4m

l0- 12n

16- 18m

Longpocket // /

/x
//

/x
//

/
v

// /
// x

//
/

v

/ //
// /

/
v

x

/x
//

/
// /

/
II

X

x

/
x

/
/x
// /

//
//

// x

x / / x Sulphides.

x x Micaceous. Tuff.
x x/xv.f.g.
x x/x Ptwr.

x / / x Vuggy

x x / / Below sill contact.

x x/x Ptwa.

x //xn.g.
x x / x Cross-bedding.

x xxxPtwr.
x //xf.g.
x x/xHen.layering.
x x / x Vuggy

x xxxTuffaceous.
x x/xGradedbedding.
x //xc.g.
x x/x Ptwr.

x xx/p.s.C1asts.
/ x / x m.g.

x / / x Ptwr.

/ x / x Just below sill contact.
x x// m.g., Ir/.s.

/ / / x Ptwr.

x x/ / m.g.,l^/.s.
/ / x x f-n.g. with larger clast
/ xxxPtwr.
x x/xm.g.
x x / x Vuggy.

x x// Recrystallized.
x x x x m.g. with silty layers.
/ / x x rn.g.

/ //xClayba11s.
x Percussion sample.

il

il

il

il

il

il

tt

tl

il

It

ll

Ir

ll

It

fl

It

It

il

It

ll

il

il

ll

il

il

v

77/4s

?r

il

il

77 /s2
il

il

It

77/s7
il

78/ 66

It

tt

il

il

It

il

il

tt

It

78/70
It

78/80

It

79/ r78 Golara
il

il

il

It

il

uMPT S/8 Longpocket

78/s

78/14

tl

il

lt

lt

x

x

X

?t

il

n

tt

ll

tl

ll

?til
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APPENDIX 1: Ccontrd)

Sanple Location ---Quartzl^7:r r sr sa a H Ch. C S lvl Comrnents

suD78/2s 18. 9n

39.8n

65m

13m

30m

49.9n

72m

Lilypond
x

x

xx
XX

XX

x/
xx
x/

xx

XX

XX

/x
xx
/x
XX

/x

f.g., w. s.

Ptw, cherty.
f .g., w.s.
Hem. in vugs.

Hem.shale patches G

band.

Ptwa.

ll

il

il

il

il

il

tt

il

78/26

tt

ll

ulfrD76/ 6 35.8m

65m

91m

23.8m

45m

64n

46n

66m

22.2m

35m

50m

30m

44.5m

60m

30n

43. 5m

60m

6n

7n

23m

4Orn

5n

11.5m

15m

30m

50m

10n

42m

69. 5n

7 6.7m

Flying Fox

Anticline
x

x

v

v

X

x

X

X

X

X

x

x x / x Recrystallized
x //xp.s.,m.B.

76/B

n

It

t?

t?

il

il

il

tt

il

tt

It

il

ll

ll

il

il

il

xx
XX

/x
XX

XX

XX

x/
xx

x/

X

/x
xx
xx
/x
/x
/x
/x
/x
XX

xx
XX

Ptwr.

hen. clasts.
m. g.

Micaceous tuff.
m. g,

m. g.

Recrystal 1i zed .

n. g.

vugs,

Tuff.
m. g.

0cc.

euhedral qtz.

7s/rr

vv

Y

7e/ 12

?t

7s/13
il

tt

7s/ 14 il

il

il vv

v

large round
clasts.

x xxMicaceoushem.
/ /xxm.g.
x / / xn.g.
x x/xRecrystallized.
/ x/x rr

/ x/x rr

x / / x 1.g.
x / x x Matrix supported.

x x/xVugs,veinqtz.
/ /xx Shale/vuggyss.
x / / x Layered

/ /xx Limonite, dark
clasts.

x x/xf.g. linonite.
/ /xx

/xxtuff
x x / x Acid volc.clasts.

w1D79/ 72r Jinjaree Va1ley
il

It

ll

tt

il

il

il

ll

tt

il

t?

il

il

t?

It

tt

tt

il

It

il

It

il

il

il

il

il

il

7s / L22

il

It

il

il

suD79 / 29

il

il

ll v
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Appendix 1 (cont'd)

Sarnple Location
Quartz

wTTSrSaa HCh. C S M Comments

T1

T2

1J

T4

T5

T6

T7

TB

T9

T10

T11

TT2

T13

TL4

T15

T16

TT7

T18

T19

T20

Traverse

9645N x

X

X

x

X

x

x

x

x

x

X

x

x

x

X

x

x

x

x

v

v

x

v

x

X

X

x

x

X

X

x

x

x

x

x

x

x

X

X

X

X

x

x

x

Y

v

Y

v

x rn. g.

x n.g.
x m.g.

x n.g.
x n.g. Matric supported.

x n.g. Qtz cobbles.

x MatÏix supported.

x m.g.

x n.g.
x m.g. Matrix supported.

x n.g, Darker qtz.
x n.g.
x limonite.
x n.g.
x c.g. with clasts.

il

lt

il

n

il

il

il

il

il

vNE dyke margin

Traverse 9645N /
t?

ll

tl

il

il

il

il

ll

ll il

vv

X

X

x

x

x

Occ. green grains.

Very crumbly.

A cobble, Canp Ridgev/ay.



A??EIfDIX 2

Tabulated thermoluminescence giov peah intensities
and glovr peak ternperatures f or IlJes tmoreland sar.rples.
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APPENDIX 2: TL data for samples

Key

76/4 32m refers to diamond dri1l hole \JMD76/4 at a depth of 32 metres.

579/34 l32m rt rt rt t' I' SUD79/34 at a depth of L32 metres.

P8 8-10m rr tr percussion drill hole UMD78/8 at a depth of 8-10 metres.

N123 198r tr rr diamond drill hole N123 at a depth of 198 feet.

NEI I04r il r? il il tt NE at a depth of 104 feet.

H15 60r rr rr '' il r' H15 at a depth of 60 feet.

WD6 36m tt rr rt rr " UIVD76/6 at a depth of 36 metres.

*indicates that data has been obtained under different experimental con-

ditions than those for the bulk of samples measured.

Inclination of non-vertical drill holes. (Magnetic bearing/inclination)

Jack/Garee Lens

N7 (264/33)

N26 (L3s/40)

N74 (rss/40)

Nl23 (31sl38)

Nl28 (3Ls/40)

Nl2e (1ssls0)

Nr30 (3rs/33)

NE1 (13s/4s)

NE10 (r5s/60)

NE11 (148/60)

NE23 (140/s6)

Huarabagoo

NElB (r40/4s)

Hls (r8t/26)

H2s (rss/72)

H31 (3r4/40)

H66 (13sls8)

Junnagunna

uMD78/60 (040/4s)



Glow peak temperatuïe (oc)wt (ng)

A2 -I

Sanple

tJlúD76/ 4 32n

76/5 32nt

rr 39m

t' 45m

rr 53m

" 6on

76/6 30n
rr 44. 8rn

t' 60m

76/7 I7n
tt 25m

tt 49m

t' 57m

76/8 20n
,, 44m

tt 70m

7 6/ 15 4trn

tr 86m

76/16 I4n
tt 2Im
tr 30m

It 40m

76/L7 34n
rt 46m

t' s8m

rr 71m

" B4m

76/18 2In
tt 36m

rr 41m

tt 66m

tt 81m

77/I9 40n

'r 55m

rr 70rn

tr 85m

rr 106m

77/20 30n
tt 45m

Glow peak intensity

14.81

14.40

15.69

12.35

14 .46

18. 04

L6 .66

19. 70

19. 65

13.15

9.50

15.95

15. 60

19.70

1s.50

19. 54

20. 65

16.36

L6.27

20.4r

18.76

14 .40

14.35

22 .63

12.25

18.45

17.89

12.45

13.50

15.60

r0.20

7.75

16. 94

23.2s

14.48

17.30

20.52

14. 50

t6.25

160

r52

140

168

168

17T

225

191

181

r52

148

r57

153

130

155

183

180

155

I4T

142

145

r52

159

158

176

201.

L75

140

142

145

I47

151

140

181

170

r63

161

151

145

2L5

206

200

24s

27t

25I
254

249

26r

375

288

380

264

229

273

240

238

272

372

335

23s

268

26s

28I
277

236

226

248

264

230

263

227

262

235

225

266

273

276

254

272

262

276

33s

349

333

5s6

336

324

580

357

264

322

264

320

340

11.8

590

287

607

622

430

915

660

662

570

484

815

513

635

490

806

12.T

5.5

185

269

2),3

208

383

409

551

434

505

34r

376

353

417

581

457

634

501

s78

4l-4

397

354

15. 8

729

446

830

899

554

810

787

r,043
989

699

1, 003

593

812

523

998

14. 0

7.8

23r

318

2r3

243

4s3

508

694

420

559

212

451

353

466

774

649

774

639

66s

556

569

s54

14. 8

660

478

648

640

47r

780

77I
534

837

753

2,57r
70s

863

719

729

10. 1

8.4

401

404

320

365

523

508

6L2

420

559

263

602

481

s64

774

649

634

622

578

487

5s2

615

8.4
764

446

344

311

277

508

513

753

831

64r

964

915

2r3

218

208

285

243

2s5

229

204

188

181

r62

r90

273

2s0

195

777

208

174

193

180

2r2

222

230

20r

2t2

166

189

169

198

191

22I

239

206

2I3

195

206

280

329

330

334

327

26r

258

3s6

358

243

337

25r
337

26r

265

328

350

342

353

353

329

34s

358

3s8

330

535

369

360

339

360

367

9.8

432

44l-

4s3

399

5s7

43r

367

298

503

337

s64

32r

539

7r0

767

344

397

405

341

603

692

699

01

14.0

470

26s

266

376

368

355



^2-Glow peak tenperature¡oc)

IJMD77 /20 60r.l

rr 80m

r? 111m

77 /32 25n
n 36m

tt 47m

rr 58m

rr 70rn

77 /35 24n
tt 35m

tt 46m

rr 57rn

!t 69m

77 /39 I8n
tt 22m

rr 30rn

rr 50m

tr 70n

77 / 40 ISn
tr 25rn

tt 40m

tt 54m

tr 69m

77/42 stn-
t' 4om

tt 60m

rr 75m

rr 88m

rr 98m

78/58 ztn
,, 44m

78/59 stn
ft 50.5m
r' 60m

Sample

'r 61.6m
rr 70.5m
r' 85.5m
rr 88.8m
rr 98. 5m

7Bl60 19n

15. 0l
17.7L

23.20

17 .63

L6.40

8.95

1s. 95

TT.25

14.83

17.25

15.79

14 .46

12.62

6.35

rt.63
12.86

15.25

1s.99

12. 88

11.75

14. 80

14. 50

14. ss

12.23

17 .10

17.00

17.55

ts .47

TO.2I

17.85

L6.62

14. 00

18. 00

17.10

16. 65

16. 14

LS .67

r4. 81

156

156

177

140

r64

148

r64

747

r37

1s0

1s4

145

148

r96

r40

199

2I0
23I

r95

20s

190

2I3

183

l-92

200

2),2

2I0

192

223

198

198

225

206

206

204

209

t72

201

179

22I

210

203

207

194

195

240

2\s
224

260

235

229

266

180

264

238

250

269

264

259

219

23r
274

233

267

267

277

rs2

183

164

164

t52

t34
r42

r44

r46

L73

163

150

L57

r43

150

145

170

169

204

170

193

r43

144

151

787

262

262

348

245

2sI
258

263

232

240

262

237

27r

268

268

266

271

270

273

262

315

280

256

355

255

258

335

265

337

272

t3 .63

385

344

3s7

377

333

249

272

363

265

333

344

560

336

365

257

253

338

302

279

269

347

266

379

339

344

368

373

351

338

343

580

337

363

370

315

wt (ng) Glow peak intensity

340

348

568

337

353

358

369

345

354

576

325

517

4r1

686

475

502

356

388

406

380

346

4r6
787

425

428

689

L,376

730

508

636

567

976

642

627

444

489

522

507

501

55s

787

6s2

700

1, 066

1,501

699

809

s74

43r

48r

491

746

529

s56

372

490

616

481

768

639

877

54r

4bs

415

405

587

T4

655

452

539

69s

976

698

553

467

624

537

s22

s01

495

472

780

739

789

2,502

7I8
851

54r

s69

481

1,083

614

544

527

549

612

8L2

933

786

556

643

480

449

3B3

692

404

11

423

282

545

794

808

615

376

533

944

348

580

580

396

780

680

393

1, lr0
582

809

405

534

344

1,002

336

382

399

388

686

756

320

5s9

444

681

311

469

427

723

345

524

681

538

345

378

450

599

44L

3L3

525

4L6

532

36r

607

472

934

435

496

25s

473

330

10.5

536

389

240

32s

912

6



wt (ng) Glow peak temperature (
oc

Sample

tJNLDTS/ 60 42n 16. 60

A2 -3

176 209 247

Glow peak intensitY

4s1 482 482 467

tt 65m

rr 79m

rr 91. 2rn

,t I24m
rr 150rn

78/ 64 6ùrî
rr 100m

78/69 26n
il

38m

50m

6lm
il

13.30

20. s5

16. 30

17. 50

19. 04

16. B9

2T.27

22. 05

207

89s

583

400

249

12.4

8.9

601

247

7,0
15, 1

735

9.9

14"8

184

238

550

479

25Q

1r046

712

661

752

23.r

338

r,rr4
552

514

263

8.9

9.2

669

il

il

il

148

372

143

155

r67

139

148

205

165

r42

352

r52

r64

I4T

352

161

2s0

2l.8

138

36I

138

r42
159

376

131

150

770

138

180

18s

144

148

762

792

140

I40
L75

168

153

160

264 33I
301

113

7s4

49r

34s

210

L3.6

8.2

374

658

402

484

387

387

s28

,095

,28I
376

63r

390

372

295

338

198

6.3

73 "2
444

8.2

r0,8
749

226

4ss

463

202

707

603

533

587

20 "3

235

196

20L

17s

169

26s

225

206

356

262

220

255

244

s60

250

240

342

263

333

264

340

267

351

3I

334

6s2

491

374

249

6.4

669

26L

13r

703

*

*

It

il

tt

t?

ll

2I.16
14. 98

18. 09

19. 89

20.'t 0

20.30

20. 59

il

15,37

16, 15

17 ,77

193

r96

158

226

247

182

255

334

254

354

360

338

567

s67

442

7s4

896

1,034
607

553

480

366

579

501

442

85s

498

66s

680

s86

480

394

520

401

484

33I
367

415

78/7I 25n
rr 51m

rt 70m

,ur,r, tr,^

tt 40m

t' 65m

,, ti
rr 110rn

88/7 4 28n
tt 49.7m
rr 65m

tf 70m

rr 112m

78/77 25n
r' 40m

rr 6ùn

'r BOm

trl 00m

78/79 30n
rr 70m

'r 80m

tr 103m

tr 104m

220

280

275

200

266

56s

378

244

344

262 339

779

680 680

196

r97

170

258

22s

199

328

262

212

350

349

3s5

683

433

408

s20

34r

422

20.2r

r0.30

12.89

23.40

15, 19

17.58

2r .14

21.05

13,20

15.66

2l .00

16.26

18.25

13. 61

r0.64

14. 0s

188

185

235

206

255

260

179

173

198

23s

188

19s

202

203

199

2SS

249

260

315

264

325

36s

262

276

233

266

232

254

26s

234

219

345

552

320

340

272

r.0" 5

77.0

829

12,5

8,5

195

32r

530

463

286

,107

s48

680

799

6.4

773

70 "7

360

298

+

889
¿

ú

336

338

274

3s2

256

335

368

263

2s4

373

33Q

367

350

460

249

511

399

298

923

411

551

705
*

1

441

446



^2-4
Sanple

IJMD78/79 108n

110n

11lm

118m

30m

40m

50m

60n

13.20

19. 60

14. 84

10. 63

14.75

18. 66

22.27

16.69
ft

6.7r
12.45

15. 11

17.0s

18 .05

17 .85

23.40

16.75
ll

13. 65

18 .35
il

19.16

15. 83

20.rs
18. 76

19.34

19.97
It

15. 90

T2.89

il

il

il

tt

il

It

il

It

il

il

tl

tt

78/8r

144

17s

r65

757

749

r52

155

148

353

147

r37

150

176

r67

184

185

r42

380

160

r49

379

L67

140

150

145

150

I4l,
362

147

r37

368

139

365
't52

154

744

176

180

225

2r5

160

2L4

217

202

200

196

20I
209

173

206

l-97

IB7

200

r97

209

245

184

223

196

234

270

258

264

244

244

26r
195

26r

1)

3s6

508

339

358

367

226

364

269

274

280

268

373

355

276

357

269

78/83

78/ 82

It

70m

28m

39nt

5lm

62m

74m

35n

36n
tt

44m

53n
It

55n

61n

70m

70m

32m

54n

It

76m

98n
It

120n

il

32m

41n

50n

60m

70n

3Orn

6Orn

1 00n

272

240

207

234

229

264

300

228

258

203

lt

il

il

It

ll

tl

il

It

il

78/84

2so

200

226

173

195

199

186

161

284

224

282

216

248

225

259

199

370

244

355

252

348

249

339

259

il

ll

It

il

lt

il

lt

15.87
il

172 244 269

78/8s t3.45
11.66

15.31

12. 85

12.50

14. 65

13.32

16. 55

220

219

198

22).

227

265

270

225

234

237

aacLL¿

26I

257

350

360

340

268

272

260

332

389

il

il

il

It

78/86

t (mg low peak temperature (oc

It

Glow peak intensity

362

373

246

335

357

3s0

342

346

358

334

360

366

347

36r

340

546

349

349

343

34r

2,2r7
337

3,340

455

I ,960

337

2,305

475

643

718

614

74s

723

463

499

457

504

2r.4
s37

659

545

861

s53

720

493

r,034
s76

503

568

669

66s

523

700

640

14.3

11 .5

14. 5

47s

3,467

320

6,397

492

s36

573

689

633

843

496

469

4s7

392

22.9

6s7

473

202

7,223

373

348

404

659

447

884

496

4s5

416

280

27 .I
672

373

482

449

539

359

484

522

364

440

402

448

17 .T

373

642

476

381

500

s87

379

447

400

957

401

351

362

310

588

252

347

446

472

359

623

s60

L5.7

14.3
)7)

315 33r 347

586

559

757

555

620

s06

1,448

576

503

368

366

490

496

50s

47I

480

543

551

440

465

6s1

600

539

350

320
+

706

66s

555

661

560

8.5

7.1,

9.0

*

*

305

470

s69

J4s
397

367

305

776

327

332

373

478

401

425

427

s78

558

407

392

ú



Glow peak temperature (oC)wt (mg)

A2-5

Sanple

Ulvil-:_78/87

Glow peak intensity

78/88

It

It

ll

It

il

il

It

ll

It

It

il

27m

32m

37m

45n

44m

17n

25m

33m

4ln
49n

10n

30. 1m

5Orn

70- lm

16n

24m

32m

40m

49n

8m

18n

2 8nr

38m

49m

28m

55n

70m

106n

22.85

18 .79

19.40

12.80

10. 10

r46
l^67

179

16?

179

155

185

198

l-74

15s

150

185

161

205

151

]-74

l-77

181

173

139

148

149

151

142

165

\76

200

158

r43

168

r43

150

177

17]-

770

174

176

I64
194

198

203

t64
216

204

205

209

209

222

224

232

779

209

265

227

260

170

218

223

214

23r

264

172

180

199

166

245

249

28L

779

195

233

189

199

277

238

195

227

20s

200

229

222

221.

