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ABSTRACT

This thesis aims to identify some of the spectral properties of

Australian terrain useful for geoìogy and mineral exploration. To meet

thi s obj ecti ve, data are exami ned from fi ve di verse geol ogi cal

environments, all of which are prospective for economic minerals.

To date, most remote sensing research has been undertaken in the

southwestern U.S. Because Australia is more extensiveìy and intensiveìy

affected by surface weathering than this region, the'low-spectral-

resolution techniques used successfully in the U.S. will not necessari'ly

produce comparable results in Australia. Therefore, most of the data

presented here have high spectral resolution. Notwithstand'ing the

effects of weathering, significant mineralogica'l information is still

available from the measurements acquired from each of the five test

si tes.

The results from Weipa, the world's 'largest bauxite deposit,

establ i sh a signi ficant correl ation between Landsat MSS val ues and

bauxite ore geochemistry. Bauxite ore minerals present in surface soil

sampìes from the area produce distinctive features in high-resolution

spectra.

An airborne survey over the Mt Turner porphyry copper deposit shows

that muscovite, from the weathering of granites, and sericite, from

hydrothermaì alteration, can be differentiated on the basis of the

relative strengths of their absorption features. Because vegetatjon is

denser over the alteration zone, absorption at 2.21rn in the aírborne

data is stronger over unaltered, but weathered and lightly vegetated

areas. This is the converse of most situations in the southwestern U.S.

xiv



(e.g. Silver Beì'1, Arizona) where uniformìy sparse vegetation and lack

of absorpt'ion from unaltered material allow easier discrimination of

hydrothermal al terati on.

Two minerals not previously reported from the Mt Turner area, viz.

talc and topaz, were identifjed respectively from their airborne and

laboratory spectral signatures.

A simitar airborne survey over the Kambalda nickel province shows

that tal c ( deri ved from ul tramafi c rocks whi ch host the ni ckel

mineralisation) and other minerals can be mapped on the basis of their

spectral absorption characteristics. In fact, the distribution of talc

is shown to be more extensive than conventionaìly mapped outcrop and

float occurrences indicate, suggesting that sign'ificant concentrations

persi st i n resi dual soi 1 s.

previous work by Smith et al. (1978) on rocks of the Fortescue

Group showed that metasomatic alteration of basic volcanics could be

detected in some areas using Landsat MSS imagery. This finding þ,as

attri buted to di fferences i n soi I and vegetati on devel opment over

altered and unaltered rocks, rather than to the spectral properties of

the rocks themselves. Measurement of a suite of samples from the area

conf.i rms thi s concl usi on, îo di fferences bei ng evi dent i n hi gh-

resolutìon laboratory spectra covering the same wavelength region as

Landsat MSS. However, measurements at longer wavelengths allow the

i denti fi cati on of the key metamorphi c and al terati on mi neral s

pumpel'lyite, epidote, actinolite and chlorite (from the 1.4 to 2.Spm

region), and of the high silica content of altered rocks (from the 9.14

to 11.25pm region) .
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At peak Hi I 1 a number of hydrothermal a'l terati on mi neral s

(pyrophy'llite, muscovite, kaolinite, alunite and jaros'ite) can be

identified from their spectral properties. The surficial distribution

of these minerals matches close'ly the alteration zoning estab'lished in a

previous study based on XRD analyses of core sampìes'

Thus, although most of the spectra'l effects described appear to be

weaker in Australian environments (compared to published U.S. examples),

sign.ificant mineralogicaì information is still available from high-

spectraì-resoìution measurements. Limited studies invo'lving simulation

of broad-band instruments (e.g. Landsat TM) show that at least some of

the minerals ident'ified using high-resolution techniques would not have

been discriminated with the lower spectral resolution and sensitivity of

these instruments.
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CHAPTER 1. INTRODUCTION

1.1 Background

Remote sensi ng techni ques date from the fi rst use of aeri al

photography and have been wideìy used in geoìogly for many years, both in

Australia and overseas. However, the launch of the first Landsat

satellite in 1972 sa$r a rapid expansion in the use of remoteìy sensed

data. Landsats 1, 2 and 3, with their Multispectra'l Scanners (MSS),

were primari'ly designed for agricuìtural applications (Taranik, 1978).