23L

273

262

249

262

257

2s0

283

345

339

340

320

352

328

348

s47

352

368

259

350

343

2s4

341

338

338

339

343

344

347

339

186

s06

348

430

644

6.25

s68

568

407

,87r
285

5.9

539

12.3

27L

460

9.5

s99

580

228

347

414

589

379

4s2

796

529

406

276

429

399

433

194

669

918

682

532

513

394

617

666

r97

692

387

só6

743

9.75

643

651

509

7 ,897
492

10.8

647

9.8

323

575

12

798

576

555

361

480

436

406

754

1,.106

ó90

419

345

496

587

656

242

560

918

909

565

449

473

658

725

241

585

348

449

668

9

568

552

445

23,235

284

386

258

3t3
396

6

34r
284

229

376

252

*

401

516

6

648

270

458

794

467

501

35s

345

362

469

420

438

+

426

349

277

430

511

511

78/so

78/8e

T3.27

15.84

19. 65

T3.I7
19.30

24.44

13"91

21.90

19.35

17.40

20. 05

20 "40
19.70

18"05

1s.11

16.06

18.47

19. 90

1l_.50

2I.73

r9 .70

18.10

18. 66

2r.31

19. 06

20 "65

1B .31

14. 16

17 .60

1s, 05

15. 60

15. 85

12. 15

12.76

264

2s9

262

25r

350

272

365

202

272

26r

223

266

336

243

236

24r

230

330

5s0

373

27s

260

264

268

269

350

263

262

260

261

273

277

361

26I

505

6.1

629

6.4

388

460

10

823

515

457

477

761

451

487

427

664

437

558

4r4

482

540

525

145

s46

600

682

56s

1,410

442

288

588

il

tt

il

il

ll

il

It

ll

*

78/s7

260

268

259

259

78/s2
il

il

ll

79/I00 26n
,, 44m

,, 62m

rr 78m

'r 94.5m

79/I01 34n

" 52m

rr 70m

tt 88m

" 109n

79/102 2Bn

rr 53rn

rt 39rn

354

340

354

363

382

352

326

340

359

32I

253

573

282

313

46s

256

410

355 294



A2-6

Sanple

UMD79/I02 44n

" 50m

79/103 30n
tt 48m

rt 66m

tt 84rn

rr 100rn

79/106 30n
r' 50m

tt 70m

tt 90m

tr 108m

79/707 30n
rr 5om

tt 70m

t' 90m

I' l10m

79/708 45n
tr 65rn

rr 85m

?r 1l0m
rr 130rn

79l110 15m

28.2n

'1 47.6m
r' 60. 1m

r' 75m

79/L12 23n
tt 43m

tt 63m

tr 83rn

t' 102m

Glow peak intensity

15.95

17 .25

17.s0

18.35

12.68

18. 55

19.50

18 .46

20.70

18.50

16. 16

L8.37

19.15

L7.20

20.35

24.95

20.85

16. 10

2I. 54

18. B8

15. 35

24.98

25.90

27 .75

22.30

23 "80
2s.35

17 .50

18.s5

16. 45

17.59

16. 10

18.65

12.94

14.91

12.65

16. 15

19.40

11.64

16.24

r62

L79

181

170

135

14s

169

151

2I0
rs7

20s

223

204

22s

223

192

161

266

198

232

188

224

2s4

22r

27I

262

260

252

344

233

26r

238

264

272

269

26s

263

270

268

255

360

264

353

s46

553

367

357

342

386

362

367

356

340

s65

464

347

395

394

418

346

352

448

378

511

653

373

334

491

47r

466

37r

238

s86

360

627

4s0

404

7s6

552

229

44s

44r

44r

, 193

335

560

469

593

356

258

2s8

431

879

522

434

463

515

458

4r0

460

448

432

495

s44

405

378

860

471

s2B

464

291

619

460

772

505

415

809

7I0
300

499

502

572

,956

483

618

s20

494

556

36L

408

554

628

55r

36r
422

591

485

2s6

488

398

446

433

953

s48

494

516

44r

282

435

173

2r8

552

270

474

26r

432

325

395

783

378

479

261

719

466

325

4s0

407

440

405

568

538

462

392

657

404

304

398

3,975

590

348

4s3

294

541

473

446

232

379

324

762

270

242

20L

165

r44

r43

155

16s

170

167

160

L46

773

r44

r46

158

167

194

158

138

170

184

169

154

r44
172

166

191

170

138

139

r57

2r0

182

200

192

ZJJ

210

193

200

186

204

196

232

22r

213

228

213

r97

188

215

196

209

210

230

187

249

198

198

20r

201

264

259

25L

269

279

284

270

276

287

275

231

250

229

264

260

268

219

365

261

261

264

224

262

s62

26s

357

319

334

344

349

359

325

349

364

338

344

338

362

367

290

38s

362

334

2s6

346

263

310

336

346

2s5

62r

499

503

7L7

550

6s6

649

504

767

67r

37I

43t

426

455

1, 007 r,079 2,r34

79/Il4 25n
tt som

r TClm

tt 95m

rr 107m

79/116 40n
rr 5om

r' 60m

362

333

339

260

9,875

550

s80

s37

375

372

399

430

585

Glow peak temperatut"(oC)øt (mg)

364 323



A2 -7

SanpIe wt (ng) Glow peak tempeïatuïe (oC)

IUMD79/II6 69.5n

7s/ r77

77.5n

30n

34m

39m

44m

49m

26m

31n

37m

43m

49n

25m

45n

60n

80m

100n

L2.T8

18.55

2r.23

t8.74
15.70

17 .52

26.00

18 .69

203

L46

178

22r

158

166

160

189

203

l-64

L70

172

151

152

L4I
r43

188

160

I4T
353

168

I63
161

160

369

r43

156

170

150

L79

138

359

159

556

L73

378

153

r62

150

r46

t52

234

2TL

217

2s6

218

2r8

2t1
229

226

215

228

278

1,7 3

235

181

185

226

195

196

266

278

257

344

264

267

256

269

249

266

264

256

249

263

223

272

262

277

234

356

359

340

It

It

il

il

7s/ r23

22.77

24.94

79.29

19.25

13.20

14.39

18.5s

12.20

17.65

24.99
ll

t7 .44

17.74

19. 70

17.85
It

18.22

18.18

19.20

12.33

14.75

24.44
il

26.55
il

22.85

353

342

369

303

341

345

34s

332

268

334

272

334

36L

365

266

7s/rrs
l1

ll

il

tl

It

tl

lt

il

il

7s/ r24

12 0m

3Orn

fl

48n

66n

84m

100m

It

il

il

il

il

It

223

200

185

189

2r6
20r

224

200

2L3

191

252

256

220

23r

234

223

248

233

26r
226

337

338

26L

261

il

il

il

ll

79/tzs 25m

32m

3Bn

44m

50m

27m

It

53n

il

39n

266

264

337

265

347

2677s / 126
It

il

It

It

lt

t?

il

198 229 267

195 225 264

79 / 727

il

rl

45m

5ûm

26m

32m

38n

2r.94

19.96

19. 05

11.50

16. 45

207

20s

22s

229

2L4

259

249

267

265

234

367

273

355

353

267il 34s 334

368

335

55¿

375

333

3s6

s54

358

34r

345

348

336

338

332

559

384

370

5s4

243

294

480

382

400

423

589

6

439

501

518

377

379

452

550

r,332

493

364

34r

374

541

514

s77

883

7

659

682

752

468

549

52r

404

820

751

470

510

340

390

4s9

479

609

476

280

370

60s

495

446

475

266

389

377

245

438

2r9

319

426

367

s70

456

659

564

622

532

549

729

677

527

610

368

452

481

410

551

669

717

653

Glow peak intensitY

452

404

294

267

446

37r

442

749

6

483

531

570

67s

473

678

539

779

637

470

559

423

s96

560

s76

743

599

568

475

409

452

481

422

501

604

609

653

246

431

224

27L

200

231

722

3.5

264

281

259

67s

303

573

755

492

t5/

430

315

225

508

s04

576

7rs
286

527

288

440

377

438

251

451

525

391

s47

*
495

364

851

737

420

287

225

228

336

52L

523

406

481

264

241

228

288



A2-8

Sample

uMD79,/L27

7s / r33

Glow peak intensity

il

ll

il

tt

44m

50m

25n

37m

39.ln
46.2m

15 .65

14.90

r9.97
27.r5

1s .60

r3.05

1s .90

19.5s

12.40

13 .90

17 .54

17. 15

r9.84
19. 10

2r.02
18.60

Is.44
18.15

19.25

20.30

20.05

14.9s

1s.55

r7.08
16.37

18.ls
23.90

2L.69

20.53

19 .89

16.15

15.75

18.51

20 .90

18.20

20 .00

20.73

18 .97

20.69

153

1s4

160

r60

178

159

L7s

140

169

214

16s

159

22r

191

140

r42

142

140

149

200

166

140

138

2t5

154

746

L74

166

t76
172

185

144

L44

18r

214

L74

202

209

142

148

2L7

2I5

198

203

227

203

204

195

200

257

2r6

247

242

))7

188

196

192

188

r82
234

229

199

191

225

t94
206

213

195

22r

225

209

198

230

2L0

246

2t2

227

242

194

r85

257

268

259

260

258

268

254

27r

23r

351

257

258

36s

249

269

263

270

242

197

272

268

270

258

260

245

233

23I

226

2s6

348

264

264

336

2s2

3s8

25I

260

345

262

2s4

347

34L

345

352

339

342

329

337

260

591

453

300

307

577

460

s03

310

444

683

570

379

478

576

238

296

194

413

312

468

349

268

402

468

367

358

314

s07

365

440

449

254

I ,688
43r

659

^ ^-+ z-J

386

527

20s

292

942

70s

401

426

833

s37

645

426

s65

s76

94L

583

49I

703

520

351

378

64r

s76

505

5r7

58s

324

684

569

290

s10

ll

il

tt

79 / r34

50m

38m

43m

48m

52m

16m

24m

32m

40n

48n

27m

30m

36n

43m

50n

4ln
45.lm

50.2m

55 .6n

34r

79 / r3s

345

359

tt

il

il

il

lt

ll

il

il

79 / r37

338

55¿

338

5J/

273

241

347

370

343

342

354

34I
256

262

259

346

589

262

376

259

468

40s

493

449

334

579

556

504

496

418

588

475

490

495

429

594

467

246

.1B B

410

501

266

348

333

349

340

606

4t6

443

374

468

s95

439

489

551

439

588

390

277

433

460

405

467

358

Âaf

374

290

338

446

79 / r38

79 / L39

60n

34n

38m

42m

46m

50m

20m

28m

36m

43m

50m

I lnr

17.9m

25n

32m

336

360

349

362

36s

380

337

1't ) 359

274

349

333

344

ll

It

il

il

t?

ll

1l

It

7e /r40
il

il

ll

tl

79 / r43
il

It

It

wt (mg) Glow peak tenperature (oc)

17 .95

353

319

336

351

437

272

595

3l-4

801

s44 363

342

437

262

392

323

372

579

4r6

27r

237

602

531

234

275

523

335

46r

207

702

260

275

209

2I9

279

s08

455 383

450

205

314

334



^2-9

Sanple

UMD79/I43 4on

79/I44 5n
rr llm
It 17m

n 23m

tt 29m

79/I45 7m

rr I4m

¡t 2Im

" 28,5m

tt 30n

79/t46 L)n
rr l8m
tt 24m

tt 32m

rr 40m

78/60

Glow peak intensity

306

lt

ll

lt

ll

ll

ll

It

il

ll

il

lt

il

il

il

il

t?

il

ll

It

il

tt

il

il

L2m

13m

14m

15m

18m

20m

2Im

22m

23m

24m

25m

26m

27m

28m

29m

50n

5ln
32m

33n

34m

35m

36m

37m

38n

12.60

11.80

19.7L

26.s0

18.30

16.79

20.74

T7.LO

19.76

26.16

2I.t3
22.19

17 .24?

23.55

13 .60

17.50

19.43

17.00

15.52

8. 83

18 .69

10.70

24.80

140

158

163

T82

158

200

197

168

162

214

21I
200

r36

136

r36

r37

148

ls0
198

198

184

r89

158

r46

188

2t4

275

227

228

250

224

204

200

242

242

234

196

186

188

188

193

207

240

229

237

220

200

204

260

254

244

264

259

360

260

24I
228

262

266

254

246

259

262

234

256

270

265

266

259

246

226

266

320

3s8

344

354

318

352

364

346

327

595

,017
649

494

4s4

,34I
,408

,310

626

399

603

8.4

677

592

,14I
1,070

1,4L6

L,332

1 ,009
s40

92r

1 ,559
877

600

798

1 ,918

l, 550

r,667

1,635

r,667
L,496

2,055

1, r89

531

728

13.5

903

9s7

r,376

1,153

L,427

I ,380

1,234

915

1 ,040

1 ,093

700

626

847

r,22r
r,32r
r,637

1,533

1 ,563

1,391

1,893

).,323

78r

919

18. 1

1,154

r,132
r,376

r,r2L
1 ,359

r,268
r,234

988

944

695

416

264

1,180

995

I ,094
r,447

342

754

I,723

1,079

19.3*

345

354

258

382

358

s67

267

324

55¿

254

346

34r

344

3s7

s30

338

257

354

1, r18

L,662

I ,406
L,821

1,151

984

r,334
r,235

896

I,287
16.8

r,034
r,076

1 ,065

722

r,2r2
647

1,196

823

17.80

19.30

16 .00

19.61

16.7s

r9. 03

20.4s

19. 15

18.51

16 .69

r_9 . 75

22.24

18.84

19.10

19.35

19 .90

419

418

629

265

262

459

299

342

367

225

246

421

415

391

459

478

578

367

235

243

389

367

360

4s1

510

323

5¿/

449

311

375

357

448

604

318

470

351

449

29I

337

584

681

452

427

35r

285

297

280

328

552

269

496

432

589

228

247

49r

557

491

452

361

333

319

351

2s8

34r

347

266

34r

342

s52

394

359

270

26r

345

243

250

262

244

559

353

262

264

278

278

260

361

353

184

154

148

).42

r42

168

141

223

2t2

177

r49

r40

245

176

269

169

2I6

195

168

245

262

189

202

24t
z¿J

22r

266

2622 06

2I6

178

190

Glow peak temperature( o
CI

I

wt (mg)

344 78s



Sample

UMDTB/60

A2-10

264

360

2s4

340

362

253

259

19.75

2r.66
20.55

15. 20

22.95

8.4s

2r.33
22.00

18 .60

18.67

17 .50

14.84

13.53

17 .25

22.30

24.40

18.20

23.4r

10.05?

10 . 11+

10 .96

12.76

17.84

15.36

20.63

1s.78

20.80

16 .69

26.99

18.3s

17 .T3

21 .50

17 .35

2I.74
20.98

23.15

17 .29

16 .90

19 .65

19. s0

14.60

562

882

925

368

I ,007
1,538

980

855

704

852

749

r,637
953

991

996

828

6s9

7s6

r,263
1,840

1,186

1 ,199
1 ,205
r,348

4L7

r ,090
447

725

s08

97s

555

660

888

837

s24

229

8s0

692

712

1 ,056
s48

759

979

1,075

368

1,098

1,598

989

I ,055

785

1 ,018

1,051

2,r09

1,168

1 ,096

1,094

r,0L2
703

803

r,413
1,949

1, 359

r,693

r,379

L,426

543

2,725

558

905

682

r,4r7
648

712

r,037

938

839

389

r,243
r ,041

r,064
1,159

9s9

957

s86

1,051

592

584

1 ,503
942

1,r23
785

745

600

r,765
658

77I

1 ,000
992

786

8s9

1,385

I ,949
r,296
1,505

1,485

1,419

645

1,584

529

8s7

697

638

765

898

928

86s

724

652

920

L,296

1, 160

723

r,000

653

7t5

911

525

1,068

462

Glow peak intensity

It

It

il

It

il

lt

il

ll

il

il

n

It

ll

il

il

il

il

ll

il

il

?t

il

It

il

ll

lt

il

tl

ll

t?

il

lt

lt

t?

?r

t?

il

il

il

il

39m

40m

4ln
43m

44m

48m

46m

47m

48m

49m

50m

5lm

52m

53m

54n

55n

56m

57n

58m

59n

60m

61m

62m

63n

64m

66m

67m

68m

69m

70m

7lm

72m

73m

74m

75m

76m

77m

78m

80n

81m

82m

1s6

206

L72

193

204

t94
200

168

200

202

210

204

202

194

189

178

192

r95

188

194

208

178

180

192

158

204

199

190

223

194

174

L82

208

270

196

154

199

155

152

195

r42

208

266

222

264

2s0

225

234

194

232

256

266

238

2s0

260

208

208

)1?

230

238

214

244

230

L92

218

r96

257

237

235

257

247

196

195

262

243

262

20L

268

198

186

259

228

346

352

3s2

338

2s8

342

3I7

340

560

356

332

32I

518

352

340

364

356

232

253

342

344

266

340

340

230

229

240

256

256

250

270

258

220

232

234

319

263

256

270

306

238

2s3

278

268

340

278

336

2s8

250

34r

250

27r

256

263

333

334

355

347

327

2s0

254

266

339

344

336

330

1 ,004

848

889

747

632

876

L,\87
1,031

807

I,289
r,302

674

1,578

438

473

+JJ

5s0

507

47I
s16

48s

589

645

I,236

260

327

34r

327

800

540

611

543

916

793

646

728

9s2

548

483

J5¿

55¿

337

565

263

Cow peak tenperature(wt (mg)

33r 815



Glow peak temperature (oC)wt (mg)

A2 -L7

Sample

uMD78/60 83m

Glow peak intensity

il

il

tt

il

il

tt

It

It

It

tt

It

il

il

il

il

il

lt

il

il

il

il

ll

il

lt

tl

il

It

ll

il

ll

il

il

il

il

tl

ll

ll

il

tt

It

84n

85m

86m

87n

88m

89m

90m

9In
92m

95m

94m

95m

96m

9 7rn

98m

99n

100n

10 lm

10 2m

10 3n

l04m
il

105m

106m

10 7m

108m

il

109n

I 10m

111n

tt

1l-2n

I l3m

1 14m

1.15m

1 16nr

17 .72

15.30

23.28

15.35

25.72

21.80

23.25

23.95

18.01

24 .47

25 .36

21.85

2r.49

15.91

2t.94
22.0r

14.62

17 .70

17 .7s

16.26

16.26

22.04

16 .61

L7.49

20.70

20.70

10 .95

12.87

17.95

17.95

11.95

15.85

18.60

14.T3

14. 13

15. 15

12.50

12.50

200

208

149

17T

196

198

184

200

194

r96

205

177

t72

204

202

208

191

200

164

202

193

180

364

203

2I0

193

170

372

158

198

176

376

t76

172

174

r'/6

196

360

L92

170

366

2s0

270

188

190

232

228

223

228

228

224

238

200

205

222

234

230

236

232

198

230

237

223

265

344

2s6

259

260

260

25I
246

26I

249

273

266

268

268

263

268

270

264

220

260

263

244

340

360

340

334

330

340

339

346

3s5

348

368

340

372

364

370

364

370

368

254

36r

378

272

560

368

376

1,187

s66

365

370

34r

r,078
869

434

1 ,094
1,011

r,248
r,269
r,223
s.40

r,132
93s

76.7

1,011

27 .7

1,084

L,364

r,076
L,027

1 ,033
1 ,085

1,079

r ,039

664

1,107

r,222

l, 149

1,068

609

r,406
1,041

969

663

1,150

92I
887

I,5U8

764

602

891

1,016

808

r,L74
1,033

760

I,23I
1,100

1,335

1,191

L,236

3.35

1,189

962

18.9

1,509

27 .4

1,154

r,433
1,180

1 ,059

7,252

1,040

I,II4
1,18r

r,174
673

803

r,s37

r,r2O
I,202

s81

1, 165

3.20

r,r24
907

23.6

1,057

22.8

1,135

r,326
1,130

977

1,245

983

1,015

r,2r8

615

660

511

899

642

679

622

2.80

s88

524

ls.6
632

12.7

670

691

665

s54

,142
66r

676

631

632

743

,140

1,626

699

L,o7o

745

694

, 183

972

934

48s

622

674

630

s88

14.0*

616

749

s94

785

692

657

770

700

629

609

+

*

34s 1,070 677

238

237

224

194

196

238

200

260

266

2s3

2t9

2r8

265

234

354

361

335

259

2s6

340

274

354

ss4

267

36¿

260

346

267

362

s42

352

36s

548

377

378

366

33r

r,172
1,198

1,155

\,26I

I ,918

I ,049

1,114

r,264
1,066

9s9

r,3bu
82r

990

r,r28

1,084

1 ,090

1,184

1,285

1 ,945

862

1, 159

I,247
1,155

1,048

r,425
B7B

tt

200

202

192

r89

224

236

20r

264

266

239

258

240

264

¿5J

117m

1 l8m

997 726

tt

339 r,296 r,240 896



wt (mg) Glow peak temperature (oC1SampIe

UMD78/60 119n

A2 -L2

199 222 265 350

197 227 259 343

186 226 262 326

Glow peak intensity

1,153 1,288 1 ,069 591

tt

il

il

il

il

il

il

il

il

il

il

il

tt

il

It

il

il

il

il

il

il

il

lt

il

il

n

?t

il

il

il

il

It

il

n

il

il

il

il

It

120m

tt

I2Im
It

122m

123m

ll

il

t7.78
17.78

20.29

20.29

17.80

17.80

ls .40

20.34

20.34

22.65

17.00

L7 .38

23.29

23.56

18. 55

L7 .52

20.60

13.48

15 .60

77 .65

t7 .30

20.54

15. 15

20.05

13.65

18.35

20.05

14.61

14.61

13.10

16 .10

14.60

19. 85

16.72

2I.45

19.76

17 .r9
14.59

168

368

156

37r

158

349

209

180

364

200

139

184

140

184

744

r90

202

20r

202

197

194

r82

182

207

20I
158

176

170

T7L

372

166

167

202

170

172

154

181

165

168

246

192

268

234

364

262 s40

939

s79

694

660

713

961

896

855

846

852

34r

639

223

390

388

788

578

675

814

884

r,023
L,047

574

698

989

403

818

12.6

1,08r

500

64r

787

979

625

526

541

526

448

s28

968

949

77r

943

973

69s

532

601

683

524

651

981

r,052
792

I,L2L 841

680

1 ,418

805

981

877

908

429

609

43s

443

383

449

466

95r 991 r,020 626

86s I ,045 r,r07 I 084

I25n

L26m

I27m

12 8m

1 29m

1 50m

1 31m

L32m

1 33m

I34m

l35m

1 36m

L37m

138n

1 39m

140n

14lm

142m

143m

L44n

226

t79

236

179

237

189

270

262

274

236

26r

26s

252

204

238

228

204

202

23r

193

264

240

274

274

282

237

338

33r

336

264

335

358

357

266

265

2s8

254

238

260

236

347

270

333

334

339

265

346

353

338

365

370

332

343

334

356

350

325

55¿

901

547

823

348

577

712

1 ,050
7s2

1,053

1,038

1,088

7,462

1,164

601

833

1 ,004
545

793

14. 8

1,150

993

706

932

648

67r
933

896

714

912

1 ,090
793

r,063

696

713

888

960

r,074
758

15.6

r,225

794

L,074

952

730

628

681

774

634

7Bl

698

765

967

790

r,167
997

684

883

923

7t4

6r4

823

777

757

768

7.8

1,205

360

329

330

321

260

336

258

ú

145m

1 46n

L47m

14 8m

149n

15 ln
15 2n

15 3m

15 4n

227

202

233

203

204

214

242

204

222

262

246

267

233

228

26I
270

264

26s

324

266

559

278

256

325

s43

330

334

364

34r

340

332

358

489

968

42s

640

748

56q

405

460

535





A2 -L4

Sanp 1e

tJ[4D78/77 66n

67m

68n

69n

70m

7Lm

72m

73m

74m

75m

76m

77m

78m

79m

Bln

82n

85m

84m

85n

86m

87m

88n

89n

90m

91n

92m

93n

94m

95n

96rn

97m

98m

99m

il

10 1m

l0 2n

103m

104m

105n

106m

l0 7n

1 ,100

r,2L4
r,o7r
r,272

826

L,4r7
1 ,081

r,245

1,101

r,2r2
1,0r3
1,048

1, 355

1, 145

r,375

l,165
979

r,249
1 ,383
1,155

I ,040
930

1, 309

979

r,223

r,292

I ,000

1,165

9s7

1,175

990

92s

637

758

764

686

r,670
647

I ,519

1 ,515

87I
866

I ,009
L,L34

908

r,4L7
1,135

1,166

L,023

1,226

r,026

1,118

1,396

1,108

L,298

1,115

955

r,r43
r,r74
r ,038

1,010

949

r,200
1 ,056
I,2L6
r,266

1 ,040

7,rr7
934

I ,088

1,063

852

690

981

977

760

3,254

769

1.,874

595

9.64

10. 0s

17.93

10. 85

18.29

15 .03

t6.74
22.73

12.90

15 .82

22.80

l-8.42

14.s4

13 .36

10 .40

r7.85

20.s3

22.66

22.49

22.26

20.20

2t.39

13.75

18.18

15.54

19.20

20.20

23.00

22.05

15.07

15 .05

19.14

r8.85

18.85

19.27

23.95

29.75

24.3L

22.r0

17.18

2L.02

Glow peak intensity

L87

204

140

t42

r49

166

168

170

743

r34

r46

138

156

149

178

164

150

L46

166

t72

L46

140

L37

L46

144

155

r46

r46

161

153

128

165

T42

346

136

1s0

L57

r66

139

161

rs2

265

263

199

203

192

192

203

226

190

178

t94
168

r96

192

224

184

199

191

224

198

r88

188

I82
199

186

r87

19s

199

202

190

177

191

165

345

353

262

249

264

2s9

236

262

258

224

258

198

222

232

258

218

262

246

266

263

254

262

248

258

254

221

260

264

232

247

253

232

192

368 ,027

,294

902
il

il

lt

il

tl

lt

ll

il

lt

It

il

il

il

il

il

il

il

lt

il

ll

tt

il

il

il

il

il

ll

il

n

ll

il

il

lt

il

It

il

il

ll

lt

ll

184

188

191

246

]-94

224

25r

252

259

256

266

266

260

305

328

342

358

505

344

321

336

358

360

346

274

259

364

36r

256

3s0

270

252

270

340

2s3

354

346

368

3s9

333

346

34s

340

340

254

353

351

265

349

328

259

236

368

356

3s6

560

338

370

3s2

558

363

340

357

346

356

264

669

922

662

r,204
I ,004
1 ,087

79L

948

785

8s2

l, 190

928

r,375

I ,087
70L

852

1,r52
1 ,056

738

7lr
856

770

965

r,02r
757

804

785

995

678

831

541

753

607

610

578

r,407
557

1,030

747

894

847

1,557

1,135

919

814

r,258
934

\,I78
1 ,369

1,108

923

1, 148

838

869

7tr
8r3

822

893

975

765

953

r,203
926

965

961

849

824

883

7s9

72r

70r

608

1,34I
66s

774

466

9s1

902

999

r,075
r,Lo7

891

997

837

803

859

785

831

664

859

Glow peak temperature¡oC)wt (ng)

370

I ,066

691



A2-15

Sample

LJMD76/I4 1lm
tr 15n

t' 29 .9m

72/2I I6n

" 40m

It 60m

" 85m

77/22 I}n
tt 24.7m

tt 37 .7m

rr 69 .5n

77/23 I6n
tt 30.5m

't 59.2m

77/24 30n
rr 45m

tt 6L.2m

N7 300 '
tt 3361

N26 357 l

n 446t
il 552r

N43A 1621

r' 306 t

n 446t

N74 10 '
?r 110 r

r' 185 r

Í 387t
rr 512 r

N123 198,
il 288r
n 447t
il 593'

N128 65,
u 2401

| 3621

il 560r

NI29 100 '
r' 168 r

n 2601

Glow peak intensity

11 .45

14.82

18.85

19 .46

17 .76

2r.90
14.22

2L5 255

24s

215

26s

204

2r0

264

196

L94

185

191

272

220

280

r96

185

183

2L4

180

200

252

191

208

196

2s6

185

23I
250

179

260

22r

206

265

326

234

2s0

255

185

205

229

)17

34s

330

250

335

272

284

330

275

244

255

264

338

280

370

255

285

249

267

255

26L

386

26L

r8.5
19 .5

14.0

6.4

704

639

r,547
12.0

217

323

674

930

559

724

784

643

630

s84

1B.s

387

439

397

779

305

I ,087
373

656

32.I
297

155

46L

410

5 ,3r4
r,025

679

32.0

44.2

15.8

58. 1

846

792

18. 3

L7 .5

17 .5

8.7

676

651

r,723
13.3

229

283

78r

7s0

647

659

911

73r

709

925

17.2

407

450

497

823

39s

1,196

349

400

34.6

276

145

s76

355

2,979

r,271

716

31.0

31.8

22.3

39 .7

L,384

987

12.2

11.5

15 .9

11.5

98s

913

72r

16.s

254

3s4

820

450

765

430

1,130

1,111

591

881

33.5

591

340

645

823

449

I ,056
578

732

24.2

510

80

s76

410

2,I40
1, 169

704

16. 8

38. 5

26.1

35.7

r,L79
909

*

10 .0
*

1 ,070
982

205

t70

180

153

t64
16s

150

159

Is4
143

230

175

225

140

168

ls0
166

140

1s9

205

rs2

177

r4s

r87

151

174

195

151

180

170

169

22s

204

216

190

180

150

180

1s9

176

340

348

360

346

346

342

364

360

23.8

82r

859

605

*

r,344
*

876

377

3t7

20.70

24.75

25.60

16 .66

17.00

22.1I

13.72

B. 55

2s .40

22.70

1,6.25

24.55
1) '70

20.14

23.L0

27.86

16.10

20.75

26.28

15. 87

23.55

17.3s

18. 30

13. 55

24 .39

24.25

18.41

16 .95

17.03

18.63

19.s1

19.25

*

330

354

37I
300

3ls
29r

706

r,203
l, 199

433

859

41.8

652

497

541

43L

867

679

490

984

24.0

37 .6

1,333

610

272

240

370

276

353

565

280

34s

2s0

260

325

s47

266

360

325

2s0

260

289

270

367

380

258

339

329

270

352

364

3s0

330

589

368

358

559

36s

390

*

*

*

531

*

*

*

*

wt (ng) c)oGlow peak temperature (



N129

Nl30

il

NEl

4541

2001

2501

594 |

104 r

2431

3251

496'

497 |

55r

160 '

2541

385 '

140 r

2941

42Il
138 r

.'r1 À I

3461

5201

A2 -L6

330

350

26r

290

280

240

282

27I

274

266

237

) )')

240

259

2t0
230

282

222

294

310

Samp le Glow peak intensity

NElO

76/9 10n

tt 29.6m

77/27 L4n
tt 44.6m

't 59.8rn

79/29 14m

tt 22.7m
r' 41n

'r 59 .5m

78/99 29n
r' 37n

" 46.5m

79 / I30 32n
tr 40m

tt 50m

2I.35

17.81

26 .45

22.47

14 .42

23.99

23.sL

26.70

23.90

2t.6L

22.42

26.48

28.00

14.L4

19.13

15.45

9. 4s

17.00

17 .45

16. 8

11.8

491

401

936

375

425

637

649

472

937

s51

500

750

8s0

977

1,069

14. 0

618

9.7

L7 .3

15 .4

529

490

r,248
459

468

730

7It
625

r,173
691

650

900

1,000

l,19l
1,534

22.6

868

20.0

8.0

7.2

624

478

867

417

s10

712

7TT

870

r,097

785

600

82s

975

1,288

r,344
20.5

794

39 .5

501

423

s55

4s9

351

468

513

r,023

620

819

590

375

900

984

836

16.5

544

*

953

391

333

483

42s

450

563

t?

It

il

il

ll

il

il

NE11

il

il

NE23

185

2LO

1s6

183

t79

155

16s

185

190

140

164

L49

170

T7I

752

T7I

166

139

t74

140

230

26s

r83

226

22s

205

207

25r
2r7

190

203

186

206

206

r82

202

)7)

200

242

25O

350

350

375

269

35s

362

354

344

344

249

274

344

222

273

364

264

5/5

348

334

354

s40

364

+

79/ 136 I4n
tt 32.3m
rl 50 .4m

NE18 156'

ü 3O2t

44r

566

300

ts.7
809

408

2,LL6

471

550

55r

483

r,r4r
479

35.2

20.6

602

37.3

393

27 .5

19.1

331

463

200

9.1

599

408

5,290

366

364

492

474

1,141

352

26.5

13.2

694

36.2

383

26.8

14.1,

396

325

368

36s

350

335

343

3s8

376

280

280

331

256

274

550

25s

370

285

37r

24r
258

28I

227

367

240

535

330

400

535

268

36s

3s0

2ro

r95

250

190

28s

190

264

197

180

2Is

185

254

20s

275

255

270

240

17T

275

260

179

L70

155

ls0
190

159

206

14s

151

156

153

2L0

160

180

150

2I0

190

151

2r0

18s

18.15

19 .45

2I.30

16 .69

18.40

17 .96

19. t0

17 .T5

2s .40

18. 10

18 .41

25.55

23.59

15.50

16.20

T7.4I

26.75

21.05

79 .07

4L3

437

*

17.8

467

6s2

*

460

*

,<

*

*

497

379

551

746

s92

643

770

2L.4

689

652

2,227

890

423

709

s52

801

470

23.s

42.2

46s

24.4

542

18.5

r0.2

Glow peak temperature (oC)wt (ng)

342 13.0*



A2 -77

Sanpl e GIow peak intensity

NE18

Ú

Hr5
il

il

H25

r

il

lt

ll

H3t
il

ll

lt

H66

It

tt

n

t?

il

il

il

77/s4

4481

6241

60f

3L2l

465 r

100 |

100 |

L42'

2391

287 |

103 r

r97 l

350 r

500 r

g5'

149 r

306,

5m

2Im

34. 8n

42n

59. 9n

65.6m

22m

50m

75m

22m

45m

65n

77/38

r9. 46

18.85

2r.25
25 .47

r7. 90

24.00

17.75

22.75

18.9s

22.L0

20.18

24.7s

13.74

18.29

17.30

12.08

16. 00

14.40

18.37

13.94

20. 58

16.59

160

184

196

200

195

161

150

189

153

20r
170

173

180

175

r80

200

185

156

194

2),0

149

138

195

270

255

238

260

18I

l-92

272

205

254

28r

264

240

240

245

265

273

209

274

250

176

170

276

366

365

255

373

263

278

373

287

346

374

376

320

325

535

565

355

260

378

590

206

257

354

393

376

350

55s

354

269

320

411

743

753

609

782

448

296

57r

580

498

,27I
646

12.4

2.7

8.9

25.4

s00

660

5l-7

224

486

377

450

743

682

510

726

563

324

626

950

509

3 ,568

6s7

15.6

4.7

9.8

24.4

500

78r

512

267

s34

347

s65

517

459

491

489

542

479

418

620

283

396

364

13.6

10.9

8.9

16. 5

375

833

408

416

534

572

591

353

292

676

369

712

680

693

804

78r

953

723

766

724

77/43

77/44
tt

il

77/4s
It

77/46
It

?t

77/48
?t

19. 7m

40m

60m

13. 6m

67.3m

20.3m

42.9m

67.7m

10m

41 .8n

*

*

ú

*

17 .20

L7.20

23.25

25.30

r7.85
28. 00

28.00

2L.90

23.40

2L.L5

25.20

29.24

23.85

19. 56

15. 6s

17.95

18.79

640

262

558

L,779

714

r,057

703

838

870

1,091

828

I ,409

I,278

43r

390

772

494

233

409

889

686

796

626

603

832

869

646

918

L,329

415

474

718

811

334

337

358

368

558

32s

384

367

359

266

266

312

340

362

262

328

36r

275

268

254

365

275

354

24r

230

259

258

254

19s

330

244

277

194

37L

204

L74

245

235

267

194

r82

L77

194

272

r68

258

212

186

t78
275

175

145

184

155

199

r46
356

140

133

t67

165

136

r64

r76

151

151

227

r,739

I,304

831

r,248
719

s48

r,043

828

447

724

436

233

s96

407

387

r,423
504

l_,3r4

744

983

894

901

927

9r4

I,253
591

362

399

Glow peak temperatureçoc¡wt (mg)

355 559



Sample

77/48 62m

77 /49 30.4n
tr 39. 1n

tt 62.5m

77 /52 10n

,, 2rm
rr 58 .3m

tt 57rn

77/57 21m

r' 40. 4m

" 60.6m

78/66 30m

tt 52m

t' 56m

78/70 8.9n
rr 48.5m
rr 81rn

78/80 24.
rr 3 5rn

t' BOm

79/lI8 8n

tt 17m

,, 24m

illl

tt 3 1rn

rt ll

tt 48 . 5rn

rr 55. 5m

P8 B-10m

illl

r' 18- 20m

iltr

P9 L2-14m

Pt4 10-12m

Iril

rr 16- 18m

77 /53 10n

rr 50. 5m

rr 50.7rn

A2-18

245

340

393

Glow peak intensity

*

*

s95

749

815

915

2.6

11

3.3*
2.0

*

22.57

20.05

15. 03

155

16s

205

2r5

263

276

332

599

832

432

324

s66

180

148

150

185

2r8

165

168

174

205

191

165

14s

193

180

20s

205

200

150

200

180

160

138

138

375

149

369

178

180

138

357

r33

356

L42

r41

362

133

15. 17

20.75

19.39

2r .40

L7.70

17 .r7
17.55

14. 80

19. 03

17 .39

24.45

12.35

t7.30
15. 64

23.2r

19. 7s

13.14

18.75

20. 00

77.02

22.76

20.82

2I.90
2r.90
24.85

24.85

26.67

13 .95

20.38

20.38

23.35

23.35

27.09

22.90

?.?. .90

20.39

26.0

410

464

666

621

437

427

574

21.2

748

,L04
15. 8

607

22.4

13. 8

19.2

27.0

12.3

20.5

L6.7

,I25
576

667

630

419

793

64s

760

2.5

2.7

3.1

2.7

2.0
)7

1.9

2.2

332

330

328

333

334

358

348

326

355

346

348

349

350

580

580

325

350

243

32s

27r

290

373

268

250

258

266

323

350

26L

268

596

589

283

296

27r

560

270

306

250

367

555

560

360

370

265

345

555

219

2s6

224

234

342

374

250

23I

234

2s6

22r

270

20r
200

27r

276

197

20r

210

26s

200

267

180

264

265

275

285

265

195

250

260

199

186

t76

165

t62

181

184

198

260

2s8

172

r,077
598

709
t<

s75

s07

37.2

1,129

850

r, 018

446

732

23.5

*

11

2.9

2.5

3.7

2.85

*

*

*

*

*

*

530

619

16. 5

578

683

339

424

612

627

676

12.3

748

s93

3L.2

376

11.8

14.4

22.5

74.r
20.2

16. 0

7.0

r,375
850

995

2.7

3.8

616

2.3

3.2

450

538

2.95

20.8

578

516

584

627

393

4s6

574

19.7

748

r,247

20.2

s64

19.2

15.5

25.3

22.8

12.3

22.2

\7 .9

r,340
663

982

523

720

839

)'7
4

3.5
ú

))
3.r

*

2.3

wt (mg) Glow peak temperature çoC)

26r 360 421

46r

832

432 399



335

555

s43

355

354

364

372

270

555

340

375

5s0

5s0

255

263

269

340

375

355

277

375

345

338

268

374

370

568

310

270

360

370

225

255

250

260

260

250

209

L74

190

240

26s

260

185

26r

240

245

190

220

275

270

2sB

266

195

270

275

180

195

r75

205

190

170

155

15s

r63

190

195

180

154

19s

175

14s

r55

145

185

220

r82
160

160

200

195

r9. 55

17.10

I4. 84

17. 90

18. 30

15.92

16.08

12.5L

17.30

16. 85

20.89

14. 05

20.48

18. 05

18.55

14. 95

19 .53

14. 95

r7 .44

24.r0
23.29

16.99

16. 86

19.2I
12.20

30.2

10. 5

9.r
22.s

19.4

3r.4
606

560

535

27.4

18 .4

24.2

377

388

11.3

736

422

268

487

17.8

s26

1,978

13. 9

22.6

24.2

23.0

12.B

7.4
24.0

17 .5

25.1

498

500

434

2L.4

18 .7

23.r
293

4t6

10.5

535

435

100

430

23,6

558

1,978

11. 8

19.5

23.3

29.6

525

366

l2

*

*

J

*
&

+

*

*

*

*

466

480

376

22.5

6.7

5.4
14.s

15. 8

16. 0

622

620

s49

14. 8

11.5

70.7

366

208

6.2

518

384

229

11 .8

301

76s

16. 0

22.9

18.0

(ne)

rr 56. 6m

rr 58.5m
rr 80. 9rn

578/22 20rn

tt 50. 7m

tt 80m

578/28 28n
tt 55m

rr 78m

578/16 20n
rr 39. 9rn

" 60. 1m

578/77 2tn

" 39.7m

" 60.6n

578/24 2tn
tt 40m

rr 65. Bn

578/25 19n

rr 39.8m
rt 65m

578/26 L3n
t' 30m

rr 49. 9m

,, 72m

22.7 4

20. 85

21.00

16.20

16.60

19. 95

17.86

19. 45

20.00

12.92

16.59

t4.21
16. 60

2I.30
24.20

14. 11

A2 -19

253

382

263

250

365

360

340

360

380

270

365

335

373

345

355

Sample Glow peak temperature (oC Glow peak intensity

576/L 42m

80.5n

130m

576/2 50m

rr 60ln

r' 90m

577 / 6 17rn

'r 40m

r' 61.8rn

577/17 I6n
rt 40m

rt 59m

577/12 8n

rr 58m

rr 51 .7m

s78/1sA 20

*

149

189

159

1s0

185

183

205

185

20s

175

180

165

2r0
189

185

180

199

260

196

185

260

250

250

255

275

250

260

265

255

26r

265

275

347

379

340

330

492

345

478

28.0

551

23.8

22.4

23.2

10. 4

13.3

2r.l
32.5

634

13 .8

19. 1

418

432

429

6r7

27.4

602

22 .4

24.9

23.0

t2.0
15. 0

19.3

25.9

s63

2r.0
35. r

407

264

476

648

].4.7

388

13.7

14.9

14.0

11. ó

8.4

297

310

586

7.3

*

*

tt

*

+

*

t2.6
364

r6. 1

19.8

*

*

*

565 *



wt(ng) 
þrow ne"t ternperature(oC)

^2 
-20

Sample

WD6 36m

tr 65m

r' 91m

WD8 24m

rr 45m

t' 64m

WDll 46m

" 66m

WD12 22m

rt 35m

rr 50m

WD13 30m

rr 44. 5m

tt It

rr 60m

WD14 50m

ll lt

" 43.5n
illr

rt 60m

79/I2I 6n

7m

23m

40m

79/L22 3n

tt 11.5m
rr 15m

r' 30m

tt 50m

579/29 L]n
t' 42m

Iril

rr 69. 5m

tt 76.7m
tt 77.Im

579l30 1lm

rt 25m

rr 38. 5m

579/3L 20n
tt 40.3m
tt SBm

Glow peak intensity

23.05

2r.25
19.70

17.60

20. B9

2L.90

29.99

25. 05

26.30

2r.91
27.30

22.85

2T.27

2r.21

16. 38

29.30

29.30

22.60

22.60

22.I0
18. 11

19.79

TI.77

22.25

24.28

23.20

25 .40

19.70

24.00

20. 38

17.67

L7.67

10. 50

28 .65

23.94

15.15

18.32

17.09

24.4s

2\.98

2T.14

172

159

161

165

178

165

Is6
160

L72

169

169

r48

r43

5/ /

t62
139

36s

161

364

148

182

r92

L87

r82
202

198

r47

t72

150

776

150

384

1s6

r57

r43

149

185

186

181

185

t70

2r2

214

208

229

214

202

184

194

202

204

220

L94

189

244

244

257

2s6

256

278

246

240

240

239

255

26L

244

354

329

364

336

3s4

346

343

JJJ

347

334

349

323

267

1,410

B2B

1,066

1,813

r,026
I ,37I
1,653

r,r97
589

977

r,042
939

r,196
9L2

696

707

1, 388

946

1,030

1,460

814

630

857

770

835

936

740

713

73L

620

621

6s0

852

431

680

654

387

392

388

399

919

669

r98 223 256 336 827 832 76L 504

204

20s

250

233

326

262

376

355

341

356

339

s40

356

3s9

354

344

392

384

374

932

843

489

604

842

764

949

678

52r

523

401

836

509

635

69s

460

620

718

980

663

683

803

780

42t
777

608

662

566

521

448

614

485

455

688

878

528

896

1, 055

922

997

828

729

970

646

602

774

L,276

594

766

883

785

753

619

625

589

607

666

761

646

1,083

1, 145

775

925

409

870

814

475

551

510

364

457

s94

s79

476

662

583

464

634

540

' 537

1, 093

380

370

443

433

676

516

364

515

422

469

368

541

620

I87

2L9

227

221

23I

223

247

200

249

208

214

199

2IB

244

262

272

260

26r

342

263

353

261

252

228

25t

349

364

372

338

370

352

352

561

270

253

356

258

277

356

264

842

729

854

603

s44

577

487

598

553

767

672

702

381

s86

660

667

486

527

618

924

7,202

262

184

r84

L73

247

250

215

228

198

35r

222

260

230

553

3s2

2s0

270

230



Sanple

579/3L 63n
t' 77.5m

579/32 27n
tt 32m

rt 45m

579/33 67n
t' 70m

It 80m

579/34 I32n
tt I37m
,, 74L.2m

79/I04 20n

52n

82"5n

79/I05 20n

'r 3 5rn

tt Som

:: ':'

:: 'ï
r? 81m

79/I09 26n
tt 35m

tt 49n

T1

T2

T3

T4

T5

T6

T7

T8

T9

T10

T11

T72

T13

TT4

A2 -2t

258

263

24r

238

259

241

272

240

558

260

332

2s8

252

257

Glow peak intensity

20. 10

2t .65

16. 69

20.20

24 "20
28.89

27.70

22.35

26.49

23.45

23.22

28 .4s

r8.47
25.63

tB2

167

149

762

161

158

r62

161

204

198

t94
l-75

168

r62

219

212

198

204

220

205

229

191

25I

228

244

237

205

2t4

361

340

324

340

354

342

359

326

348

278

336

338

353

986

722

557

691

547

624

691

699

r,2BO

948

668

774

911

7s4

1,318

1, 089

850

895

726

757

1,048

897

I,073
1, 004

719

1, 080

1,050

r,028

I,025
722

685

713

627

682

879

688

720

902

694

1, 093

917

932

s76

483

44r

425

383

379

673

589

654

965

603

658

699

769

651

6L2

749

654

s40

338

585

397

433

538

6s1

584

478

1,065

2,522

367

r,238
899

1 ,358

832

430

r,379
848

533

411

415

s99

s59

940

510

408

453

403

486

1, 095

882

983

337

5s6

374

349

34r
350

3s4

3s4

34r
34r

ss4

358

367

338

258

309

258

346

363

269

268

274

376

340

259

274

277

347

342

336

358

259

365

306

268

348

2r2

254

230

252

247

23L

200

256

276

25r

329

258

264

235

250

25r

23t

242

327

256

254

206

249

191

189

197

229

230

196

170

225

209

202

235

r87

224

r97

2r3

16s

174

184

254

2I5

217

140

16s

156

132

168

169

198

158

r37

168

177

168

IB2

140

176

160

190

Ls6

389

138

384

136

194

158

168

2L.I5

15. 96

13. 60+

23.70

10.66

19.80

16 "13
14.55+

1B, 16m

20.02

15. 80

15. 00

27 .72

22.41

20.36

23.07

14.36

17.65

17.65

19. 86n

19. 86m

19. 75

17 .35

27.88m

24.TI

7,287

523

r,032

672

608

983

556

849

494

687

856

645

435

749

574

684

437

378

5s9

836

538

747

764

2,169

527

1,551

L,3r3
1,290

1,093

573

1,728

861

720

400

598

609

594

975

65s

618

744

1, 019

7,r07

589

67r

1,003

2,250

494

I,379
r,409

7,426

1,031

507

1,895

1, 095

700

408

611

722

607

1,072

623

633

876

7,349

r,282

554

Glow peak ternperature ¡oC¡wt (ng)

327 693



A2 -22

SampIe

T15

T16

TT7

TI8

T19

T20

D1

C6

^2
A1

C7

v4

SK2

B1

R1

H1

S1

Ptw,
C4

C3

C2

C1

v2

23.99

26.05

19. 05

26.7 4

22.55

2s .85

25.44

22.85

2r.40
20. 90

19.24

13. 16

r9. 05

19.27

17 .20

28.55

2r.59

2I.75
18. B5

18 .51

24.15

16. 16

2I.60

197

200

156

l-71

186

725

134

763

158

16s

t52
220

170

166

136

160

186

166

162

J,7 0

158

136

174

23I

230

202

249

232

289

266

199

238

234

196

258

237

230

212

186

233

236

198

224

230

308

225

264

256

228

270

252

374

273

261

263

258

320

501

240

239

560

338

27r

278

550

345

344

260

360

340

342

288

378

304

340

384

356

366

360

320

l, 100

L,027

639

927

726

81

806

1,833

537

756

509

1, 968

1, 538

794

878

161

259

368

2,066

692

692

2,35I
1,000

L,220

1 ,099

742

l, 409

752

994

3,494

2,27 6

r,734

2,234

904

973

r0 ,L7 3

1,806

994

186

347

395

2,544

918

1,391

6,188

7,L57

1 ,095

1 ,018

924

1,183

/5/

3,737

r,225

r,7r0
2,292

603

Glow peak intensi-ty

4,383

763

1,093

22I

116

244

1,514

648

1,048

770

s66

867

847

529

s88

1,159

2,L96

567

|,L24

1,465 1,337

592

22L

589

833 49r266 370

wt (mg) Glow peak temperature (oC)



APPEIÌDIX 3

ì4icroscope descriptions of selected thin and polished sections.