But geologists quickly came to apprecÍate the value of Landsat imagery

in their work. The small scale of a Landsat scene makes it particular'ly

useful for regional studies, allowing the detection of 'large linear

features (lÍneaments) not always obvious on the larger scales of aerial

photography . I ni t'i al 'ly , the ana'lysi s of I i neaments domi nated the

literature (NASA, I972, 1973a, 1973b, 1975), but considerable research

into computer manipu'lation of Landsat data soon showed that it also

contained extremely useful spectral information (Rowan et aì., L974,

Albert and Chavez, L977, Lyon, 1977, Rowan et al., 1977, Schmidt and

Bernstein, 1977). However, further development of these techniques is

limited by the wide band-widths and the small spectral range of the

Landsat MSS sensors. For instance, the 2.2 micrometre (rrm) wavelength

region (where hydroxyì absorption bands can be used to detect cìay-rich

alteration products) is not covered by the MSS, but proved to be

particu'larìy promising for geological applications (Rowan et al., 1977,

Abrams et al .,t977).

1¡ith this recognition came a shift in emphasis of research from the

wavelength regions covered by Landsat MSS data to longer wavelength
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radiation. In turn this led to the inclusion of a band in the 2'2pm

region on the Thematic Mapper Ínstrument of Landsats 4 and 5 (Engel and

tieinstein, 1982). Investigations in the 1960s and early 1970s (some

pre-Landsat) Of spectroscopic techniques suitable for geo'logica] remote

sensing have provided a solid base for renewed research efforts (see

Hunt and Salisbury, 1970a, 1970b, Hunt et aì., 1971a, 1971b, t972,

1973a, 1973b, I974a, 1974b, 1976a, 1976b, Lyon, 1962, 1964, Lyon and

Patterson, 1966).

Austraì i a , w'i th i ts 'l arge area and smal I popul ati on has much to

gain by the use of remote sensing techniques. However, there is very

little known about the spectraì properties of Australian terrain in the

region from .4 to 14pm. The research reported in this thesis was begun

at the university of Adelaide in !979, and continued at the csIR0

Division of Mineral Physics and Mineralogy (0SIRO/MXY) from 1981, in an

attempt to redress this imbalance.

1.2 Aims of the StudY

The primary aim is the evaluation of the potential usefulness in

Austral i a of advanced remote sensi ng techni ques i n the '4 to 14pm

wavelength region for mjneral exp'loration. In particuìar, the effects

of Australia's prolonged and complex weathering history, and the unique

Austral i an fl ora, need to be consi dered wi th respect to the

appìicability of remote sensing. To this end, the techniques used have

mainìy involved the 'interpretation of high-resolution spectral data. In

this wây, the maxjmum amount of spectral information can be assessed,

and the spectra'l content of lower resolution instruments (e.g. the

Landsat Thematic Mapper) can be simulated'
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In order to acheive the primary aim of the thesis, data have been

examined from a number of test sites around Australia (fi9.1.1). The

test si tes have been affected to varyi ng degrees by weatheri ng

processes, ranging from the most extreme case of a bauxite deposit

(formed by proìonged weathering), to a site with relativeìy fresh rocks

exposed at the surface. Apart from the primary aim, each test site

poses its own, more spec'ific, problems related either to observations

from previous remote sensing investigations, oF to the particular

geo'logical environment under consideration. The test sites, with their

associated spec'ific aims, are ìisted below :

1) lileipa, cape York Penjnsula, Queensland - Bauxite Deposit.