A3-1

APPENDII 3: Micro ic descri tions of selected thin sections
po1 1 sections

Location: UMD78/66 26-28m, Outcarnp Si11.

Classification: Altered basaLtic si1l.
Plagioclase 50% well preserved rectangular laths varying fron
small to large (2rnm x 0.5mn ). These show no preferred orienta-
tion due to crystal settling, growth etc. and are frequently re-
placed by clay, chlorite and sericite. No distinctive twinning
is observed.

Mesostasi s 45%. The plagioclase laths are enclosed in an originalll
which has now been completely replaced byglassy mesostasis

kaolinite, illite and chlorite with minor quartz also being present.

Clinopyroxene. Isolated phenocrysts are randonly scattered through-
out the rock and are completely replace d by chlorite.
Opaques 4%. Abundant sma1l skeletal opaques ale scattered through
TÏãlã¡tÏon frequently occurring in association with altered
plagioclase laths. This may be a result of the exsolution of smal1
iod-1ike needles of rnagnetite which are contained within clouded
plagioclase (Heinrich 1965, p.356) .

s4s / 202

Minerals:

Texture and
connents:

s49 / 203

Mineral s

Texture and
cornments:

s49 / 204

Although totally altered relict shapes give an indication of the
original texture of the specimen. No flow banding or outstanding
phenocryst phases are pTesent and the rock is cornposed of randonly
oriented plagioclase laths with isolated clinopyloxene phenocrysts
in an originally glassy mesostasis.

Location: UMD78/80 20m, Siegal Volcanics

Classification: Altered basalt
Plagioclase 65eo Randornly oriented intersecting generally lath
shaped grains which are altered rnainly to a light green chlorite
rather than to sericite or c1ay. Chloritization is patchy, often
occurring in the centle of laths. Finer darker brown chlorite is
gradually replacing the light green variety.
Mesostasi s 25ea Orange brown replacement mincrals of the mesostasis
are illite and sericite. Minor light green and dark brown chlorite
also occuïs. Rod like opaques and anhedral grains aTe randomly
scattered through the natrix.
Clinopyroxene 5% Large subrounded phenocrysts which occur scattere(
through the s1ide. These are replaced by chlorite and quartz.

Opaques 3%. These occuï in two forms: (1) anhedral randomly
scattered grains, (2) skeletal exsolved structures often associated
with plagioclase. Many inclusions are para1]e1, perhaps exsolving
along cleavage directions.
549/203 is texturally similar to 549/202 with the addition of more
clinopyroxene phenocrysts and minor opaque fi1led veinlets'

Location: N125 4381, Redtree dyke.

Classification: Altered dolerite.
Plagioclase 50%. These laths are genelally betteT pleseTved than
ffieredextrusivesandtwinningisobviousinlarger
grains. Grain size varies from sna11 to very large (5m.n x 2m.n).
Snaller grains are completely replaced by chlorite, larger grains
less so but are partially replaced by sericite. The replacive

Mineral s :





s49 / 208

A3-3

Location: UMD77/49 34-37n. Outcamp Si11

Classification: Altered basalt'

Minerals: Plagioclase 55%. Mediun to large randomly oriented 1aths. ManY

o broken. Intersecting
tion prior to intrusion.
light green chlorite.

are well Pres though manY are als
laths indicate a Period of differentia
Replacement rninerals are qtuariuz and a

c1i ene 2-3eo. These are totally altered to chlorite and

occur as enocrysts defined bY intersecting and broken plagio-
clase laths. Trace of anY phenocrysts originallY in the meso-

Texture and
comments:

Mesostasi s 40%. Although totally altered it does not have the

ffiorange-biowna1terationco1orobviousinsome
previous samples. Ãlt"rution is mainly a dark green-light brown

îndicative oi chloïite with some c1ay. This chlorite appears

different to that replacing plagioclase'

stasis has been obliterated'
Opaqugs 2%. These are subhedral and broken occurring (1) as large

randornly scattered grains, and (2) as very snall grains asso-

ciated with Plagioclase laths'
Texturally this sarnple is sinilar to others of the Siegal Vo1-

canics or Outcamp Siff. The difference in alteration charac-

teristics points to different types of alteration processes-having

occurred iñ samples, i.e. a silièic"itT:;äTi;".å"r::ilrï3-ålå''
hird tYPe of slightlY higher
e formation as in this sanPle'
tasis indicates that even this

process was relatively 1ow temperature rather than hydrothermal'

s49/209 Location: UMD77/48 34.5-41m' Outcanp Si11'

Classification: Intersection of two phases of altered basalt'

Minerals: Pl ioclase Phase 
^ 

20eo Phase B 50%. Phase A contains randonlY

scatt small to ium grain laths which upon aPProaching

the contact take on a Preferred orientation Parallel to the con-

tact. Alteration of the laths is rnainly silicic and to a Ie SSCT

extent chloritic. Phase B conta
laths which have been sirnilarlY
orientation even at the contact'

ins more abundant medium grained
altered. These occull in a random

Mesostasis. Phase A 70% Phase B 25-30%. Phase A mesostas

gla1n 1 sotrop .C ASS 1 icative of rapid cooling.
isisa
Phase B

present
awayis sirnil

in the n
fron it.

ar but less common. Radiat ing quench textures are

esostasis of phase B near the contact but disaPPear

Clin oxene. Phase A 10% Phas e B 20eo.

sma 1r only or]-en ted p crysts often
ave been rePlaced bY a Pa

In phase A these are
occurring close to the

1e green chlorite.
ger and more abundant
he sample. These also

contact. TheY h
Phase B clinoPYr
occurring random
are chlorittzed.

oxene phenocrYsts are lar
1y scattered throughout t

es. Phase A 2% Phase B 2-3%

ant in nse B. In phases the
grains and needle-like inclusions in

Opaques are slightlY more abun-
y ^t. 

fine grained subhedral
other minerals or are

tasis.randomly scattered through the mesos



s49/ 2r4 Location: UMD78/83 29rn. Siegal Volcanics.

Classification: Altered vesicular basalt.
Minerals: Pl ioclase 35%. Snal1 randonly oriented sericitized laths

Mesostasis 30%. Similar to most other samples. Alteration is
chloritic.
Vugs 30%. These are medium to very large (Smm x Smm) and are
rounded. They are not obvious in any other previous samples. A
zoning is apparent across the vesicles with layers of different
colored (light to dark green) chlorite lining their edges and the
centre being filled with quartz. Minor opaques are also concen-
trated in the central portion of some vugs.

Opaques 2%. ih"t" occuï in sirnilar forms to other samples.

Clinopyroxene 5%. Clinopyroxene phenocrysts are randonly scattered
through the section and have been replaced by light green ch1 orite.
They are frequently included by sma11 opaques.

The sanple is texturally sinilar to others in the Siegal Volcanics
apart fron the presence of vugs. This is taken from five metres
above the contact with the underlying Westmoreland Conglomerate'
The vugs may therefore represent either an original feature of
the basalt having been gas-fil1ed bubbles, or may have resulted
from weathering if this marked the top of one flow before ex-
trusion of others.

s49 / 2L9

Texture and
corilnents:

Texture and
comments:

s49/236

Minerals:

^3-4
Phase B is typical hypidiomorphic textured basalt. Phase A which
is composed nainly of glass appears to have been the later in-
trusion which has then crystallj-zed very quickly. A very sharp
contact with thin chilled margin exists between the two with no
intrusion of one into the other. The significance of this sec-
tion is that it indicates that extrusion/intrusion occurred in a
number of pulses rather than as one isolated event.

Location: Airstrip.
Classification: Quartz veined volcanic?

This entire sample is a mass of orange-brown sericite and clay
with ninor remnant plagioclase laths. No original relict tex-
tures to classify rnajor minerals or volcanic t)¡pe are present.
Large qtrartz patches may represent infilled inherent vesicles
though these lack the chlorite lining of 549/214.

Alteration is of two types: 1) the sericitic clay alteration
which has obliterated original textures and 2) a widespread
silicification manifest in quartz replacement of many minerals.

Location: UMD79/123 54-55n. Redtree dyke.

Classification: Altered dolerite dyke.

Plagioclase 35%. Randomly oriented well shaped and broken laths
which are totally replaced by sericite and minor chlorj-te such that
even the characteristic twinning is absent.

Meso-stasis 45-50%- An oranse-brown sericite-clay mixture forrninp

Texture and
connents:

the alteration of the original glassy component

Clinopyroxene 15%. Randoml y scattered chlorilized phenocrysts 1n
the mesostasis and cutting plagioclase laths.
Opaques 5%. Subhedral to euhedral grains altered to leucoxene.

Although sinilar to other samples in this basic suite, this par-
ticular sarnple is, overall, finer grained than others. Altera-
tion has been of the sericite-chlorite-c1ay type with rninor
secondary quartz veinlets also present.



A3-5

Location: SUD79/34 95n. Siegal Volcanics.

Classification: Altered vesicular basalt.
Plagioclase 2O%. Snal1 broken laths conpletely replaced by quartz
and sericite. They are randomly scattered and oriented.
Mesostasis 40eo. An orange-brown clay and dominantly sericite re-
placernent of the original presumed glassy mesostasis has occurred.
Relict shapes with this groundmass are not observed. Henatite
staining also occurs.

Clinopfroxene 20%. Large broken and comrnon phenocrysts scattered
throughout the s1ide. These are chloritized ànd frequently con-
tain snalI quartz inclusions.
Vesicles 20%. fn contrast to previous samples these large vesicles
had a quartz rim and are totally filled with a light green
chlorite. Occasionally a qvartz mosaic is present at the centre
of the vug. No opaque inclusions occur within or at the edge of
these.

Opaques. These are very rninor in contrast to the abundance in
other slides and are very srna11 anhedral grains associated with
plagioclase and the groundmass.

Alteration precludes positive textural classification other than
as described above. The sample is taken from near the contact of
the Westnoreland Conglonerate (implying an early extrusion) and
is covered by 95rn of overburden which may both account for the
presence of the large clinopyroxene proportions.

Location: SUD79/34 122m. Siegat Volcanics.

Classification: Altered basalt.
Minerals: Plagioclase 4Oeo

still obvious in

s49 / 237

Minerals:

Texture and
comments:

s49 / 238

Texture and
comment.s:

Although altered and sericitized twinning is
the broken randomly oriented plagioclase laths.

Composition of the laths is Ao. placing then in the labradorite
field. The laths are small tõ"medium and occasionally intersect
the extrernely broken clinopyroxene grains.
Mesostasis 50%. Very similar to other samples though the replacive
mineral is dominantly a darkish chlorite rather than a c1ay.

Clinopfroxene 25%. These phenocrysts occur in two forms: (f) Large
broken grains frequently overlying or crosscutting plagioclase
1aths, and (2) as smaIl anhedral highly pleochroic grains scatterec
throughout the section. Both types but particularly the forner ar€
replaced by chlorite.
Opaques 5%. The abundant opaques also occur in two forms: (1) as
sna1l anhedral to subhedral scattered grains, and (2) as long needl
like inclusions occurring in groups with a distinct preferred
orientation which nirnics that of the plagioclase laths in that are¿

Similar to 549/237 apart from a larger percentage of clinopyroxene.
This sanple is taken from adjacent to the Westmoreland Conglom-
erate contact and hence represents the first extrusion so could be
expected to have a higher clinopyroxene content than other samples.

)+J/ ¿+n LOCaIl-On: JUU/y/ 5+ I5I. ¿m.

Classífication: Tuff.

Qua-rtz 40%. These are small angular and rounded grains, many of
which are an original component of the rock, others of which rep-
resent contamination from the surrounding sandstone. Grains are
not in contact but are supported by the groundmass.

Minerals:



Texture and
connents:

s49/ 248

Minerals

Comments:

s49 / 2s2

s49/ 2s4

A3-6

Groundmas s 60%. A very fine grained ttnatrix'r of quaTtz, feldspar
anã-nãwltÏ-some fine opaques. Accessory apatite needles are
also present. Much of the rnore nafic portion of the groundmass
has bèen replaced by a light green chlorite. Minor hernatite
staining is also present.
Although no shards aTe obseïveable the high proportion of mica_
and chlorite seems to suggest a pyroclastic tuffaceous origin for
this sample. The very fine grain size and angular natule of much

of the qtartz is also indicative of such an orígin.

Location: Ll8 495. Black Hill dYke.

Classification: Altered dolerite.
Plagioclase 30%. Randomly oriented srnal1-nediun well shaped laths
ffi'Iõñ'havãbeen totally altered to a dark green chlorite.
ClÞgpyroxene 30%. Originally large very broken and shattered
@ota11yrep1acedbya1ighteIgTeench1oritecon-
taining minute opaque inclusions'
Mesostasis 4O%. A chloritized and partially silicified replace-
rnent of the presumed originally glassy rnatrix'

opaques. These occuï in two forms: (1) large anhedral broken
giãñs with a faint purple tingeci-leucoxene after ilmenite, and

Q) small black grains and stringers associated with plagroclase
grains.
The distinctive features of this sample are: (,1) the alteration
ty¡re which is conpletely chloritic rather than sericitic and
(Zj tfre high clinopyroxene content which is more typical of a

basaltic member of the volcanic suite rather than of a dolerite
dyke.

Location: L20 551'. Black Hill dyke.

Classification: Contact between two dolerite dykes.

These dykes are composed of the same mínerals as the other
rnentioned sections (plagioclase, clinopyroxene, mesostasis,
opaques) though the proportions vary in both phases of the dyke.

The first phase is a finer grained dolerite cornposed of abundant
plagioclasè and clinopyroxene and opaques in a glassy mesostasis
has suffered a chloritic and silicic alteration, and also has
minor henatite staining.
The second phase whích appears to intrude the first is a coarser
grained totally altered conglomeration of sericitized plagioclase
laths and large broken clinopyroxene grains in an orange-brown
clayey sericitized matrix. Iron oxide staining is prevalent and
in many cases stringers of iron oxides appear to define a pre-
ferred orientation replacing or staining plagioclase 1aths.

Location: Kratos Carnp.

Classification: Basalt.
Clinopyroxene 15%. Large partially broken phenocrysts set in a

@. Alteration is not complete and is present as
Minerals:

a partial chlorite replacement. UnalteTed gralnS nave nlgn oI'cI

interference colors and a distinct cleavage trace is also
apparent (cleavage angle 84o).

Plagioclase 1O%. Grey partially sericitized laths randomly
oriented and frequently associated with and cutting clinopyloxene
phenocrysts.



Texture and
comments:

s49/220

Minerals:

^3 
-7

Glass 75%. Very fine grained glassy groundmass which has been
chloritized and sericitized and also has hematite staining.
Radiating quench textures are very conmon.

The high proportion of glass and numerous quench features indicate
that the sarnple cooled very quickly after intrusion. Given its
fresh relatively unaltered appearance it may represent the last
stage of volcanic intrusion.

Location : UMDT 8/7 4 49.7 Junnagunna

Classification: Sandstone.

The sample has been taken from well below the Siegal Volcanic con-
tact and occurs in an unmineralized sandstone area. This sand-
stone is very poorly sorted with grain size ranging from sma11 to
large. Grains of quartz are subangular to subrounded and do not
show any kind of preferential banding or Iayering. Initial
porosity must have been very high as is indicated by the poor
sorting and also by the fact that many grains are matrix supported
Where grains are in contact they are usually only in pairs; no
triple points are observed. The long grain contacts where grains
do touch indicate that sorne pressure solution has occurred.

The natrix is a mixture of secondary quartz arld clay rnuch of which
has been sericitized. Occasional dark green chlorite patches and
light red hernatite stains are also found.

Rock fragments, rnainly acid volcanics and altered feldspars are
small and abundant. Metanorphic quartz is rare.

Quartz - 80%
Rock fragments - 8%

Opaques - I%
Chlorite - I%
Matrix - IO%

549/211 Location: SUD77/12 8.5m Red Hill

Classífication: Sandstone

This sanple is taken frorn just beneath the Siegal Volcanics and
contains 10 pprn U. It is composed of a number of interlocking sub-
rounded quartz grains with frequent tangential and long grain
boundaries. This implies some degree of pressure solution between
grains has occurred. Many pore spaces are fil1ed with secondary
siLica and initial porosity was high. A high proportion of rock
fragments are present which are mainly volcanic quartz and probable
altered feldspar. The clay content of the sample is low indicating
textural naturity.
Quartz is of two types: l) large-coarse subrounded grains with
undulose extinction with or without subgrain boundaries, and
2) smal1-medium angular agglomerations of composite very sma11
grains. This may represent quartz from the Murphy Metamorphics
and is very much in the ninority. A third type somewhere between
these two is also present in minor amounts.

Minera 1 s

CIay/ Interstitial cement - 8%.

Quartz
Rock fragments -
0paques

80%
Ijga

2eo mainly interstitial . Some may be pitchblende,
others henatite.
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Minerals:

s49/ 222

Minerals

s49/ 240

A3-8

Location: UMD 76/6 56.8m Huarabagoo.

Classification: Sandstone.

This sanpte is sinilar to 549/220. It is a matrix supported
chloritic sandstone with an original high porosity. It is poorly
sorted and grain size of quartz varies from sma11 to 1arge. Some

grains are in contact and triple points are observed. Doninant
grain boundaríes are tangential and 1ong.

The quartz is subrounded and has mainly straight extinction with
minor undulose extinction. Very rare netarnorphic quartz is
present.

The matrix is a mixture of clay (altered feldspar), sericite and
minor chlorite. Anhedral opaques are also present and are often
associated with chlorite.

Quartz - 75-80e"
Rock fragments - 7%

Chlorite - 2%

Opaques - Ieo

Matrix/Cement - 10-15eo

Location: UMD78/64 46.3m Junnagunna.

Classification: Sandstone from a shear zone.

This sandstone is poorly sorted. Grain size varies from small to
very large and shape from subangular to subrounded. Texturally it
is very sinilar to 549/220 and 22I with a groundmass consisting of
clay and serícite which has been partially silicified. Overall
initial porosity is very high.

Where this sample differs from the previous tr^ro is in the chlorite
content, which is ínterstitial though not detrital, and approaches
s%.

Few opaques are observed and rock fragments and metarnorphically
derived quartz are also rare.

Quartz - 75%
Matrix - 209o

Chlorite - 5%

Opaques/Rock fragments - <1%

Location: NE18, 302r, Redtree-Huarabagoo.

Classification: Sandstone.

This sandstone sample is taken from one foot below an area
mineralized with a grade of 0.07% Uz0a. No major mineralization
is present within this sarnple as inðiðated by the lack of opaques.
The cut-off between mineralized and non-mineralized areas is thus
quite sharp.

The sandstone is poorly to moderately sorted with rnedium-large
subangular grains. Quartz grains have tangential to long boun-
daries indicating some pressure solution. Undulose extinction
and sub-grain boundaries in many samples also indicates some
pressure.
Metamorphic quartz, while not abundant is present.

Initial porosity was medium and the matrix is now composed of
a partially silicified mixture of sericite and/or c1ay.

Quartz - 85%
Matrix - l0%
Chlorite - 5%

Opaques - <l%

Minerals:
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Minerals:

80/24.2s

Minerals:

us2/27.8

A3-9

Location: N130 25Ot . East of Jack Lens

Classification: Mineralized sandstone (1.91% U
3 8

The sample is composed of ve1y coarse rounded to well rounded
quartz grains with long grain boundaries where in contact' These
are in a matrix of dark gïeen chlorite and hematite with sone
opaques. One very large opaque acid volcanic clast is present.

The quartz grains have undulose extinction and the najority are
split and infilled by a chlorite/henatite mix indicating that
this is a later feature. Metamorphic quattz is rare'
Pitchblende is also present as sooty colloform coatings, anhedral
interstitial grains and minor veinlets'

Quartz N72-7 5Y"

Chloritic/Henatltic Matrix - ISeo

Pitchblende - 2%

Other opaques - <I9o

Rock fragments - L09o

Location: UMD78/80 24.25m, Longpocket.

Classification: Mineralized Sandstone (0.072e" US0g)

Subhedral mediun sized subangulal quartz ctystals in a partially
interlocking mosaic indicating some degree of recrystallization.
Initial porosity was lower than in previous samples, probably of
the order of 5% to ljeo.

Subgrain boundary development and minor veinlets in the quaTtz
grains indicate some degree of stress or pressure.

Rock fragments composed nainly of altered feldspars are quite abun-
dant and frequently are broken down to form part of the matrix.

The natrix is composed mainly of clay indicating textural sub-
maturity. Pitchblende occurs as anhedral grains interstitial to
quartz grains and also as coatings on the rims of grains.

Quartz - 85eo

Matrix - 5%

Rock fragments - 8%

Opaques - 2%

Location: U\1D78/92, 27 .8m Junnagunna.

Classification : Sandstone.

A very poorly sorted sandstone with grain size varying from fine
to very coarse. Some recrystallization has taken place as evi-
denced by triple point boundaries, long grain contacts and
development of smaller grains within larger. Many of the smaller
grains are enclosed in a clayey sericite rnatrix.

Rock fragnents which appeal to be broken down and altered felds-
pars aïe comnon as are interstitial opaques which occur as
anhedral grains and stringers.
Despite the poor sorting porosity is 1ow.

0

Mineral s : - 8s%
-O,

- J'o
ao,- l'o

-3%

Quart z
Matrix
Rock fragments
0paques
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Minerals:

Bo/80

Minerals:

A3-10

Location:. UMD77/24 25m. Redtree.

Classification : Sandstone.

Major recrystallization has occurred in this sandstone. This
is evident from the many triple points and sub-grain formation.
Grain size varies from sna11 to coarse and generally the coarser
grains show most recrystallization. Metamorphically derived
qlrartz which is distinguishable from other quartz types is also
present, though is not abundant.

Rock fragments which are rnainly acid volcanic fragments also occur.

In sorne cases the breakdown of feldspar frorn such fragments has
resulted in the formation of clay and sericite which constitutes a

poor loca1 natrix to some grains. In other cases such fragments
are who11y enclosed with individual quartz grains.

Opaque's are not common and usually occur interstitially or as rirns
of srnal1 grains or dusty inclusi-ons.

Quartz - 90eo

Rock fragments - 59o

Opaques - 29o

Matrix - 39o

Location: UMD78/80 80m. Longpocket.

Classification : Sandstone/Conglomerate.

The sample is taken from 1.5 rnetres above the Ptw" contact. It
is very poorly sorted with grain size ranging froñ fine to coarse.
Some individual grains have been recrystallized - others have not.
The sample is conglomeratic in nature and has a very extensive
sericitized rnatrix which has resulted fron the breakdown of a large
initial acid volcanic clast/feldspatr component.

Sorne of the large grains are composite with inclusions of smaller
optically discontinuous quartz grains and opaques (probably
ilmenite/magnetite). lr{uscovite is also present as an inclusion.

The important point about this sanple is the very large inherent
volcanic fragrnent component which typifies Ptwa and near-Ptw,
samples.

Quartz - 7 09o

Matrix - formed by breakdown of volcanic component.
Rock fragments/Volcanic fragments etc. - 30%

Opaques - Henatite, magnetite, ilmenite, less than 1%.

US9/104 Location: UMD78/89 104n. Junnagunna-Huarabagoo.

Classification : Sandstone

This sample is taken from just above Ptw. and is composed a snal1
subangular to subrounded grains in a serícitic matrix. It is well
sorted. Only minor recrystallization has occurred as many grains
aïe not in contact with each other. This indicates that this is
a juvenile and texturally irnmature sedirnent'

The subangular natuïe of grains, srnal1 size, good sorting and
:nat'ure:of:t-he:ma'trix:í¡di=eat-esthat:pa+t:of:tlri:s:sample:may:hav=e:

a tuffaceous origin though no direct evidence of this such as
shards or chloritic banding are observed.

Opaques are rare generally occurring as broken anhedral interstit-
ial grains.

Minerals: Quartz - 85%
Matrix - I59o
Rock fragments + opaques <1%.
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Mineral s :

s22/20

Minerals:

83/3s. s

A3-11

Location: UMD76/6 50m. Junnagunna

Classification : Sandstone.

Mediun to large subrounded to well rounded interlocking grains
make up this sandstone which has been considerably recrystallized
resulting in loss of initial porosity and matrix rnaterial. Many
subgrain boundaries within grains, long grain boundaries and triple
points are observed. The recrystallization may have been the re-
sult of the extrusion of the Siegal Volcanics which are two metles
above this sample.

Metamorphic quartz consisting of totally recrystallized angular
elongated grains with polygonal sub-grain boundaries is also
present. Rock fragments which are mainly altered acid volcanics
and broken down feldspars are conmon reflecting the provenance
area of the sandstone, i.e. Cliffdale Volcanics.

Quartz - 85%

Rock fragments - 15%

Opaques - less than I%.

Location: SUD78/22 20m. Red Hi1l.
Ctassification: Chloritic Sandstone

Well rounded medium to large grains in a matrix of chlorite and
sericite. Grains are not always in contact (though nany are) but
are supported by the enclosing rnatrix. Sone silicification has
also occurred as indicated by overgrowths on many grains'

Extinction in grains varies from straight to slightly undulose
though overgrowths are optically discontinuous. Sone grains of
metamorphically derived quartz have been totally recrystallized
and have very undulose extinction. Such grains also have a pre-
ferred orientation direction of extinction, elongation and sub-
grain development.

Many rock fragments aïe present which are often strongly chloriti-
zed. These are probably remnants of acid volcanic fragments.

Opaques are also cotilron, varying from sma11 to very large and are
interstitial.

Quartz - 80eo

Matrix - LO%

Rock fragnents - 89o

Opaques - 2%

Location: UMD78/85 35.5m. Junnagunna.

Classification : Sandstone.

A partially recrystatlized mozaic of subrounded rnedium-1arge
quartz grains with long grain boundaries but only rare to absent
triple points. A weak though pervasive hematite chloritic matrix
exists which partially supports rnany grains.

Rock fragments and metamorphic quartz are present, the former is
quite abundant. Small muscovite inclusions in quartz are also

Opaques are generally coarse grained, broken and hematízed, or
occur as trails of dusty inclusions in quartz grains.

Quartz - 75-8)eo
Matrix - I0 to I2e'
Rock fragrnents - 109o

Opaques - 2%

Mineral s :
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Minerals:

s49 / 2r0

s49 / 2rr

Minerals:

^3 
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Location z SUD78/28

Classification: Silicified sandstone

A poorly sorted conbination of large polygonal recrystallized
angular quartz grains with very smal1 polygonal recrystallized
quartz. ?'Normal't sandstone grains and textuTes are also plesent,
i,e. well sorted small to medium matrix supported grains. The
matrix is cornposed of chlorite sericite and clay which again rnay

represent broken or altered feldspars. Minor rock fragments and
opaques are also present.

The sanple has been taken from a silicified fault zone and hence
probably ïepresents a trnormalrt sandstone which has been greatly
si 1 icified.
Quartz - 60eo

Silicification - 20%

Matrix - 20eo

Rock fragments - <L%

Opaques - <Leo

Location: SUD76/1 8.7-9.7n. West of Sue.

Classification: Recrystallized silicified sandstone

This sanple is taken from an area in the Siegal Volcanics
supposedty napped as an andesite with quartz veining. In reality
it is a completely recrystallized silicified rnicrocrystalline sand-
stone with occasional patches of recrystallized rock fragments and
banding of opaques - nainly hernatite and limonite.

Location: SUD78/154 34.ln North of Sue.

Classification: Tuff.

Very fine grained subangular to subrounded quartz grains in a
sericitic and coarse grained muscovite knot matrix. The quartz
grains have an undulose extinction and are often in direct con-
tact with each other indicating a degree of pressure solution or
stress.
The sarnple is best classified as a tuff in view of the fine
grained nature, quartz type, muscovite knots and "stringersrt
fine grained muscovite.

Opaques are large anhedral and abundant.

of

Quartz
Matrix (sericite) -
Muscovite knots
Opaques

7 09o

2jeo
-o-J'o

59o

549/216 Location: Ul'fD76/15 I11.6m. Huarabagoo.

Classification: Recrystallized chloritic silicified sandstone

Although logged as a dyke this rock is petrologically very similar
to 549/2I0. It is composed of a completely recrystallized small

:otygonalluart-z:mosaic=r'suala=y:very:fi=ne:Ëhoug=h:eoa+seì=n3a€ehe-s:
Triple points, long grain boundaries and undulose extinction are
conmon.

In coarser patches a light green chlorite is also found. This
has also taken part in the recrystallization process as evidenced
by its stringer wispy nature and hence is probably either an
original constituent of the rock, or formed at an early diagenetic
time.
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Mineral s :

Opaques occur as large broken anhedral grains or. as rims around
some of the microcrystalline recrystallized quartz indicating
that opaque rninerals were also partially redistributed during
recrystal 1i zation.

Location: SUD78/154 58n. North of Sue.

Classification: Partially recrystallized sandstone.

Although taken from within a fault the sample consists of an
extrernely coaIse grained partially recrystallized sandstone with
a very large acid volcanic c1ast.

The quartz in the sandstone langes from small polygonal recrystal-
Iized mosaics to large subangular to subrounded matrix supported
grains with some long and tangential grain boundaries indicating
the beginning of recrystallization.
The matrix is composed of clay, chlorite and sericite '

The large acid volcanic clast is reddish in color (hematite
stained and very silicic).It is comprised of microcrystalline
polygonal quaïtz mosaics though vague relic shapes of some original
grains are stiIl observed. Some rectangular partially silicified
grains may represent original feldspars.

Opaques are not common in the sandstone though are fairly frequent
interstitial ninerals in the acid volcanic c1ast.

A3-15

Quart z
Matrix
Acid volcanic clast
0paques

- 70eo

- 109o

- 20eo

- <t%
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549/22, 37 .7 Location: UMD77 /22 37 .7m Garee Lens (0.I43e" U" os)

A5-14

Polished section descriptions

Location: tlMD78/83 28.95-29.45n. Siegal Volcanics.

The only rnineral which is identifiable under reflected light
is a magnetite-like mineral. These are abundant and inter-
stitial to the ferro-magnesium silicates and plagioclase.
They are subhedral showing some euhedral relic shapes.
Optically these grains are anisotropic and may have been
altered to hematite or perhaps even ilmenite. They often
have small cores of greyish nagnetite (under ordinary light)
which are tinged red under cross polars reflecting abundant
henatite staining.

Large well rounded quartz grains comprise the bulk of the
section. Ore minerals are interstitial to these. The najor
metallic mineral is henatite which fill these interstices and
vugs in an irregular randon manneï. Grains are very fine and
appear to be a later feature perhaps related to mineralization
rather than being a primary feature. Pitchblende occurs with
hematite as large grey masses with frequent gangue inclusions.

s49 / 2r3 Location: SUD78/28 28n(?) Red Hill Fault

The section is comprised of two distinct parts - one is a pink
fine-grained conpletely recrystalLized sandstone, the other is
a white vein quartz which has intruded the former.

No sulphides or uranium rninerals are associated with either
quartz type or with the contact, Minor leucoxene grains
(after nagnetite?) are present within the recrystatlized sand-
stone though none are found in the vein or fault qvartz.

549 / 36 ,r7 Location: SUD77/6 17n. Sue. Non-mineralised sandstone

The sample is a medium-grained recrystallized sandstone.
Although sulphides have been reported in dri11 logs, none are
obvious under the microscope. Individual grain shapes are
largely destroyed by the recrystallization and silicification.
No sulphides, iron oxides or uranium oxides are present.

UMD78/60 64.75n Fault quartz fron the Cliffdale Fault

The sanple is composed of a white-buff vein or fault qùartz.
No inclusions of netallic minerals are obvious within this
lithotype. Veins and stringers have cut this quartz and nay
have been associated with fault activity.
These are composed of a pyrite magnetite mixture though appear
to have been originally totally pyrite which has subsequently
partial oxidized to rnagnetite.

Narrow stringers are totally altered to magnetite whereas
thicker ones still retain pyritic edges and cores. These have
also contained pyrite crystals as very large euhedral relic
shapes are observed. such crystals rnay have been zoned as
lines of inclusions parallel to grain edges are observed (see
plate 44.1). Some pyrite cores are surrounded by an iso-
tropic mineral which is unidentifiable.
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s49/220 Location : UMD78/74 49.7m. Henatitic unmineralized
sandstone.

This sandstone has been silicified (though not recrystallized)
and has also been extensively henatized. Henatite covers a
half of the section though is a secondary solution introduced
feature rather than primary interstitial grains. It occurs as
a micaceous coating on grains.

Within the hematitic portion of the sample smal1 pyrite and
nagnetite crystals occur interstitially to quartz grains.
They are not found within the rrcleanrr sandstone which suggests
that they nay be related to the influx of hematite.

549/528, 28 Location: SUD78/28 28m. Red Hill Fault. Minor mineralization.

Large well rounded grains with large interstitial pores com-
prise the bulk of this sample. Minor silicification has
occurred yet porosity is stil1 high.

Stringers of henatite occur in the interstices. In rnany cases
these appear to have exsolved from a pre-existing nineral -
probably magnetite as the stringers and fibres mimic relic
grain shape. Silicification has post dated hematite formation
as silica is found between the hematite fibres.
No uranium minerals are observed.

549/49,30.4 Location:
si11.

UMD77/49 30.4n. Sulphide veinlet above Outcamp

This sample taken from just above the Outcanp Sil1 is a par-
tia1ly silicified sandstone. Interstitial spaces sti11 exist
as do many vugs. Within the pore space are sulphide grains
and veinlets - mainly pyrite with minor sphalerite t covellite
The vugs are devoid of rninerals though do contain an oxidized
sulphide remanent, perhaps a thin coating of marcasite.

The sulphides are post-Iithification as they also occur as
stringers and veinlets running along grain boundaries. These
are probaÞly related to íntrusion of the basic silt - perhaps
due to Fe'' migration or degassing of Sr.

Very minor pitchblende is associated with some pyrite,
generally at the sulphide grain boundaries or as inclusions
indicating that formation of uranium ore post dated introduc-
tion of sulphides.

549/52, 40 Location : UMD77 /52 40n.

The quartz trye and silicification is the same in this sanple
as in those above. Interstitial spaces are fil1ed with
oriented henatite needles which also cut across grains and
occur within cracks in the grains. This suggests that henatite
introduction has been post-lithification and as such nay be
related to extrusion of the Siegal Volcanics which 1ie three
mel'res aDove f,ne spec1men.

Location: UMD78/79 7}rn.

This sample is a loosely compacted sandstone with high
porosity composed of poorly sorted well-rounded quartz grains.
Silicification is present but mi.nor. Many grains show slight
serration of edges which rnay be the result of partial
silicification or abrasion.

549/U79, 7o
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Sma11 henatite grains occur htithin the interstices' These
are inherent features of the rock rather than secondary.
They are generally subhedral to euhedral. No other metallic
rninerals are present.



APPE¡ìDIX 4

t,lajor ancl trace elerrent geochemical tables íor the Siegal
Volcanics, dykes and tuf f s at Trtrestmoreland, rsith a discuss i,on
of their geochemistry and comparison to other s imilairly aged

basal,tic rock suites in ì,Iorthern Australia.
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Geocheni:try_of the Siegal Yglcanics, dolerite dykes
and assorted tuffs.

Location of geochemical sanples

Siegal Volcanics Tuffs

s49/202
| 203

" 208

'r 209A

il 20gB

ß 214
n 2I7
,, 237

,t 238

n 249
ú 250
$ 253
n 2s4
,t 0L2
r' 028

il F1

rr F5

s4s/204
ü 205
ú 206

| 207

ú 230

ß 236

| 248
,t 252

tt H2

'! HE12

ú J29
il NlI

uMD78/ 66

uMD78/80

u[4D77 / 49

uMD77 /48
uMD77 / 48

uMD78/83

UMPTB/8

suD79/34

suD79/34

suD79/32

suD79/33

xrltos clnn

UMDTB/61

uMD78/67

WD5

WD9

Dykes

Nl25

NE1

NE23

HI5

Nl28

uMD79/L23

L18

L20

r.JMD79l 108

HET2

UMDT 6/ 1s

N74

26-2Bm

2tn

34m-37m

34. 5m-41n

34. 5m-41n

29m

22-24m

95n

I22m

20n

30m

27.6m

43.4m

94.8n

s49/ 239

ü 243

n 245
t' s8
ß J33
t, J42

a[4D7 8 /7 7

L18

suD79/34

uMD77 / 4s

IJMD78/82

uMD77 / 40

67m

499 |

132m

44.2m

37. 5n

25.6n

438 |

27 4l

2801

195 |

2831

54-55n

495,

551 r

99.5-103n

48n

104m

3431

Al1 sanples wi.th an alpha-numeric listing, e.g. 012, Nll,
F1 etc. were re-analysed from materials collected by
R.A. Manning. Her permission to flo is gratefully
acknowledged.

N. B.
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Geochenistry

Siegal Volcanics

202 203 208 2094 2098 2r4 2I7 237 238 249
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Ca0
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2
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Total
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Sr

Ba

Ce

Nd

Zr

Nb

Ni

V
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Y

49. 69

18.38

9.79

0. 05

7.66

0. 55

0. 06

3.76

2.96

0.34

s. 88

99.11

177

5.9

33
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complexes at high crustal levels. They postulated that the breccia pipes

hosting the copper deposits were formed by explosively released fluids following
a pressure build-up in a carbonated potassiLun-rich trachytic magma 2-5 lqn below

surface. A second alternative which they considered was one of diagenetic
alteration, resulting from reactions between widespread tuffaceous material and

saline groundwaters, however the former was preferred, due to the close spatial
association of the potassir¡n rnetasomatism lvith the breccia pipes.

In the Westmoreland region no evidence of explosive
trachytic carbonated nagnas in the forrns of breccia pipes, prirnary carbonate

oecelli or otherwise is observed, thus rendering a magmatic potassium meta.

somatising event unlikely. It is likely, however, that the original melt

fonning the Siegal Volcanics was enriched in potassiun though not to the

presently observed extent.

Extrerne KrO enrichnent over NarO has also been noted

by Scott (1966) in Tertiary ash flow sheets in Nevada, which occurred soon after
extrusion during inítial cooling of the volcanic pile. The enrichment was

attributed to an ion exchange reaction in which a permeating potassiurn-rich
aqueous solution causes exchange of K+ for Na+ in the ptagioclase lattice re-
sulting in sericitizeð plagioclase laths. Such plagioclase characterizes the

Siegal Volcanics and Redtree dolerites.

The source of the potassir.:rn-rich solution rnay be

related to the diagenesis, breakdown and devitrification of the underlying
basement Cliffdale Volcanics and their clasts in the Westmoreland Conglomerate.

These are potassiurn-rich acid lavas in which breakdown of orthoclase and minor

biotite woutd release potassir:m for transport in aqueous solution.

A4.2 Tectonic setting of the Siegal Volcanics

Because of the considerable alteration in many

samples which has resulted in the redistribution of elements such as KrO, Na20,

CaO, Bâ, Rb, Sr and to a lesser extent MgO also, the use of these elements may

not be appropriate in determining the tectonic setting of the Siega1 Volcanics.

In cases where the usage of one or nore of these elements is employed, then

only results from the freshest sanples are taken. Recent authors (Pearce and

Cann, L973i Pearce et al. 1975; Floyd and Winchester, 1975, and others) have

found that discriminatory diagrams of certain of the iurnobile elements are use-

ful in assessing the tectonic setting of Tertiary basic igneous rocks, and an

application to Northern Australia Proterozoic basis igneous rocks has also

had considerable success among numerous workers st¡rnmarized by Rossiter and

Ferguson (1980) .

Figure 4.7 is a plot of the alkalinity nature of the

SiegaI Volcanics after Irving and Barager (1971). The majority of samples fal1
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in the sub-alkaline field indicating the tholeiitic nature of the samples..
Figures 4.8-4.10 distinguish between the oceanic, continental, alkalic and
tholeiitic nature of the basic suite. On the whole and despite some overlap,
figures 4.8 and 4.10 indicate the non-oceanic or continental affinities of the
Siegal Volcanics and the dolerites, and figure 4.9 has a spread of data which
is nainly concentrated in the calc a1kali basalt field.

Considering this as well as the observed association
of the Siegal Volcanics with shallow water sediments (sandstone layers, one
200m thick, are found within the Siegal Volcanícs) then these are best described
as belonging to the continentar tholeiitic basalt association.

McDougall (1962) indicated that continental tholeiites
are characterized by increasing V and TiO, contents with iron enrichrnent.
Figure 4.11 shows such plots which do generally indicate a trend of increasing
V and TiO, with Fer}r, despite some abnormally high vatues for dykes in the low
Fer0, range. Most of these dykes contain uranium rnineralization or are very
near to mineralized areas. The abnormal V and TiO, values can thus be explained
given the association of uranium mineralization with V and the presence of
brannerite in the rnineralized dykes.

Further evidence of the continental nature of the
volcanics can be gained fro¡n their high incompatible element concentration,
particuJ.arly Zr which averages 150 ppn-200 ppm in the Siegal Volcani-cs and 2SO

ppm in the dolerites vs 100 ppm for oceanic tholeiites (Melson and Thompson,

197f) and from the K/Rb ratio of 270 (average of eight freshest samples) which
is similar to the Ferrar Dolerite in Antarctica (Gunn, 1966) and the Karoo
basalts of South Africa (Cornpston, et aI. 1968) .

Both basalts and dolerites conform to the continental
tholeiitic trend and in view of their progressive differentiation sequences
observed in figures 4.5 and 4.6, can be confidently said to be petrogenetically
related. This is further confirmed by incornpatible trace elernent variation
diagrans presented in figure 4.12 where linear trends are also apparent. A

possible petrogenetic model may begin with the extrusion of a slightly frac-
tionated nagma after differentiation in the upper crust forming the siegal
Volcanics, followed by intrusion of the residue of more highly fractionated
magma as the dolerite dyke suite.

In view of the geochenical and petrological sini-
rarlEles ot lne Dasarrs and dolerrtes, it appears that the original magma tnder-
went only ninor fractionation in the upper crust settling mainly plagioclase
with sone ilnenite/nagnetite ! apatite t clinoplroxene + minor zircon. This
more fractionated portion gave rise to the dolerite dykes with the basaltic suitc
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being conprised of plagioclase, clinopyroxene, chlorite ! magnetite/ilnenite
t apatite.

A4 . S Origin of the ¡nelt

The remaining question to be considered concerns the

origin of the tholeiitic rnelt prior to fractionation and emplacement. As only

Iinited fractionation has taken place a weighted average of basalts (7) and a

dolerite nay approximate this original rneIt. The approxirnation is contained

in Table 4.4.

Incornpatible trace element ratios compared with

chondritic ratios (equivalent to nantle) rnay also ptove helpfut. Four such

ratios averaged frorn the freshest sanples are observed in Tab1e 4.5. Chondritic

ratios are after Nesbitt and Sr:n (1976). These ratios indicate that the ¡nelt

forming the Siegal Volcanics was enriched in Zr and Nb and to a lesser extent in

Y also.