Aims include the investigation of patterns recognised on Landsat

MSS imagery by prev'ious workers, and their rel ationship to the

geochemistry of the bauxite. The usefulness of both Landsat and h'igh-

resol ution data for further eval uation of known bauxi te, or for

exploration for new deposits elsewhere (includ'ing overseas), also

þJarrants i nvesti gat'ion.

2) Mt Turner, Georgetown Bl ock, Queensì and - Porphyry Copper-Type

Depo s i t.

Mt Turner was chosen as a test site to allow comparison of a

weathered alteration system from Australia with similar systems from the

southwestern U.S., where considerable remote sensing research has been

undertaken.
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3) Kambal da Region, Eastern Goì df iel ds, l,lestern Austraì ia - Nickel

Provi nce.

Kambalda lìes in an Archaean greenstone belt, thereby allowing the

investigation of remote sensing techniques in ultramafic terrain. The

area is also deeply weathered, hence is of maior interest considering

the primarY aim.

4) Fortescue Group, Hamersìey Basin, l,rlestern Australia - Metamorphosed

and Metasomatised Basic Volcanics.

The .investigatìon of the Fortescue Group Volcanics aims to evaluate

high-resolution spectra'l data in an area where metasomatic alteration

effects, resu'lting from burial metamorphism, have been recognised for

part of the.ir extent on Landsat MSS imagery. This area also affords the

opportunity to study the use of remote sensing as an aid in mapping 1ow-

grade metamorphic assemblages of a particular'lithology.

5) Peak Hjll, Lachlan Fold Belt, New South wales - Fine Gold Deposit.

peak Hiìl is an epithermal goìd prospect that dispìays considerable

hydrothermal alteration. It therefore provides a geologica] environment

well suited to assessing the value of high-resolution reflection

spectrometrY.

These problems were investigated as far as possible within the

constraints imposed by the availability of appropriate instrumentation,

4
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1.3 Outline of the Thesis

The thesis is divided into three parts. Part I (Chapters 2 and 3)

contai ns a di scussion of the probl ems posed by the Austral ian

environment, analysis techníques, and the instruments used in the course

of the project. Part 2 (Chapters 4 to 8) comprises case studies of the

test sÍtes, wh'i1e Part 3 (Chapter 9) discusses the results and

implications for future remote sensing studies in Australia.

The first chapter of Part I (Chapter 2) discusses in some detail

the nature of the prob'l em posed by Austral i a' s 1 ong and compl ex

weathering hìstory. Chapter 3 describes the image processing system and

the jnstrumentation and anaìysis techniques for high-reso'lution spectraì

data. High-resolution spectra of field samp'les have been measured in

the laboratory, for all five study areas, and from aircraft for two test

sites. They were analysed at the CSIRQ/MXY at North Ryde, Sydney.

Part 2 begins wìth Chapter 4, dealing with data from the area on

Cape York Peninsula, North Queensland, which includes the world's

'l argest bauxite deposit at Weipa. Previous work by the CSIR0

(Huntington et al., 1982) resulted in the recognition of regu'lar colour

variations in Landsat imagery of the Weipa region. These colour

variations are evaluated and compared to trends in geochemical data from

the area. Some high-resolution spectral data measured in the laboratory

are also included, but it was not possib'le to acquire high-resolution

airborne data in this area. The author believes this to be the first

study of thi s type of geo'l ogi caì envi ronment that uti I i ses hÍ gh-

spectra'l - resol utìon data.
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Chapter 5 contai ns hi gh-spectral -resol ution data from a 1982

aÍ rborne survey, and 1 aboratory measurements of sampl es from Mt

Turner. The spectral effects due to weathering and to hydrothermal

alteration are similar. These effects are compared to those described

from remote sensing studies over alteration in the southwestern U.S.

Chapter 6 presents similar high-resolutìon data from the Kambalda

region. To the best of the author's knowledge, this represents one of

the fi rst detai I ed hi gh-spectral -resol ution remote sensi ng studies

undertaken in ultramafic terrain.

Laboratory data on samples from the Hamers'ley Basin are presented

in Chapter 7. Previous work by the CSIR0 (Smith et a1.,1978) using

Landsat MSS data has identified variations that can be related to

metasomatic alteration of basic lavas of the Fortescue Group in some

areas. High-resolution laboratory spectra were measured to assess the

cause of the variations seen in Landsat imagery and to investigate the

use of other wavelengths to identify alteration minerals from different

metamorphic zones.

Chapter 8 presents 1 aboratory data on samp'l es from Peak Hi I I .

Hydrothermaì alteratíon is well characterised due to exploration ín the

area, affordi ng the opportuni ty to compare the resul ts from a

spectrometer survey to those based on more traditional mineralogical

techni ques.

In the final chapter (Chapter 9), which constitutes Part 3, the

sign.ificant points to emerge from the thesis work are summarised, and

the impìications for future remote sensing appìications are discussed.
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1.4 Method of StudY

It is obvious from the outline above that the scope of this thesis

is extremely broad. In carrying out such a wide-ranging study, with the

collection of enormous amounts of data, it is unavoidable that some data

sets are not analysed to the same degree. It is certain'ly true that

some areas (Weipa, Mt Turner, and Kambalda) have been studied rþre

extensively than the others, and the spectral interval between 1.1 and

2.Surm has received much more attention than other wavelength regions.

However, the wri ter feel s that the advantage gai ned by the

examjnation of a variety of effects capab'le of detection by remote

sensing, in a number of different locations (each having economic

relevance) allows a much better evaluation of the general applicabi'lity

of established remote sensing techniques in Australia. In the process,

though, some questions will inevitably remain unanswered.

The approach taken at each study area differs according to the

nature of the data available, the type of remote sensing effects being

investigated, and the amount of time avai'lable for each area. One area,

the Fortescue Group of the Hamersley Basin, was not visited in the

fieìd, but this is compensated by the detailed information available

from previous work (Smith et al., 1978, L982).

In all cases the geo'logy of the test sites has been established by

previous workers, and exi sti ng data have been rel ied upon for the

evaluation of remotely sensed data. In three cases (Weipa, Mt Turner,

and the Fortescue Group) the writer's work follows study of the areas by

CSIR0 personnel using Landsat MSS data and wideìy used interpretation

techni ques.
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The approach at each area therefore started with a literature

search covering previous geologicaì and remote sensing investigations.

In those areas where high-resolution airborne data were available, these

data were processed to a standard format (see Chapter 3), and were

interpreted in the 'light of existing geologicaì information. At least

one field trip to each test site (except the Fortescue Group) was then

undertaken, and an attempt made to evaluate the variations present in

the spectrometer data. At the same time, sampl es !,Jere col I ected from

locations aìong the f'light 1ines, or other appropriate locations, for

further, laboratory, analysis. Investigations in the laboratory

compri sed measurement of high-resol ution spectral data for most

sampl es. XRD ana'lyses of some rock and soi I samp'les, and a few wet

chemical and m'icroprobe analyses were obtained from various sources to

aid the interpretation.

unfortunate'ly, no spectral measurements were possibl e

because of the lack of suitable instrumentation.

in situ

The complete data set for each area was then evaluated in an

attempt to expìain the major variations present in the spectral data.

For some areas the observed effects ulere al so compared to simul ated

narrou, bands (with the bands selected on the basis of the results for

each area) and simulated Thematic Mapper (TM) bands in order to model

the performance of multispectral scanners in the Australian environment.

1.5 Definition of Terms

The Manual of Remote Sensing (ASP, L975, p.206) defines visible

radiation as "the spectral intervaì from approximate'ly 0.4 to 0.7

micrometres (4000 to 7000 Angstroms)", the near infrared as "about 0.7

I



micrometres (visible red) to around 2 or 3 micrometres", with "the

'longer wavelength end grading into the middìe infrared". The far

infrared is assigned the intervaì from "25 micrometres to 1 millimetre".