If one follorr¡s the now often used procedure of

assurning that elements such as Zr and Ti are indicative of the MREE conponents

and y of the HREE conponents then an approximate REE pattern can be determined

for the Siegal Volcanic prirnary melt. Relative positions of the indicator

elements are after Sun et al. (1979) and Wood et al. (1979) . The approxinate

REE pattern is found in figure 4.13 and indicates that these basalts are strongly

enriched in LREE and moderately so in HREE.

sinilar REE patterns for basalts have been obtained

by Frey et a1 . (Ig77), who considers that these were formed by relatively high

degrees of partial nelting of a pyrolite mantle (>20% P.M.) with olivine and

pyroxene being retained. This type of process is also indicated for continental

tholeiites by Carmichael et aI . (1974), who consider that such parental magmas

are formed by olivine and orthopyroxene separation at intracrustal levels. Such

rnechanisrn if applied to the Siegal Volcanics explains its LREE enriched nature

as these elements rrrill be concentrated in the first melts produced. The de-

pleted nature of the HREE relative to LREE indicates that a mineral such as

garnet or amphibole which would control HREE, must have been retained in the

residue during rnantle derivation of the prirnary magma. The LREE enriched magma

would then rise to shallow crustal leve1s where minor differentiation occurred

and was then erupted as a sequence of thick basalt flows followed by intrusion

of the fractionated portion of the nelt as the suite of dolerites '

e dj{e =t=h:Au+!ç¿ 
ljs ¡:

A4 .4 basaltic suites.

It is proposed in this section to briefly compare the

and Redtree Dolerite with other Middte Proterozoic basaltic/Siegal Volcanics
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doleritic suites in Northern Australia in order to observe any significant
sinilarities or differences. Figure 4.14 is a chondrite normalized REE sub-

stitution plot cornparing the Siegal Volcanics with the OenpeIIi Dolerite and

Zamu Dolerite in the Pine Creek Geosyncline of the Northern Territory, and the

Eastern Creek Volcanics of the l,¿lt . Isa Orogenic Domain. The two Northern

Territory doleritic suites are both continental tholeiites produced by olivine-

orthopyroxene and olivine-plagioclase separation respectively (Stuart-Srnith

and Ferguson 1978; Ferguson and Needham, I97B). The Eastern Creek Volcanic's

are also continental tholeiites (Gtickson, 1976) overlying the calc-alkaline

volcanics of the Tewinga Group (Witson, 1978).

Thedataindicatesthatatlsequencesarestrongly
enriched in LREE and less so in HREE. This, coupled with their sinilar ages

suggests that all rnay have originated from a sirnilar source' either having

undergone different degrees of partial rnelting or differentiation before em-

placernent. Giles and Teale (1979a) have ernployed a ratio method of overcoming

the effects of variable differentiation when comparing different basaltic suites.

They have used the ratios of inconpatible elements, e.g. ce/Y, Nd/Y etc- since

the increase in elemental concentration with differentiation inplies that their

ratios should remain constant. These ratios can then be chondrite nornalized

to indicate enrichment or depletion relative to the prirnary mantle value'

Figure 4.15 contains the data. It suggests that the Siegal volcanics and

Eastern Creek Volcanics are very sinilar and likely to be related to the same

tectonic pïocesses. The Zamu Dolerite and Oenpelli Dolerite are distinctly en-

riched in LREE and HREE relative to the Siegal Volcanics and Eastern Creek

Volcanics though are sirnilar in MREE. This implies that these two groupings

have been derived frorn subtly different sources.

Varyingdegreesofpartialrneltingforbothgroups
would not simply exptain the differences as the MREE portion of the Northern

Territory dolerites is not sinilarly enriched as are the LREE and HREE portions '

The difference rather suggests that both groups had a different residuum after

initiation of nelting with the residue of the Oenpelli and Zamu Dolerites con-

taining less apatite and garnet/anphibole than the residue of the Siegal and

Eastern Creek Volcanics thus enriching the nelt of the former group in LREE and

HREE.
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ABSTRACT 

Hochman, M.B.M. and Ypma, P.J.M., 1984. Thermoluminescence as a tool in uranium 
exploration. J. Geochem. Explor., 22: 313--331. 

Fundamental  principles of thermoluminescence (TL) and the special role of TL in 
uranium exploration techniques are given in this paper with examples from Australia 
illustrating its application. 

TL can be used in two ways in uranium exploration. The first usage stems from the 
property of minerals capable of TL, to act as dosimeters accounting for charging of 
available traps by ionizing radiation. The second usage relates to ionizing radiation inter- 
fering with the crystal structure of the host mineral and thereby changing the capability 
for TL. Studies at the Beverley and Westmoreland uranium deposits utilize this second 
property. 

At Beverley a continuous drop in TL intensity is observed upon approaching the ore- 
body with TL intensity at a minimum within the orebody. Recognition of ore type TL 
glow curves and sensitized (or marginal) TL glow curves within the area surrounding the 
orebody have enlarged the exploration target beyond that of the orebody and its associ- 
ated radiometric halo. 

Traverses examining the variations in glow peak intensities, ratios and temperatures 
across the Junnagunna orebody at Westmoreland show that the glow peak intensity of 
the high-temperature glow peak increases, that of the low-temperature peak fluctuates 
though generally decreases, the high temperature/low-temperature glow peak ratio in- 
creases upon approaching the orebody. The high-temperature glow peak temperature is at 
a minimum within the orebody. Similar variations detected nearby may indicate further 
potential exploration sites. 

An example from an unmineralized area at Bremer River has indicated a lack of wide- 
spread radiation sensitization indicating the unsuitability of the area for economic uranium 
accumulation. 

INTRODUCTION 

Thermoluminescence (TL) describes the emission of  light caused by 
thermal activation of  trapped excess electrons and their corresponding elec- 
tron deficient sites (holes). Activation may lead to a recombination of  elec- 
tron and hole and the resultant emission of  a quantum of  light. 

The phenomenon of TL has been known in physics since 1663 when 

0375-6742/84/$03.00 © 1984 Elsevier Science Publishers B.V. 
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Rober t  Boyle remarked of  a certain Mr. Clayton's diamond that it "being 
rubb 'd  upon my cloaths ... did in the dark manifestly shine like rotten wood,  
or the scales of  whitings, or other putrified fish ... much fainter than the 
light of  a glowworm ... " (quoted in Aitken, 1965). Little work was done in 
the intervening 300 years till that of l~andall and Wilkins (1945),  since which 
time much research has been devoted to the understanding of the physical 
processes involved, and the application of  TL to dating, palaeoclimate deter- 
mination and mineral exploration. A summary of  these and other  applica- 
tions may be found in McDougaU (1968). 

This paper deals with examples of  the application of thermoluminescence 
to uranium exploration. 

BASIC PRINCIPLES OF THERMOLUMINESCENCE 

Ionizing radiation entering a crystal is capable of dislodging electrons from 
their atomic positions thus creating free electrons and holes (sites which have 
lost an electron). Most electrons and holes recombine almost immediately 
but  in non-conducting minerals a small percentage of  the holes and excess 
electrons may be trapped on lattice defects and impurities. 

In quartz, the mineral most  widely used in TL investigations of  uranium 
deposits, a well known hole trap is a silicon site in which A13÷ has been sub- 
sti tuted for Si 4÷. Electrons can also be trapped, usually on vacant oxygen 
sites where an 02-  charge is missing. Initially the number  of  hole traps in 
quartz may be expected to be larger than the number  of  electron traps, bu t  
as the number  of  holes and electrons eventually trapped must  be equal, the 
electron trapping mechanism becomes the predominant  factor affecting the 
resultant strength of  the TL signal. 

These trapped charges can be released by  thermal activation which facili- 
tates recombination of  holes and electrons. If recombination occurs at a 
specific site it may result in the emission of  a quantum of visible light. This 
light can be measured and recorded as a glow peak. As electrons and holes 
may be trapped on a variety of  sites with different crystal field energy, dif- 
ferent amounts of  thermal activation will be required to release them, and 
so over a range of  temperature a number  of  glow peaks are recorded which 
consti tute a glow curve. In this study, measurements of  quartz gave three 
major glow peaks at approximately 190°C--260°C--350°C with subordinate 
peaks at 150°C and 220°C. 

Further  details regarding the theory of  TL particularly related to quartz 
may be found in Kaul et  al. (1972),  Fuller and Levy (1977),  Durrani et al. 
(1977a, b) and David et al. (1977).  

The intensity and shape of  the quartz glow curve depends on a number  of 
factors such as lattice vacancies and impurities capable of acting as traps and 
on their respective crystal field energies, trap densities and charge occupan- 
cies. The charge occupancy rate is a function of  ionizing radiation. As the 
charge occupancy affects the strength of  the TL signal, TL has been used 
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as a dosimeter. However as radiation may also affect trap densities a perma- 
nent variation in both intensity and shape of the glow curve may be the re- 
sult. This property, i.e. quartz "remembering" exposure to past radiation 
may be utilized in uranium exploration (Levy, 1978). 

EFFECT OF RADIATION ON QUARTZ TL GLOW CURVE 

Figure l a  shows a typical glow curve for quartz which has not been sub- 
ject to more than small amounts of radiation. It shows three major glow 
peaks with the low temperature (LT) and middle temperature (MT) peaks 
being most prominent. For radiation doses less than 5 × l0  s fads the shape 
of the glow curve remains essentially the same although the intensity of the 
peaks will increase as the dose increases. At a cumulative dose of approxi- 
mately 5 × l0  s fads the process of sensitization begins. This describes the 
stage where the quartz lattice itself is affected leading to changes in the 
shape of the glow curve. Further details regarding the exact dose and physi- 
cal processes involved may be found in the references cited above. 

Figure lb  shows the sensitization stage after exposure to radiation doses 
above 5 X l0  s fads. The LT peak has increased in intensity such that it ob- 
scures the other peaks. Apparently doses up to l0  s fads improve the effi- 
ciency of the electron-hole entrapment process probably by the creation of 
more electron traps to restore the imbalance between hole (abundant) and 
electron traps (Zimmerman, 1971; Kaul et al., 1972; Shekhmametev, 1973; 
Durrani et al., 1977a, Levy, 1978). The net gain in electron traps results in 
an increase in the efficiency of the electron-hole pair entrapment and recom- 
bination process by a factor of 20--100 and is expressed by an increase of 
the intensity of the LT peak. 

Q:c,~ 

,,z, 0 4.50 0 4.50 0 4,50 

(d) 

0 4.50 

(e) (f) 

0 450 0 450 

TEMPERATURE "C 
I,  

Fig. 1. Variation in thermoluminescence intensity and glow curve shape with increasing 
radiation. (a) represents the case of little radiation sensitization and (c) represents the 
onset of major radiation damage. Further details are given in the text. 
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At some stage the number of electron traps will equal the number of hole 
traps and further radiation beyond this will cause the number of hole traps 
to become the limiting factor in the entrapment and recombination process. 
Levy (1978) put this optimal ratio as the result of 2 X 10 s rads. Exceeding 
this radiation dose causes a sharp drop in TL intensity seen in Fig. lc  -- de- 
creasing to two or three percent of the previous intensity. This stage will 
naturally occur at different radiation doses for different glow peaks and is 
classed as the stage at which major radiation damage has occurred to the 
quartz lattice. Figure l d  illustrates the case where the MT peak has also sur- 
passed its optimal ratio. 

Further  radiation exposure to the quartz crystal results in a continual de- 
cay in the LT and MT peaks whilst the high temperature peak (HT = 350°C) 
continues to increase. This is represented in Fig. l e  which is the glow curve 
most commonly observed from the host quartz of mineralized uranium sam- 
ples. 

Radiation damaged quartz may recover by annealing of the crystal which 
will first be visible for the LT and MT peaks such that  they may start to in- 
crease in intensity though to nowhere near their original level. This annealing 
effect is represented in Fig. If. Such occurrences are rare and geologically 
correspond to thermal influences since major radiation damage occurred. 

G E O L O G I C A L  A P P L I C A T I O N  OF TL AND P R E V I O U S  U S A G E  

TL can be used in two ways in geological studies. The first relates to the 
charging or filling of  available traps by ionizing radiation. As the radiation 
dose is increased the TL intensity also increases. In this usage TL plays the 
role of a dosimeter -- measuring the amount  of incident radiation. This is the 
principle applied in TL dating, in particular in archaeology and in general 
to all sediments which have been exposed (bleached) by UV light from the 
sun. For TL to be effective the present radioactive element concentrations 
and their corresponding radiation dose rates must be known. TL can be used 
to measure total radiation dose and hence an age can be calculated. 

The second type of  application follows from the changes in the number of 
available traps caused by the ionizing radiation as explained in the preceding 
section. These changes, expressed in the range of glow curves in Fig. 1, re- 
flect the total dose to which the quartz sample has been subjected, that  is 
the past and present dose, and herein lies the advantage of TL in uranium 
exploration over conventional techniques such as geochemistry, soil radon 
surveys, alpha metering, radiometrics etc. These latter techniques rely on de- 
tection of the uranium or its daughter products close to mineralization. 
However, because TL is a measure of past as well as present radiation dose it 
does not  rely on proximity to mineralization in order to detect  radiation sen- 
sitization or damage to the host quartz lattice. In the case of progressive 
cumulative deposits such as Tertiary roll front  type deposits, TL has the 
capability of tracing radiation effects over a distance of kilometres from the 
present ore position. The usefulness of such a technique in present arid and 
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deeply weathered environments is immediately obvious as past radiation ef- 
fects should still be discernable, while the actual cause of the TL anomalies 
has been completely removed from the surface or sample. 

There have been some previous at tempts to use TL in uranium explora- 
tion. Spirakis et al. (1977) used TL to track the front  of  a South Texas roll 
front  type  deposit.  The geology of such deposits is given in Goldhaber et al. 
(1978) and Reynolds  and Goldhaber (1978).  Spirakis et  al. (1977) used the 
increase in intensity of the low-temperature glow peaks (100--310°C) to- 
wards mineralization as a means of  monitoring roll front positions in the 
Miocene Catahoula Sandstone. They found: (a) a total increased TL response 
in areas through which the roll front must  have passed; and (b) an increase in 
the ratio of  low-temperature to high-temperature (315--410°C) glow peaks 
in areas which contain a higher proport ion of  immobile uranium, such as the 
front of  ore zones. Their s tudy thus used TL purely as a dosimeter showing 
all samples still in the sensitization stage with no major radiation damage. 

Charlet et al. (1978) conducted  a TL study on the Blaton anomaly near 
Mons (Belgium) where a series of  Visean-Namurian strata containing a 
radioactive bed were covered by Tertiary sands. Their s tudy was concen- 
trated on the Tertiary sand and succeeded in detecting several low anomalies 
(eU : 100 ppm at most) in the underlying strata which had not  previously 
been detected by scintillometer techniques. They concluded that  TL could 
be used in exploration for uranium mineralization buried at too great a 
depth to be detected by scintillometer techniques. 

EXPERIMENTAL PROCEDURE 

Samples of  rock, drill core, percussion chips or unconsolidated sands are 
all suitable. After  crushing, samples are sieved to extract  the - 3 0  +50# frac- 
tion. This fraction is washed to remove dust, dried and passed through a 
Frantz electromagnetic separator (utilizing the diamagnetic properties of 
quartz) to separate quartz. Samples are then assessed under a binocular 
microscope to ensure that impurities are absent and to record the quartz 
type,  i.e., clear, white, milky, iron-stained, smoky,  etc. 

As natural TL measurements are meaningless on samples which have been 
exposed to UV rays from sunlight (UV rays will bleach the TL), artificial 
TL must be induced. This involves the filling of the lattice defects described 
earlier by exposing the sample to a radiation dose less than that  required to 
induce sensitization. Quartz samples are placed in gelatine capsules, covered 
in aluminium foil to shield them from further sunlight, and irradiated by 
6°Co gamma rays to a total test dose of 5 X l0  s rads. Samples are then left 
for 24--72 hours to allow phosphorescence to decay and are measured on 
standard TL measuring equipment  in an atmosphere of flowing high-purity 
nitrogen to avoid chemiluminescence. 

Reproduceabil i ty of samples from the same core is + 10% for glow peak 
intensity and + 5% for glow peak temperatures. Reproduceabil i ty of  ratios 



320 

of glow peak intensities is + 5%. The subject of fluctuations is considered 
in the discussion of results. 

Effect of thorium and potassium 

The effects of potassium (1 ppm contributes 0.112 rads/year) and thorium 
(1 ppm contributes 0.079 rads/year) are negligible compared with uranium 
(1 ppm contributes 0.312 rads/year) in the vicinity of a major uranium de- 
posit). 

RESULTS 

Beverley, South Australia 

The Beverley uranium deposit occurs in a sedimentary sequence of Mio- 
cene age about 10 km east of the metamorphic Mt. Painter Block which is of 
Proterozoic age (Fig. 2). The deposit has no radiometric surface expression 
of any kind and was discovered by drilling. The exploration model was based 
on the premise that uplift of the uraniferous Mt. Painter Block established 
a hydraulic head driving uranium-bearing solutions into the sedimentary 
pediment of the Lake Frome embayment. An account of the regional geology 
of the Beverley area is given by Haynes (1976) and CaUen (1976). 

Fig. 2. Locality map of the Beverley and Westmoreland Uranium Deposits and the Bremer 
River prospect. 

Drilling started close to the Mt. Painter area and proceeded eastward along 
creek beds, under the assumption that Tertiary channels had similar loca- 
tions. This led to the discovery of a series of north--south-trending sand- 
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stone lenses containing uraninite which consti tute the Beverley orebody.  The 
ores are contained in the lower part of  an arenaceous formation resting on 
finer grained carbonaceous shales and siltstones. 

Samples for a TL study were collected from a series of drillholes extend- 
ing away from the Mt. Painter basement towards the Beverley orebody,  and 
from other holes around the orebody.  Locations of holes sampled are con- 
rained in Fig. 3. Note that  holes with the same prefix, 39, 39A, 39A56W etc. 
indicate holes drilled close to hole 39 in Fig. 3. Three samples were collected 
from each hole -- one from the arenaceous formation hosting the mineraliza- 
tion and one each from the intervals 10 m above and 10 m below this unit. 

The data fit into three categories: (1) background (upstream of the ore- 
body) ;  (2) marginal, and (3) ore-type TL values. Figures 3 and 4 indicate a 
gradual increase in radiation sensitization through holes 32, 31 etc. (7 km 
from the orebody)  to holes 26, 48 etc. (at a distance of 3 km from the ore- 
body)  and major radiation damage in 46, 33A, 42 (at a distance of 1--1.5 
km from the orebody) .  

The degree of  radiation damage -- notwithstanding the young age of  the 

LOCATION MAP OF 
BEVERLEY DRILL HOLES 

Beverley Ore Body 
__ Morginofradiometric ~ ~ ~ ~ . /  " 

anomaly from drill holes ,~ MI Patnter & 

- - - - - -  TL type boundaries ~ 
0 Background TL ~' ~ ~4o° ~ / ' \  
(~ Marginal TL ~ 
O Ore-type ./~/~ BACKGROUND/X~/ /  

:= ::=: Roods ~, - ~ -  TL 

SCALE: Km 

I I I I / 

Fig. 3. Location of the Beverley drill holes showing 'rL and radiometrie haloes. Note the 
much larger marginal TL halo compared to radiometric halo and ore type TL zone as 
compared to the orebody. 
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deposit --  suggests that the marginal TL type is due to actual uranium miner- 
alization which has been displaced downstream by oxidizing uranium-bearing 
solutions. The uranium content expected in such solutions (100- -1000  ppb) 
is too low to have produced the radiation damage observed. 
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Fig. 4. Variation in TL signal of  quartz as a funct ion  of  prox imity  to mineral izat ion at 
Beverley.  

Samples 10 m above and 10 m below the mineralized horizon indicated 
a lack of  radiation damage, which means that uranium precipitation was con- 
fined to a layered zone o f  limited thickness. Uranium only occurs in under- 
lying and overlying rocks in the vicinity of  the main orebodies. 

A significant point is that some holes show mineralized TL glow curves 
(42, 22, 46, 33A) but contain no uranium mineralization. Recognition of  
"mineralized" TL glow curves in non-mineralized areas surrounding the ore- 
body has effectively enlarged the target zone above that of  geochemistry. 
Note  that in Fig. 3 this zone of  "mineralized" ore-type TL is four to five 
times larger than the actual orebody. 

Recognition of  the existence of  a marginal TL zone incorporating holes 1, 
2, 3, 4, 62, 58 and 68, as well as non-mineralized holes on the same drainage 
channel as the orebody,  has enlarged the secondary target zone far beyond 
that of  the radiometric halo. 

Holes 1, 2, 3 and 4 were drilled in a separate drainage channel to the south 
of  the Beverley orebody. These are all non-mineralized but exhibit marginal 
TL. TL measurements at this stage of  exploration would have indicated the 
absence of  increasing sensitization patterns within this particular drainage 
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channel, yet  with the recognition that they exhibited marginal TL, may have 
facilitated an earlier discovery of the orebody. 

Westmoreland, Queensland 

The Westmoreland uranium deposits are situated approximately 400 km 
north-northwest of Mt. Isa (Fig. 2) and occur in the Middle Proterozoic 
Westmoreland Conglomerate, the lowermost unit of the Tawallah Group 
which is, itself, the lowermost member of the McArthur Basin sedimentary 
succession (Plumb and Derrick, 1975). 

The main ore mineral is pitchblende with secondary carnotite and meta- 
torbernite at the surface. The orebodies comprise a series of horizontal lenses 
and vertical pods adjacent to northeast-trending dolerite dykes and under- 
lying the basaltic Siegal Volcanics. Further details of mineralization are con- 
tained in Hills and Thakur (1975). 

The analysis of more than 600 samples of the host rock and of different 
quartz types found in basement or in veins was undertaken. 

The most noticeable feature of samples measured was that all had suffered 
major radiation damage and hence had a reduced TL intensity. The large 
variation in TL intensity observed upon approaching Tertiary uranium de- 
posits was therefore absent. The small variations still present, however, cor- 
responded to variations in glow curves contained in Fig. 1, d and e. 

Traverses across the largest of the orebodies -- the Junnagunna prospect 
(Fuchs and Schindlmayer, 1981) -- examined variations in (a) TL intensity 
of the LT and HT glow peaks, (b) HT/LT glow peak ratios and (c) temper- 
ature of the HT glow peak. Drill hole locations used in the traverses are given 
in Fig. 5. 

Peak intensity and glow peak ratio traverses 
Figure 6 A--G shows the variations in peak intensities and ratios across the 

Junnagunna orebody for samples taken within 10 m of the Westmoreland 
Conglomerate/Siegal Volcanics contact. Although there is no linear correla- 
tion between peak intensity and grade of mineralization there is a positive 
correlation in some instances between the peak intensity and the geographical 
ore position (regardless of grade). For example in Fig. 6F the LT peak 
doubles in intensity away from ore. A smaller increase in LT peak intensity 
is also observed away from minor mineralization found in hole 146 (Fig. 6I), 
however, the opposite trend is observed in Fig. 6G with LT peak intensity de- 
creasing away from ore. In other traverses the LT peak intensity is variable 
and no distinct trends are present. 