However, the Landsat MSS and some other i nstruments used i n

col 'l ecti ng data for thi s thesi s have sensi ti vi ty ranges i n the

wavelength region 0.4 to 1.lpm. For this reason, this interval will be

referred to as the visible and near infrared (VNIR).

A second group of i nstruments has detectors sensi tive to

wavelengths ìonger than approximately L.1¡,rm, and out to approximately

3pm (which is then further límited by atmospheric absorption to approx-

inately 2.Spm). This wavelength regÍon wiìì be referred to as the short

wavelength infrared (SWIR), as used by Goetz and Rowan (1981, Fí9. 1).

According to the Manual of Remote Sensing definitions above, the

middle infrared lies between approximate'ly 3 and 25pm. Because of

overìap of reflected and emitted radiation in the 3 to Spm region, and

the interference of atmospheric absorption, the 8 to 14pm region is the

one rnost common'ly associated with the middle infrared in remote sensing.

Therefore, in this thesis, the term middle infrared (MIR) refers to this

portion of the electromagnetic spectrum. The only instrument used to

acquire data in the MIR for this thesis detects radiation emitted from a

laser source in the wavelength range 9.14 to 11.25pm.

The term 'proximal sensing' is introduced to cover applications of

spectroscopy in the field. The use of fie'ld-portable instruments is not

strictly'remote' from the target, but is shown in this thesis to have

considerable potentia'1, independent of 'true' remote sensing. The

author therefore believes that the use of this term is iustified.
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Airborne spectrometer data are interpreted in Chapters 5 and 6.

The data are presented in three different forms. Firstly, corrected

radiance data are dominated by atmospheric absorption features, but also

contain some mineralogical (ìÍthospheric) effects. These are defÍned

here as 'first-order effects'. Second'ly, the data are corrected for

atmospheric absorption and differential illumination (using the log

residual process of Craig and Green, 1985), and significant portions of

a flight-'line are presented in an image format. Changes vi si b'le i n

these images are defined as 'second-order effects'. Fina'lly, individual

(log residual) spectra, or the mean of a group of these spectra, can be

i nterpreted to reveal more subtl e vari ati ons i n the data. These

varÍations are defined as 'third-order effects'.
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PART I. INSTRUMENTATION AND TECHNIQUES
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CHAPTER 2. THE USE OF RIMOTE SENSING TECHNIQUES IN AUSTRALIA

2.I Introduction

The development of remote sensing has been ext.remely rapid over the

last thjrteen years, stimulated to a ìarge extent by the huge success of

the Landsat Multispectral Scanner (MSS). The MSS can be considered a

first-generation remote sensing system. The second generation of

sensors, which are now becoming widely available, have been designed for

more specific applications. In particular, it is clearìy possib'le to

design systems that will be sensitive to certain types of minera'logy.

The range of minerals that can be identified is, of course,'limited

to those with diagnostic optical properties in the wavelength regions

which coincide with 'atmospheric windows' (i.e. a portion of the

electromagnetic spectrum where on'ly minor atmospheric absorption occurs

- see Fig. 2.1). Between 0.4 and 14pm, there are three such'windows',

where different types of spectroscopic information are ava'i1able. These

are summarised in Table 2.t. In the VNIR and SWIR regions the energy

detected by remote sensing instruments ìs reflected solar radiation.

However, in the MIR solar radiation is minimal and the detectable energy

is emission by the target itself.

Although the number of detectable minerals is somewhat limited in

practice, some quite subtle discriminations are possibìe within each

wavel ength region.

2.2 The Type of Spectra'l Information Available for Remote Sensing

The spectraì refl ectance of mi neral s i s affected by two mai n
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Table 2.1 Mineralogic information available from remote sensing

Cause of featuresMi neral sRegi o n

VNIR (.+-t.1pm) Iron oxides, sulphates

Sl,lIR 0.L-2.5pm) Phyl ìosil icates, Vibrational processes -
carbonates, some others combinations and overtones

of fundamental 0-H and
C-0 features.

Phy'l'losil Ícates

MIR (8-14p.m) Si I Í cates, carbonates ,
some other ínformation

V'ibrational processes -
f undamental v'i brati ons of
Si-0 stretch, Cation 0-H
bend and internal modes of
the C03= group

Electronic processes -
charge transfer and
crystal field absorption
effects

Vibrational processes -
high-order overtones (very
weak )
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processes. These are Electronic processes, and Vibrational processes.

They are dealt with separately in the following sections. The

reflectance spectrum of vegetation, also important in the VNIR and SWIR,

is shown in Fi9.2.2.

2.2.I E'l ectroni c processes

Electronic transitions can occur between different energy levels if

energy, in the form of electromagnetic radiation, is available for the

process. Al I transi tion el ements ( Burns, 1970) ' can affect the

electromagnetic spectrum in this fashion, but iron is by far the most

important for remote sensing purposes, particularìy in Australia, where

iron-rich minerals are widespread as weathering products. Figure 2.3

shows, for a number of iron-rich minerals, the reflectance spectra in

the VNIR, where these effects are most Ímportant. The broad minima in

these spectra, in the 0.85 to 0.95pm region' are due to the absorption

of energy that enables electronic transitions to occur. The variation

in the shape and position of these features is due to the differing

1 i gand, or crystal , fi el ds surroundi ng the transi tion el ements.

The steep fall-off in reflectance from the visible towards the

uìtraviolet, however, is caused by absorption due to charge transfer.

In this process, absorbed energy promotes the transfer of electrons from

one ion to another. For the minerals shown, the transfer occurs between

ferric and other ions.

In contrast, rocks not containing iron genera'lly have

characteristic spectraì reflectance features in the VNIR.

no
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2.2.2 Vibrational processes in hydroxyl-bearing mineral s.

Absorption features can al so occur as a resul t of quanti sed

transitions between the vibrational energy levels of groups of atoms.

In general, vibrational transitÍons are of three types

fundamentals, overtones, or combination tones. The strongest of these,

fundamental absorptions, result from a change in energy from one kind of

vibration only - the jump from the ground state to the first excited

state. An exampìe of this is the fundamental 0-H stretch (denoted vg¡),

which occurs near 2.85pm (or at a frequency of about 3500cm-1, see Fi9.

2.4a). The fundamentaì 0-H stretch is not utilised for remote sensing

because it is in a region of total atmospheric absorption (see Fig.

2.1) .

A combination tone occurs when a transition takes place from the

ground state to a state whose energy is determined by the sum of the

energies of two (or more) fundamental vibrations. This effect is most

convenient'ly treated in terms of the wavenumbers (in cm-l) at which the

fundamental vibrations occur, rather than their wavelengths (in pm).

Thus, the wavenumber of a combination band can be estimated by adding

those of the component fundamentals. An exampìe is the combination band

produced by the fundamental 0-H stretch (approx. 3500cm-1 or 2.85pm) and

the fundamental A1 -0-H bend (which occurs near 1000cm-l, see Fi g.

2.4b1. Addition of these values gives :

3500cm-1 + 1000cm-l = 4500ct-1 = 2.2¡n
stretch bend

In fact, the whole wavelength interval between 2.0 and 2.5pm is of

particul ar interest because many sharp, high'ly diagnostic spectraì
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absorption bands, caused by combinations of bending and

vi brati ons of 0-H bands i n amphi boì es, phyl I osi I i cates

hydroxyl-bearing minerals, occur in this region (Hunt and

1970, also Figs. 2.5 and 2.6). This wavelength interval

utilised in remote sensing because of these features, and

coincides with an atmospheric 'window' (fig. 2.1).