The HT peak intensity is generally at a maximum within the mineralized 
zones and decreases away from mineralization, e.g. Fig. 6C, G and I and, to 
a lesser extent, Fig. 6F. 

No absolute LT or HT peak intensity is characteristic of mineralization, 
e.g. a HT peak intensity of 600--700 in Fig. 6F corresponds to a grade of 
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0.22% U30~, whereas a HT peak intensity of 700--800 in Fig. 6A occurs in 
a non-mineralized zone. This suggests that absolute peak intensity is of 
doubtful value as an indicator of proximity to mineralization in Proterozoic 
uranium deposits where there is likely to have been much mobilization and 
redistribution of mineralization. 
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~ Siegel Volcanics 
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Fig. 5. Drill hole  loca t ions  at  J u n n a g u n n a .  Dark l ines r ep resen t  t raverse l ines used in the  
fo l lowing figure. 

The HT/LT peak ratio in Fig. 6 increases upon approaching the main ore- 
body (Fig. 6B, C, F and G) or minor mineralization (Fig. 6I). In these trav- 
erses a HT/LT peak ratio of greater than 1.4 indicates proximity to the ore- 
body. Many presently non-mineralized samples have a HT/LT peak ratio of 
greater than 1.0 indicating that they have suffered radiation damage almost to 
the same extent as presently mineralized samples. This suggests that these 
too may have been mineralized at some stage in the past, that is they are 
areas formerly occupied by mineralization. 

Interpretations of these techniques in this instance are as follows: 
(1) Once a sample has crossed the radiation damage threshold, further in- 

cident radiation should cause the LT glow peak to decrease and the HT glow 
peak to increase. This is expected when approaching mineralized zones. 

(2) Local fluctuations and some non-linearity can be expected as TL mea- 
sures positions of both past and present ore, and for this reason, no correla- 
tion is expected between present ore grade and TL intensity. 

(3) Further fluctuations can be caused by the variable concentration of 
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hole and electron traps in different samples and by a variable ionization 
effect caused by short range alpha-particles. 

Despite such local fluctuations overall trends should still be present. Fig- 
ure 6 shows that these local fluctuations affect the LT traps more than the 
HT traps and therefore LT peak intensity alone is not  a reliable guide of  
proximity to this particular type of  mineralization. The HT peak intensity is 
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Fig. 6. Traverses showing variation in TL intensity and glow peak ratio across the Junna- 
gunna orebody. 
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less susceptible to local fluctuation and may be of  localized use within 
known orebodies. 

Ratio of glow peaks 
As the LT glow peak decreases and the HT glow peak increases the HT/LT 

glow peak ratio should also increase. This ratio has generally been observed 
to be a reliable indicator of  increasing radiation sensitization and damage 
because many fluctuations mentioned above will be cancelled out. 

Analysis of  these three parameters, particularly the latter two, could prove 
useful within a known uraniferous area to identify, in areas distant from the 
orebody,  increasing sensitization trends which are similar to those observed 
upon approaching the orebody.  Such trends can be used to suggest sites for 
extensions to the orebody or even new orebodies (Fig. 6E and Fig. 6H, I). 

Figure 6H and I show two parallel northwest-southeast  trending traverses 
away from the proposed extension of  the Redtree dyke (assumed to be close 
to holes 143 and 144 and having a north-easterly trend). Both traverses in- 
dicate increasing sensitization to the northwest  with HT/LT peak ratios 
greater than 1.4 in holes 146 and 140, and intersection of  minor mineraliza- 
tion in hole 146. This trend is similar to that  observed upon approaching the 
main Junnagunna orebody and is consistent with the idea of  increasing 
proximity to further mineralization. 

Similarly increasing sensitization to the northwest  is shown in Fig. 6E to- 
wards a locality near which minor mineralization had previously been de- 
tected. Results of  follow-up work on these sensitization trends are not  ye t  
known. 

Glow peak temperature traverses 
A shift in the temperature of  individual glow peaks which is present in or 

near ore samples could also be used as a potential indicator of  proximity to 
mineralization. This shift is most  noticeable in the 350°C glow peak (HT) 
and Fig. 7 shows the variation of  this parameter across three of  the previous- 
ly selected traverses. Results are promising with Fig. 7A indicating all non- 
mineralized samples having a HT glow peak temperature greater than 365°C, 
whilst for two of  the three mineralized samples the equivalent temperature is 
less than 340°C. Figure 7B indicates a wide spread of  HT glow peak temper- 
atures (328--352°C) in ore though they are generally less than 340°C. The 
temperature is lowest  in the central part of the orebody.  Figure 7C again 
shows all mineralized samples as having a HT glow peak temperature of  less 
than 340°C as does one non-mineralized sample. 

In general (13 out  of  15 samples) the 350°C glow peak of  mineralized 
samples shows a shift towards a lower temperature of less than 340°C. As 
this is related to total radiation damage it will not  vary according to the time 
of  ore formation; that  is some recently formed ore samples may not  show 
a low temperature shift. Conversely some presently non-mineralized samples 
may show a low temperature shift indicating that  at some past stage uranium 
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was present. The non-mineralized samples from hole 90 in Fig. 7C and hole 
117 in Fig. 7B may represent such cases. No previous workers in this field 
have noticed this phenomenon associated with sandstone-hosted uranium 
deposits though Levy et al. (1977) noticed a similar feature in carbonate 
hosted lead-zinc deposits. Physical reasons for this phenomenon will be dis- 
cussed in Ypma et al. (in prep.). Further details regarding use of TL at West- 
moreland in uranium exploration and genesis of the deposits will be given 
elsewhere (Hochman and Ypma, in prep.). 
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Fig. 7. Traverses  showing  var ia t ions  in glow peak  t e m p e r a t u r e  across the  J u n n a g u n n a  ore- 
body .  C o r r e s p o n d i n g  U~O a values are given in paren theses .  

Bremer River, South Australia 

A study was conducted in the Bremer River Basin in South Australia. 
Samples were collected from the Oligocene--Eocene "Continental Group", a 
sequence of carbonaceous sands and clays overlain by the Early--Middle 
Oliogocene Ettrick Formation, the Miocene Mannum Formation and the 
Late Pliocene Parilla Sands. The "Continental Group" is underlain by Cam- 
brian quartzites and micaceous schists of the Kanmantoo Group which con- 
stitute basement. The Tertiary sedimentary units increase in thickness to the 
southeast away from the basement. 

No uranium mineralization is known in this area and the TL study was 
undertaken to determine: (a) whether any particular stratigraphic horizon 
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appeared more prospective than others and (b) whether any area within the 
drilled portion of  the basin showed the effects of having or having had high 
uranium concentrations. 

Since many samples were in the sensitization stage of  TL (many glow curves 
as in Fig 1 c), the major methods employed involved studying variations in 
the intensity of the LT glow peak and in the HT/LT glow peak ratio along a 
line of  drill holes extending away from the basement -- holes 80HRM 12 to 
80HRM 4. Since at this stage of  radiation sensitization the LT glow peak 
will be decreasing more rapidly than the HT glow peak is increasing, in- 
creasing sensitization should be reflected by a decrease in the LT glow peak 
intensity and an increase in the HT/LT glow peak ratio. Locations of  the 
holes are given in Fig. 8 and selected results are portrayed in Fig. 9. 
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Fig.  8. L o c a t i o n  o f  drill  h o l e s  at  B r e m e r  River .  

Figure 9A shows results obtained for the stratigraphic interval up to six 
metres below the base of  the Mannum Formation (a limestone). There is 
little systematic variation in either of  the TL parameters implying that no 
significant uranium concentrations have been present or mobilized through 
this stratigraphic interval. 
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Figure 9B shows results for a fluviatile channel sequence within the "Con- 
tinental Group". These indicate that the LT glow peak intensity is least and 
the HT/LT glow peak ratio at a maximum in holes 80HRM 12 and 11 im- 
plying greatest sensitization (and in the case of  80HRM 12 radiation damage) 
in this region. These holes are adjacent to the basement and intersected the 
thinnest limestone cover and thinnest fluviatile channel sands. 
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Fig. 9. Variation in TL intensity and glow peak ratio at Bremer River. 

Apart from the anomalies in 80HRM 12 and 11 the rest of the fluviatile 
channel sands showed no more sensitization than any other stratigraphic 
interval sampled in the "Continental Group". 

A possible explanation for the isolated anomalies in 80HRM 12 and 11 is 
the local concentration of  uranium leached from the basement into adjacent 
sediments. At this locality the host sediments are very thin and as there is no 
widespread sensitization in other sampled portions of the basin, the potential 
for economic uranium accumulation is considered remote. 
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CONCLUSIONS 

(1) TL has detected an eastward trend of increasing radiation sensitiza- 
tion in the Frome embayment .  This is thought to be due to an eastward 
moving mobile orefront.  

The zone of "ore  t ype"  TL around the Beverley orebody is four to five 
times larger than the orebody itself and the zone of marginal TL is also larger 
than the radiometric halo. Thus identification of TL haloes around this type 
of  orebody will increase recognition of  target zones. 

(2) Traverses examining LT glow peak and HT glow peak intensities across 
the Proterozoic Junnagunna orebody at Westmoreland have not  shown un- 
ambiguous variations associated with ore. HT/LT glow peak ratios are better  
indicators of proximity to ore as they increase towards the orebody.  Similar 
variations detected nearby are consistent with the theory of  increasing prox- 
imity to further mineralization. 

(3) The presence or absence of  widespread radiation sensitization (as at 
Beverley, Westmoreland and Bremer River) may facilitate an understanding 
of past and present uranium behaviour in any given region. 
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ABSTRACT

Hochman, M.B.M. and Ypma, P.J.M., 198?. The accretionary migration of uranium in Tertiary

sandstones - ThermoluÀinescence evidence from the Beverley deposit, South Australia' In: B'

Poty and M. Pagel (Editors ) , concentration Mechanisms of uranium in Geological Environ-

ment - A Conference Report. Uranium, 3:245-259'

The Beverley uranium deposit occurs in Tertiary sandstones in the Lake Frome Embayment,

South Australia, - B0 t<m tå the east of the Middle Proterozoic Mt. Painter granitic and meta-

morphic basement.
(TL ) studies have been undertaken on the sandstone host rocks

ave shown a Pro a'

km towards the â

adiation effects; of

an ore-tyPe TL of

TL to detect cumulative radiation effects, i.e. past as well as present exposure to U, has been

utilized to show that the marginal TL type is due to hostrock exposure to protore rather than

uraniferous solutions.
The increase in radiation effects towards the Beverley deposit are indicative of an increasing U

concentration, i.e. an accretionary movement of U. Beyond the orebody radiation effects quickly

drop away to background levels.

Sì-plð* analyzed from strata 10 m above and below the protore transport horizon have Iess

radiatiãn effects than the protore horizon, indicating semi-confined transport'

Recognition of the degr^ee of cumulative radiation damage is also a very reliable indicator of

proximity to mineralization.

l.INTRODUCTION

sandstone-hosted uranium deposits ( commonly of Tertiary age ) have been

well studied and constitute a mãjor present source of U. These deposits are

well known in the western u.s.A. and in Africa, and in recent yeals a growing

number have been fbund in Australia. These include Beverley ( Haynes, 1976 ) ,

Honeymoon (Brunt, 19?8), those of the Billeroo channel (Etlis, 1980) and

016?-5583/8?/$03.50 O 198? Elsevier Science Publishers B'V'
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those of the Narlaby Palaeochannel ( . Ail of these
occur in the state of South Australia, proximity to
different Middle Proterozoic granites es.

The genesis of sandstone-hosted U deposits has been in general, weìl stuclied
- particularly those of the western u.s.A. It is generally agreed that such
deposits form by precipitation of u from oxidizing;roundriaters upon encoun-
tering reduced environments which may contain pyrite, carbonaceous mate-
rials or other reductants. As such orebodies ,r.rruúy *pi..""t an addition of<rvo to the host rock (Rackley, 1gT6) there are few mineralogical effects
noticeable on the host rock other than addition of some epigenetic minerals.
Rackley (1976) consequently suggests that the means of ràcägnition of alter-
ation within such a geochemical ceil deserves more research.

Although it is generally agreed that u is transported in oxidizing ground.-
waters down a hydrodynamic gradient within a semi-confined aquiieî, there
has been comparatively little work d.one, demonstrating the aìcretionary
migration ol "snowballing" of uranium protore movement. previous works of
this kind include the equilibrium/disequilibrium studies of Rosholt (1961),
Robinson and Rosholt (1961) and more recenily Ludwig et al. (19g2 ) .This study uses a new technique, thermoluminescencã trr,l , as a measure
of cumulative radiation effects and radiation d.amage to indìcate the increasing
uranium protore concentration with development of the geochemical cell.
Exploration advantages of rL, given that it measures 

".r-rrlätiu" 
rather than

instantaneous radiation effects, are also discussed.

2. PRINCIPLES OF THERMOLUMINESCENCE APPLIED TO URANIUM GEOLOGY
STUDIES

Thermoluminescence (TL) describes the emission of light when a previ-
ously irradiated crystal is heated. This irradiation may be e"ither by e*posure
to naturally occurring radioactive minerals in the field (natural rL) or by
exposure to artificial radioactive souïces in the laboratory, for example 6ocã
gamma rays (artificial TL).

when ionizing radiation, and gamma radiation in particular, enters a crys-
tal, it is capable of dislodging electrons from their atomic positions. This results
in formation of free electrons and electronic holes ( sitàs which have lost an
electron). Although most electrons and holes recombine immediately a small
percentage will be trapped on substitutional and structural defects.

Quartz is the mineral most commonly used in TL investigations of u depos-
its, being both widespread and resistant to weathering anJmoderate thermal
effects (up to 300-400'c). In quartz, holes may be trapped on Al3+ sites anJ
electrons on vacant oxygen sites, though Gea+ centres håu" al.o been recently
suggested (McKeever et al., 1g84).

These charges, once trapped, can be released by heating the crystal. once
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released the holes and electrons will recombine which may produce a pulse of

iigfrl ir recombination occurs at a colour centre. This lisht emission is meas-

ured with a photomuliipii"t 
""¿ 

recorded as a glow peak. As release of trapped

charges occurs over a ång" of temperatt'"t, ã number of glow peaks results

which constitute a glow curve'
TL glow curves oiã"uti, from the-Be-verley region gave.three glow peaks at

approiimately 150' ,à20" and 320"C. Illustrations of various glow curves are

contained in Figs. 1 and 7-9.
The intensitY and shaPe of the TL gl

including the number and type of defec

their occupancy rate. This latter facto

tion and as charge occupancy rate affec

been used as a dosimeter. This is the

measurements and studies of this sort

by Spirakis et al. (1977), Charlet et

However, radiation itself can also

manent variation in both intensity an

is this characteristic that is most use

genesis studies, ". 
i¡" changes in TL glow curve shape-and intensity are a

permanent measure of past as well as present radiation effects'

2.1, Variations in quartz thermoluminescence glow curue with increasing

radiation

The variations in the quartz TL glow culve as a result of exposure to increas-

ing radiatior, "r" 
porïruiãfi., fig]r. A full explanation of the theorv behind
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these variations is contained in Hochma¡ and ypma (19g4a, ); however, abrief explanation is incruded here for clarity 
"r,¿ 

.åriirrìity of argument.
Fig. la shows a glow curve which has been 

"*po.rãlo orriy.,,,"tt amounts of
other
ig. 1b
dose.

0o rad by Levy (1928)
which the quartz lattice itself begins to be .fru"g!á ¡l
and results in a vast increase in the intensity of the Li
completely overshadows the middle-temperature ( MT) and high_temperature(HT) glow peaks. An increase up to two orders of -"grritrde above back-ground is not uncommon. The physical rea e may be in thecreation of more

This stage of 1978)'

which further ra radiation after
whilst the MTand HT C This stage is portrayed in Fig. 1c.Levy (198 decrease" ( arräit u subsequent MTglow peak rder and interactive kinetics. put

simply, this means that instead of first_
recombine after release (
possibly in different ener
be released at higher tem
higher-temperature glow peaks. This r rsults in an enhancement of the higher-temperature glow peaks and consequent decrease in intensity of lower-tem-perature glow peaks.

such phenomena occur at different radiation doses and thus the MT glowpeak will also begin.to decrease as is represented in Fig. 1d. Eventualry onrythe HT glow peak will continue to increase as in Fig. 1e. This stage is indicativeof very high radiation doses and in our experierr"ã hu. been fbund most com_monly associated with mineralized,U samples.
Further radiation may result in the heat-enhanced recovery of the LT glowpeaf bv annealing (Fig. lf). though sr-rch cases *u s.ol;;i;;ily r"r". Ðurraniet al' (1975 ) also report a stage oi no TL emission ät ¿t-u..o.iated with the

abon, Africa.
low curves are a measurement of the

he quartz, i.e. past as well as present
to say whether U has been present in

r geographical area. Trends ofincreas_

a prediction of where u may presentry o"oäîî'j.o*e 
of u movement and hence

2.2. E xperimental procedure

Quartz was extracted from drill core and cuttings by means of crushing andsieving. samples were then washed to remove any dirt, ári"¿ u"a pl*.;dï;";;;
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a Frantz@ isodynamic electromagnetic separator to temove any impurities' As

natural TL measurements are meáningless on samples which have been exposed

to ultra-violet rays froÀ sunlight (which will bleach the TL ) , artificial TL was

induced by exposing .uÀpf". to a total dose of 5' 105 rad 60Co gamma radiation'

This artificial radiation åose i. the optimum dose to recharge all available lat-

tice traps. samples were left for 2+-72 hr. to allow phosphorescence to decay

and were then measured on standard rL equipment in an atmosphere of f10w-

irrJ nigrr_p"rity nitrogen (to avoid chemiluminescence). Glow curves were

,.ãor¿ã¿ àr, a He*leti-Packard@ integrating recorder 5580¡.'

3. PREVIOUS USE OF THERMOLUMINESCENCE IN URANIUM GEOLOGY

Most previous usages of TL in uranium geology have used natural TL as a

dosimeter to detect itie pr"."rr.. of U minerãlization. These include the studies

of Spirakis et d. (f9i?) or, 
^ 

South Tex-as roll front who found an increase in

totalTLapproachingmineralization;CharletetaI.(1978)whofoundthat
natural TL could be rlsed to detect buried low-level mineralization which was

otherwise undetectable by other radiometric techniques; and Dhana Raju et

crease in natural TL along a drill section upon

taining U.
used as a dosimeter to gain meaningful informa-

tion relating to present u position, artificial TL has even mole advantages'

These relate to the detectiãn of cumulative radiation effects over geological

history to indicate sites of past u concentration as well as present' It is this

application that is utitizedit the Beverley deposit in this study to show the

aãän^rrl"ting radiation effects approaching the Beverley orebody'

4. GEOLOGY OF THE BEVERLEY REGION

The BeverleY U dePosit occurs in t
east of the Mount Painter Block, nor

Barrier Ranges - all of Middle Proter

a lobe in the extensive Great

ing EarlY Jurassic times' Its
tiary and Quaternary tectonic events'

closest to the Mt' Painter basement - a

terozoic sediments and basic volcanics

during the Ordivician. Both suites o

radioáctive element contents' Blight
for some of the granitoids of the "younger granite" suite'
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Within the Frome Embayment,
Cambrian redbeds and limestones

Oligocene-Miocene sands, silts, car_
and some carbonates. IJ occurrences

medium-,tocoarse-grainedsands""¿lir.ff rffåir,i':å".""X,ìíî*,Tm:
cene medium- to coarse-grained sands, carbonaceo"u. i^;;; with occasionalpebbles.

within the Beverley region, u minerarization occurs in sand. renses withinfine unconsolidated argillaceous sediments of Miocene age overlying thin car_bonaceous clays. These unconformably overlie Cretaceãus shales and sand-stones which directly overrie the precambrian base*".ri. The Miocenesedimenis are overlain by possibre pleistocene arg¡raceo,r. arrd occasionarclastic sediments with some boulder beds.
ided uraninite adsorbed on clay within

t an oxidation_reduction interface with

15,900 t* uro, at a
that although the B
U.S.A. U deposits it

Km

*1 t:1 metric tonne: lOs kg
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Samples were collected from 33 drill holes extendin e Mt'

Painter basement to il*ä;ã;' Ch;;i'riåïlï iï Ïtå
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crease in radiation effects in the ore

Figs. 3 and 4 indicate a progressrve rn

horizon ,oor, "norã;;ü 
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( a ) Background TL (up_stream of t
very little radiation effects. A
can be compared with the exp
peak which obscures the MT
common one for unsensitized sands in the

( b ) Marginat rL ( further downstream trrough not in crose proximity to theorebody and occupying a_very large territory in"Fig. s ) . Ciãio* curves in thisrally similar to those in Fig. lc
L group is shown in Fig. g with a
ortionately the LT glow peak ha

( c ) ore-type TL ( within proximity to the orebody ) . These grow curves aresimilar to those in Fig. 1d and e - more particularly Fig. le. A typical growcurve from this category at Beverley is contained in f ig. gl tt.¡ro*. even morereduction in the LT and MT grow peaks with 
".orr".ñorrffi irr.r"use in theHT glowpeak.



263

'43.44
'æ

321

250

200

STRATIGRAPHIC INTERVAL

IO ÍViETRES ABOVE ORE
.66

30.