of vibration of

a group of atoms

stretchi ng

and other

Saì i sbury,

is widely

because it

some i nterest are the I attice

(usuaì1y an anion) vibrates as a

An overtone occurs when a fundamental is excited by two or more

quanta, so that features may appear at approximate'ly twice (or some

i ntegral mul ti pl e of) the fundamental frequency (Hunt, 1980) . An

exampl e i s the fi rst overtone of the fundamental 0-H stretch ( denoted

2v0-H), which occurs at a frequency of 3500cm-1 x 2 = 7000cm-1 =

1.4pm. The 2u3 overtone of water occurs in the same region, and

together they form the 1.4pm absorption feature observed i n al I

hydroxyl-bearing mineral spectra (see Figs. 2.5 and 2.6\. This feature

is also in a region of major atmospheric absorption, so is useful on'ly

in laboratory studies.

The second overtone of the fundamental 0-H stretch (denoted 3vg-¡1)

occurs at roughly three times the frequency of the fundamental

(approximately 10,500cm-1, or.95¡rm), but is much weaker than the first

overtone. However, it does occur in a region of on'ly partia'l

atmospheric absorption (f ig. 2.1) . Therefore, a'lthough it has not yet

been utilised for remote sensing applications, there is a possibility of

its use (see Gabell et aì.,1985, in Appendix I). In exceptional cases

the third overtone (denoted 4u0-H) may also be detectable, near 14000

.r-1 ( .71pm, see Fi g. 2.7) .

0ther

vi brati ons,

types

where
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s.ingle entity against the framework of the lattice (Hunt and Salisbury,

1970). These lattice vibrations can combine with other fundamentals to

produce (usually minor) effects in the SI,IIR'

The frequencies (and wavelengths) of some of the major types of

fundamentals are summarised in Table 2.2, below'

Table 2.2 Fundamental Hydroxyl Features

The preci se osition and sha of the vibrational absorPtion

features depend on the number, mass, geometry and val ues of the

interatomic forces of atoms in the immediate environment.

Thus, an 0-H group bonded to aluminÍum (i.e. djoctahedral

phyllosil icates) will have a maior combination band in the 2.2,¿n region,

whi I e an 0-H group bonded to magnesi um ('i . e. tri octahedral

phylìosilicates) will produce a feature closer to 2.3pum (Hunt and

Ashìey , Iglg, compare Figs. 2.5 and 2.6). Some mineral s (for instance,

kaolinite in Fig. 2.5) have a doublet structure caused by hydroxy]

groups occupy.ing non-equivalent sites in the ìattice, hence vibrating at

s1 i ght1y dj fferent frequenci es. l^li th measurements of suffi ci ent

CauseWavel engthWavenumber

1570 - 3400cm-1

1100 - 600cm-1

900 - 200cm-1

2.7 - 2 .9pm

9.0 - 16.7pm

11.1 - 50-opm

0^H stretch

X-0-H bend

I attice vibrations
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resolution, it is therefore possibìe to derive an enormous amount of

mineralogicaì information from this part of the electromagnetic

spectrum.

2.2.3 Vibrational processes in other minerals

The excitation of overtones and fundamental tones of the carbonate

(CO3Z-) ion, and hydroxyl groups in some sulphate (SOOZ") minerals, also

produces characteristic absorption features in the Sl.lIR. Spectra of

some of the important minerals containing these anion groups are shown

in Figs. 2,8 and 2.9.

The rnost impo rtant fundamental víbrations for remote sensing are

those of the silicates. Siìicon-oxygen vibration fundamentals occur at

much lower frequencies than those of the hydroxyls, and coincide with an

atmosphe¡ic window in the 8 to 14pm region. The effects of variation in

fundamentaì vibrations can be detected by measuring ei ther the emi ttance

or the reflectivity of a material. Because the sun emíts very little

radiation at these waveleng ths, refl ectivi measurements need to be

made with an artificÍal source (such as a laser).