32.12

3l'

HORIZON

50

o0

Øtz
l

È
ÉtoE
j
zo
õ
J
ts

L
Øz
U
f-

=

.39A / 25 6E

1

39A/8S6W' '3

22'

37 2W.
.394/85

.37

39A'

.46

?o
Y" OF 32O'(HT) TL PEAK OF TOTAL TL SIGNAL
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samples taken from the stratigraphic interval, 10 m above the ore horizon

show a similar trend of increasin! rãdiation effects towards Beverley, though

the ove than for the ore horizon' This is illustrated

in that ll hole, in this interval show less radiation

effects mples from the ore horizon' This is partic-

ularly noticeable from some samples \ilithin the olebody where these samples,

10 m above the ore horizon, ptót in the marginal, rather than ore-type TL

categoïies, e.g. 39 Al 2S6E and 394/8S6W'
Sampleå taten from 10 m below the ore horizon show even less radiation

effectsàgain. A progressive increase in radiation effects is still discernible along

this horizon wiih samples from particular drill holes again showing less sen-

sitization than their cãrresponding samples from the ore horizon' A particu-

iarlv notable point is the lack of saÃples with ore-type TL characteristics even

from within the orebody (apart from holes 39A and 37\ '
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signal of guartz from an interval 10 m below the protore transport

EARREN TL GLOW CURVE
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6. DISCUSSION
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Fig' 7' Typical glow curve for quartz from the background rL zone. The low-temperature glowpeak overshâdows the others, The sample is fromãe protore transport horizon in hole Bg,

The degree of radiation damage when considering: (1) the threshold effect
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Fig. 9. Typical glow curve for quartz from the ore-type TL zone. only the high-temperature glow

p.ãk.ontirrrr"s to increase. The sample is from the protore transport horizon in hole 37.

of u needed to initiate radiation effects; and ( 2 ) the young age of the deposit

suggests that the marginal TL type is due to actual U mineralization (i'e' pro-

torã) wnicn has been áisplaced downdip by oxidizing U-bearing solutions' The

U content expected in such solutions (100-1000 ppb) is too low to have pro-

duced the radiation damage observed'
Studies by Hayslip 

"rrd 
R.rruolt (1976 ) found that under geological condi-

tions ( as opposeá to iaboratory conditions ) a threshold of 10 ppm U was needed

to initiate TL in the HT glow peak. This suggests that the marginal TL type

is due to U concentrations > 10 ppm. The fact that many, if not most' of the

drill holes in this legion currently contain < 10 ppm U indicates that the U has

moved, and illustrates the usefulness of the TL technique in measuring past

as well as present radiation effects.
As the ,ãdiution damage is due to displacement of uranium protore, then the

progressive increase in the radiation effects observed over a distance of 8 km

àa.t*ards towards the orebody is consistent with the accretionaly or "snow-

balling"concentration ofU during transport. In fact these results actually sug-

gest sùch a concentration mechanism for U. If the peliod of time for which the

ú n". remained in each spot during transport is approximately constant then

the increase in radiationãffects can only be due to increasing concentrations

of u. That is, as TL measures cumulative radiation effects
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( time ) X ( concentration ) - then if time has been approximately the same for
each point in the migratory pathway, then concentration of U must be increas-
ing in order to explain the increasing radiation damage observed..

That such an incrcasc in radiation effects is not mãrely a function of prox-
imity to mineralization is obvious by the rapid return tã background rL, or
non-radiation damaged levels, beyond the orebody. For exampte, note ¿s - soo
m east of the orebody (downdip) has only marginal rL, andiol e 44 -1000 meast of the orebody has background TL. Holes a similar distance west of the
orebody (updip ) , e.g. 42 and 46, show far more radiation damage.

The lesser radiation effects in horizons 10 m above and below the ore horizon
- in some cases even within the ore body - indicate that transport and accre_
tionary movement has been more or less confined to one stratigraphic horizon.
This indicates that during a u exproration programme it -uy ú just as nec_
essary to identify the correct stratigraphy for u transport u. it i, to identify
the correct geographical region.

6.1. Source of uranium

TL may also be used to give some evid.ence regarding the source of u for the
Beverley deposit.

For Tertiary sandstone-type deposits in general, three principal ideas exist
regarding IJ sources:

(a) leaching of u from a granitic hinterland at some time afTer sediment
deposition (Harshman, lg72) ;

(b ) leaching of u from within the original host sandstone or arkose ( shockey
et al., 1968); and

(c) derivation from devitrified or leached volcanic debris, tuffs and flows
within or overlying the hostrock (Davis, 1969). Many authórs including the
atrove acknowledge that combinations of the above po..ibiliti". may occur and
that different mechanisms and sources are applicable for different deposits.

In the case of the Beverley deposit the possiËility of leaching of an interbed_
ded volcanic source can be ruled out because of the abserrce of such volcanic
interbeds. Further, callen (1926) reports clay mineralogy as montmorillonite
rather than tuffaceous bentonite as is commonly rourrd--in the united states
deposits. No volcanic quartz or glass shards have been found.

It is also unlikely that the U has been derived from within the sandstone as
the sandstone layers are thin and could not have supplied the necessary volume
of u. Further to this, the TL data for samples t0 m above and belowthe host
unit, and also from the host unit itself downdip of the orebody, all indicated
the non-sensitized nature ofthe sandstone and hence its low inherent U content.

Modern groundwater draining the Mt. painter granitic basement is rich in
U and the dating of U within the basement indicates mobilization within the
last 1 Myr. (callen, rgTG). Further to this as mentioned previously, granites
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case of the BeverleY examPle'

6.2. Use of ÎL in uranium exploration

mary target zone.

Even the recognition of ân increase in radiation an-

nel may of a mobile the

relative
Furth Ploration at are

.o"iui""¿ in Hochman and Ypma (1984a' b) '

7. CONCLUSIONS

(1)TLhasdetectedatrendofincreasingradiation.effectsintheLakeFrome
Embayment, south À*irá]ìã. this trend is traceable over a distance of I km

eastwards u*uy rrolnìî. ùi. puirrt"r basement to the Beveriey orebody'

TL data fit into t'rlr.ã -"i" categories: (1) background TL, indicative of

little radiation eff'ects; (2) marginal TL, indicative of some greater radiation

effects;and(3)ore-t5,peTL,indicativeofthepresence-ofUmineralization.
( 2 ) The degree or ,idiation effects in the mårginal TL zone is greater than
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cative of protore movement,
10 ppm U.
ts towards Beverley and sud_
increasing concentrations of

raphic horizons 10 m above and below
nsport and accretion occurred in a con_

arged the primary target
marginal TL halo is still
subsurface radiometric
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1. INTRODUCTION

Alrsoucn quartz is used extensively in thermo-
luminescence (TL) dating, the mechanism of TL
production in quartz is not fully understood. Many
studies have contributed to a partial knowledge of the
effects of radiation, heat and trace element type
and concentration on quartz TL. McKeever (1985)
references many such studies.

Most previous studies have utilized single crystal
hydrothermal q:uartz; such quartz, while having the
basic quartz structure, has characteristics attributable
to a different growth process which is likely to make
it quite different lrom the growth process that applies
to almost all quartz in the geological environment
(i.e. igneous or metamorphic processes).

This study utilizes quartz from a geological
environment where many variables (e.g. quartz type
provenance and hence internal chemistry, and
thermal effects), are expected to be very similar. Thus
the TL glow curves obtained lrom these quartz
samples should be primarily a lunction of differences
in radiation environment, particularly if the samples
were obtained at varying distances from a uranium
ore deposit. Such studies provide inlormation on the
TL ol quartz subject to doses far larger than those
expected in archaeometric studies.

The application of these studies to uranium
exploration are described by Hochman and Ypma
(1984, 1987) and Ypma and Hochman (1987).

0l9t-278X/88 $3.00 + 0.00
Pergamon Press plc

2. PREVIOUS WORK

It is well known that large experimental doses of
radiation change the intensity and shape of quartz TL
glow curves. Ichikawa (1968) exposed samples of
clear crystal Brazilian quartz to varying amount of
gamma radiation up to 9.2 x 106 rad (92 kGy). Some

of his relevant data is reproduced in Fig. I which

shows the variation in glow peak intensities and

overall glow curve shape with radiation. A significant

point about this data is that overall TL intensity
continues to increase with increasing radiation, but at
higher doses (Fig. l(c)) the low temperature peak

(Ichikawa's Bl peak) begins to decrease. The 180'C
glow peak (Bl) reaches maximum intensity after

exposure to 5.7 x 106 rad (57 kcy). Similarly, the

260"C peak (Ichikawa's C peak) reaches maximum
intensity at 8.0 x 106 rad (80 kcy) and then decreases

with higher doses. The higher temperature D peak

(350'C) continues to increase throughout the

experiment. The change in intensity of various glow

peaks thus contributes to a change in overall glow

curve shape, and hence also glow peak ratios.
Similar results were found by Durrani et al. (1977)

who lound that both TL intensity and sensitivity (the

subsequent response to a test dose) increased over

three orders of magnitude in natural clear Brazilian
quartz exposed to gamma radiation doses between

105 and 107 rad (l-100 kGy). Their data is shown in
Fis.2.

CHANGES IN THE ARTIFICIAL THERMOLUMINESCENCE
GLOW CURVES OF QUARTZ ASSOCIATED WITH

URANIUM DEPOSITS

M. B. M. HocHMAN and P. J. M. Ypu¡.*

Department of Geology and Geophysics, The University of Adelaide, South Australia 5000, Australia

(Receited I August 1987; in fnal form 14 December 1987)

Abstr¡ct-Previous laboratory-based studies have shown that quartz TL glow curves change in intensity
and shape in response to large radiation doses. Initially, low temperature peaks are sensitized (which
results in an increase in intensity) though at gamma doses of greater than I 05 I 0ó kGy desetsitization
occurs.

This study has examined the change in artificial TL in quartz at various distances from a uranium
deposit. Such quartz has been subjected to varying palaeoradiation doses in a natural uranium rich
environment. Quartz from an uranium rich environment shows that the 130"C glow peak is the dominant
glow peak in "background" radiation environments, though this peak decreases with increasing
palaeoradiation dose. At doses greater than 105-106 kcy the 350"C glow peak is the dominant glow peak
in these quartz samples.

An increase in ði centre concentration also occurs lrom the least radiation affected sample to the most
radiation affected sample. These results suggest that artificial TL is useful in uranium exploration.

+Also at School of rVlining Engineering and Petroleum Technology, Dellt Univcrsity of Teclrrrology, Dellt, The
Netherlands.
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Frc. l. Change in Brazilian quarTz TL glow curve with
increasing gamma radiation (after Ichikawa, 1968).

In order to examine the effect of even larger
radiation doses on the TL of quartz, Durrani et al.
(1977) used proton irradiation to obtain doses up to
5 x l0rrrad (5 x l0skGy) This data is shown in
Fig. 3 where the TL response (defined as the area
under the glow curve from 240 to 480'C) and TL
sensitivity are plotted against proton dose. These
curves show an initial TL growth with increasing
dose up to approximately 107 rad (100 kGy), a zone
ol level TI. response, followed by a sharp decrease
in both TL response and TL sensitivity at approxi-
mately lOerad (lOakGy). A further decrease in TL
occurs at doses greater than l0rr rad (l05kGy).

Such a response to radiation indicates that one has
to be cautious with the interpretation of total area
alone, e.g. the TL response is the same at l0órad
(l0kcy) as at approximately l0r0rad (l05kGy), yet
the shape of the glow curve changes drastically in this
range. This is illustrated in Fig. 4. where (a) is the
glow curve for a quartz slice irradiated with a dose

of 107 rad (100 kGy) l0 MeV protons and (b) the
glow curve after 2 x 10r0rad (2 x 105kGy) l0Mev
protons. The lormer shows four glow peaks with the
two lower temperature peaks having largest intensity.
The latter shows only one glow peak remaining,
the high temperature peak at approximately 350'.
Durrani et al. (1977) also noted that proton irra-
diation was much less efficient at producing TL as

opposed to gamma radiation and they used this
information in explaining their subsequent model for
sensitization in quartz.

One of the most useful single observations regard-
ing the use of TL in uranium exploration is that of
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of Brazilian quartz in response to increasing gamma radiation doses (after Durrani ct al., 1977). Sensitivity

is defined as the increase in the response following a test dose.
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test doses after thermal untrapping of the total dose'

Under normal burial conditions in the geological

environment, a significant proportion of naturally
accumulated trapped charges will be thermally un-

trapped and thus a mechanism to re-read this large

naturally accumulated dose would obviously be help-

ful in uranium exploration. Levy's (1979) work shows

that this can be done and his results are contained in

Fig. 5. This figure shows that when the sensitizing

dose exceeds 5 x 105 rads (5 kGy) that the TL
response to the second test dose is noticeably larger
than that obtained lor the first test dose, i.e. that
quartz "remembers" exposure to the large previous

sensitizing dose.

In summary, therefore, the significant points of
previous studies on the effects oflarge radiation doses

on quartz TL are: (a) that the peak intensities,
and the glow curve shape change with increasing
radiation doses from an initial large low temperature
peak at "low" doses to a dominant high temperature
peak at high doses, (b) that overall TL intensity
decreases at doses in excess of approximately 108 rad
(l0r kGy) and (c) that quartz contains a memory for
previous exposure to radiation above 5 x 105 rad

(s kGy).

3. RESULTS

3.1. Sample selection

The radiation induced changes in TL glow curves

of quartz in a geological environment have been

examined by selecting samples lrom various positions

within a roll-front type uranium deposit. Roll-front
uranium deposits are very common in the western

United States and in South Australia. They com-
monly occur in Tertiary sandstones and are formed

by precipitation ofuranium at an oxidation-reduction
interface occurring where the oxidizing uranium
bearing solution encounters a suitable reducing
matcrial. For example uranium in oxidizing ground-

water is carried in the Uó+ state and is reduced to
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Frc. 3. Changes in the TL response and TL sensitivity following l0 MeV proton irradiation. Note the

decreaie in both parameters at 10erad and again at l0rrrad (after Durrani et al.,1977).

Levy (1979), the quartz "remembers" exposure to
previous large irradiations. The earlier quoted works
by Ichikawa (1968) and Durrani et al. (1917) showed

that increasing radiation doses resulted in sensi-

tization phenomena and a change in glow curve
shape. However, these changes were noted as a result
of total (sensitization) doses and not as the result of

107 rad 10 MeV proton dose

200 300 400

TEMPERATUHEO(C)

2x101orad 1O MeV proton dose
(after Durrani et a1,1977)

200 300 400

TEMPERATURE'(C)

Frc. 4. The TL glow curve for Brazilian quartz aller a

proton dose of (a) 107 rad and (b) 2 x l0r0 rad. Note that in
(b) only the high ielìrperature glow peak (350"C) remains.

(Figure after Durrani et al., 1977).
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Sensitization of total TL radiation(after Levy,1979)
O First test dose 2x105rad
¿ Sensitization dose as indicated
a S€cond test dose 2x105rad
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Flc 5. Sensitization of TL in Brazilian quartz showing the quartz "remembers" exposure to previous
radiation (alter Levy, 1979).

the Ua+ state upon encounter¡ng pyrite, organic
materials or other reducing agents. The precipitated
uraninite or pitchblende can be redissolved by a later
influx of oxidizing groundwater, reprecipitated, redis-

solved, etc. In this way, the uranium ore migrates
from one position to another, downdip in the sand-
stone unit. The flow of oxidizing (often uraniferous)
groundwater and the configuration ol channels

LOCATION MAP OF
BEVERLEY DRILL HOLES

Ø Beverley ore Body

_ _ Morgin of rodiomelric
onomoly from drill holes

- -- TL type boundories
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Frc. 6. Location of the Beverley uranium deposit in South Australia showing sampled drill hole locations
and suspected direction of uranium movement.
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control the direction of migration. An important
point for this study is that as the uranium ore

migrates it accretes, i.e. the volume (and concen-

tration) of uranium increases. Both the migratory
nature and accretionary behaviour of uranium under
these conditions have been demonstrated by the

lead-isotope studies of Rosholt (1961), Robinson and

Rosholt (1961) and Ludwig et al. (1982). More
information about roll-front type deposits can be

found in Rackley (1976).

Four typical samples were selected from a number

of analyzed drill-holes at different locations within
the roll-front system at the Beverley uranium deposit,

South Australia. The location of the sampling sites,

relative to the ore body, is shown in Fig' 6. Also
shown is the expected direction of migration (from
geological evidence). Further information about TL
studies on the Beverley deposit is contained in

107 (A) Hole 32

106

105

Hole 26

to6

to5

Hochman and Ypma (1987). The general geology is

as described by Callen (1976) and Haynes (1976).

These four samples should show differing radiation
effects, due to their differing positions in the roll-front
system: for example, the sample from hole 32 should
have had the least exposure to radiation, the sample
from hole 26 should show greater radiation effects,

the sample from hole 42 even larger effects and,

finally the sample from hole 37, within the present

orebody, should show the largest radiation effects of
the four chosen.

At this stage it is important to show that the effect

of other factors which may influence the TL of quartz

do not obviate the palaeodose effects. This is neces-

sary to demonstrate that the observed TL glow curve

changes are, in all probability, related to variations in
radiation (or palaeoradiation) dose. To begin, it must
be emphasized that all samples are from the same

geological location and even the same stratigraphic
horizon: thus all samples should have the same

provenance (source rock), i.e. they are derived from
the same source rock and should have a very similar

initial internal chemistry.
Similarly, all samples were taken from depths

between 123 metres and 135 metres below the surface

and, therefore, any variations in thermal effects due

to depth should be minimal.

Quartz was extracted from these drill hole samples

using procedures described in Hochman and Ypma
(1984), the experimental techniques are also as

described in Hochman and Ypma (1984) and Ypma

and Hochman (1987). No precautions were taken to

shield samples from direct sunlight after drilling and

thus natural TL should be insignificant compared to

the artificially induced TL. A standard test dose of
5 kGy @Co gamma irradiation was applied to the

samples. After irradiation they were wrapped in
aluminium foil and stored for 24h, to allow phos-

phorescence and low temperature TL peaks to decay.

A dose of 5 kGy was used. This dose should fill the

maximum number of empty lattice traps without
inducing sensitization (from results ol Levy, 1979;

see Fig. 5).

Alter storing Tor 24 h, each TL sample was

measured in an atmosphere of flowing high purity
nitrogen. TL measurements were made with commer-

cially available apparatus from Littlemore Scientific

Company; an ND2 filter was used to reduce the red

light from the heating striP.

3.2. TL glow curues

Glow curves obtained with lour samples from
different locations are contained in Fig' 7'

Figure 7(a) shows the glow curve for sample 32,

which should have received the lowest radiation dose.

This curve is dominated by a large peak at 130'C

which obscures other higher temperature peaks'

Figure 7(b) contains the glow curve lor sample 26

where the cumttlative palaeoradiation is expected to
be higher than that for the previous sample. The
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130'C glow peak has been reduced in intensity and,
whereas it is still the dominant peak, another peak,
at 180'C, is nearly as large.

Figure 7(c) illustrates the next stage in the cumu-
lative palaeoradiation process. In this curve the
180'C glow peak is now higher than the 130'C glow
peak, which continues to decrease as the dose is
increased.

A TL glow curve for the sample from the current
ore zone is shown in Fig. 7(d) where hoth the 130"C
and 180'C glow peaks are greatly reduced and a high
temperature peak with a maximum at 350"C is of
equal intensity to the 180"C peak.

This last glow curve represents the stage of
maximum radiation effects observed with samples
from the Beverley uranium deposit: the lower
temperature peaks are even more reduced and the
350"C glow peak higher in samples from several
(other) older and/or higher grade uranium deposits.
In those cases, the glow curves resemble those in
Fig. 5(b) which were obtained in the laboratory based
experiments of Durrani et al. (1977).

Once again, considering the similarities in quartz
type and geological history, it is reasonable to con-
clude that the observed glow curve changes shown in
Fig. 7(a)-(d) result from their radiation history.

In general, therefore, these results conform to the
previously quoted laboratory experiments: (a) there is
a decrease in overall TL intensity with radiation doses
exceeding an optimal sensitization. (This decrease
occurred at doses greater than approximately
100-l,000kGy in the laboratory experiments). (b)
The high temperature glow peak is proportionately
increased relative to lower temperature glow peaks as

radiation dose increases.
It is also interesting to note that Fairchild e¡ a/.

(1978) found similar changes in the TL of LiF. This
occurred in the radiation range 800 to 3 x 107 rad
(8 Gy-300 kGy). The LiF results show a gradual
decrease in lower temperature peak intensities and an

enhancement of higher temperature peak intensities
as the dose increased through this range. Similar
sensitization and subsequent desensitization is likely
to occur in a number of minerals.

3.3. Sensitization and desensitization in quartz

Although the sensitization of the I l0"C glow peak

in quartz has been comparatively widely studied, little
work has been reported on the observation, let alone
interpretation, of the sensitization and desensitization

of the higher temperature glow peaks in quartz. The

earlier quoted works of Ichikawa (1968), Durrani
et al. (1977) and Levy (1979) arc exceptions to this
statement as is the work of David et al. (1978) and
Shekhmametev (1973).

Durrani et al. (1977) proposed a trap creation
model to explain both the sensitization and the
desensitization observed in quartz. Their explanation
was based on changes in the concentration ol
Al/alkali trapping centres and electron traps. It also

M. B. M. HOCHMAN and P. J. M. YPMA

assumed that Al/alkali centres acted as luminescent
centres in quartz. They postulated that an initial
oversupply of hole traps made the electron trap
concentration the critical factor in determining the
amount of luminescence. If radiation created more
electron traps, the increased number of traps would
facilitate increased luminescence, i.e. sensitization. As
radiation proceeded and the number ofelectron traps
created increased, the concentration of electron traps
would exceed that of hole traps and luminescent
centres and, thus, the luminescent intensity would
reach a saturation and eventually decline, i.e. desen-
sitization would occur. A reduction in the number of
luminescence centres was also suggested at high
radiation doses: this was attributed to the blocking of
quartz c-axis channelways by interstitial oxygen. This
blocking inhibited the alkali ion mobility needed to
restore Al/alkali centers functioning as potential hole
traps.

By itself the current work adds little to this or other
models. However, samples from the Beverley ore
deposit have been subject to electron paramagnetic
resonance studies (see Ypma, Chatagnon and
Hochman, in preparation) to determine the .8" centre
concentration. This centre is generally believed to be
a bridging oxygen which has trapped an electron
(see McKeever, 1985). These samples were from drill
holes 32, 30,28, 48, 37 and 39 shown in Fig. 6. The
results show an increase in ,Ei centre concentration
over an order of magnitude (from a value of 73 in
hole 30 to l9l3 in hole 39).

Since Ei centres are associated with oxygen
vacancies these results indicate an increase in oxygen
vacancy concentration associated with increasing
radiation exposure. If oxygen vacancies do lunction
as electron traps, then the eflect ol radiation is to
create more electron traps. Such an observation
would lend support to Durrani et al.'s (1977) model
by indicating that large radiation doses from the
natural geological environment do create more
electron traps.

4. CONCLUSIONS

In conclusion, this study can be regarded as a
demonstration that the changes in the quartz TL
glow curves by laboratory radiation also occur in
the geological environment. Whilst the study may
add little to an understanding of sensitization and
desensitization phenomena in quartz, it does show:

(a) that results obtained with hydrothermal crystal
quartz can be duplicated in pyrogenic natural quartz;

(b) that the TL signal increase, induced by
additional laboratory irradiations, does have a direct
application in uranium exploration-rather than
remainining merely a "potential" tool (cf. McKeever,
1985, p. 322);

(c) the change in quartz glow curve shape induced
by laboratory irradiation also occurs in quartz from
naturally occurring uranilerous geological systems;
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(d) the observed trend in such a system is that
lower temperature glow peaks (in particular the

130'C glow peak) are reduced in intensity, and that
the higher temperature glow peaks (the 350"C glow

peak) are less reduced in intensity and even increase

in intensity as the palaeodose increases; and
(e) that when coupled with EPR results, these TL

data suggest that an increasing (palaeo) radiation
dose increases the oxygen vacancy concentration.
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