Figure 2.LO shows some emissivity curves of a variety of silicate

samples, and illustrates the systematic migration of emissivity minima

in sympathy with the silicate composition of the rocks (after^ Eberhardt

et al., 1984). These minima are called reststrahlen bands. Their

precise positions, like those of the hydroxyì features, are controlled

by the cation at the second co-ordinatíon position and by bond angles

and strengths (Reeves et al., 1975). Figure 2.10 also depicts some

laser reflectance measurements for comparison.
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Figures 2.Il to 2.14 (all from Eberhardt et al., 1984) depict

emissivity curves of a variety of rock types, with laser reflectance

spectra of similar materials.

Additional cornpositional information from low-frequency vibrations

(such as those of Al-0 and C-0 bonds) is also available in the MIR for

carbonates, phosphates, sulphates, oxides and hydroxides (Hunt, 1980).

Figures 2.I5 and 2.t6 show laser reflectance spectra of a number of

individual mineral s, highl ighting iust some of the minera'logica'l

information avai'lable from this spectral region.
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2.3 Some Examples of Successful Remote Sensing Appìications in the U.S.

The.purpose of this section is not to present a comprehensive

rev'iew of the geo'logica'l appl ication of remote sensing techniques, but

rather to provide a brief summary of a few significant examples of the

way that di fferent remote sensi ng techni ques ( based on spectra'l

properties) have been appìied. This summary wi'lì provide some insight

into the potential of remote sensing, and build a framework around which

an analysis of the possibilÍties for app'lication of these techniques in

Australia can be formulated.

2.3.1 Detection of hydrothermally altered areas in south-central Nevada

using Landsat MSS data (Rowan et al. , L974, L977\

In this study Landsat MSS imagery was used to discriminate most of

the major rock types in the region, and to detect and map areas that had

undergone hydrothermal alteration. Figures 2.I7a,b&c and Table 2.3 (all

from Rowan et al., L9741 summarise the VNIR reflectance properties of a

number of al tered and unal tered rocks of the type found at the test

site. In addition, the ratios derived from the spectra (in the

wavelength regions covered by the Landsat MSS bands) are shown.

The effects of the reflectance differences on the Landsat MSS

(radiance) data are subtle. Individua'1, enhanced, black and white,

si ngl e-band images, and enhanced fal se col our i nfrared composi tes

derived from them, fail to show any of the altered areas. So, too, do

Sky'lab colour photographs. However, alteration around the Goldfield

area, in particular, is visible on enhanced, black and white, MSS 4/5,

MSS 4/6, MSS 4/7 and MSS 5/6 ratio images. But, the most effective

representation is a combination of MSS 4/5 in cyan, MSS 5/6 in yel'low,

20



Table 2.3 Ratios calculated for MSS Bands for selected mafic and

felsic rocks and some alteration minerals (after Rowan et aì., L974).

Sampì e I'lumber MSS 4/5 MSS 5/6 MSS 6/7

MAFIC ROCKS

Basal t
Gabbro

PerÍ doti te

Serpenti ni te

13

9

I

15

1.05

1.07

1 .01

1.04

1 .03

1.01

1 .01

1.05

1 .06

0.99

1 .05

1.07

FELSIC ROCKS

Rhyolite (pink)

Rhyolìte (grey)

Grani te

Grani te

Granodiori te

t2

4

T4

5

2

0.79

0 .96

0 .89

0 .97

0.92

0.92

0 .96

0.94

0 .98

0.94

0.96

0 .98

0 .91

0.92

0.97

ALTERATION MINERALS

Limonite (goethitic)

Limonite (hematitic)

Jarosite

Montmorillonite

Al un'ite

Kaol i ni te

0.61

0.49

0.78

0 .65

0.66

0 .93

0.72

0.85

0.99

0 .84

0.88

0.98

0.94

0.95

t.27

1 .07

0.97

0 .99
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and MSS 6/7 in magenta using diazo transparencies to produce a colour

ratio composite (CRC) image. 0n this presentation, altered areas appear

aS green to dark-green and brown to red-brown coloured pixeìs. In

addition, mafic rocks (mainly basalt and andesite) are white, while

felsic intrusive and extrusive rocks are pink. Over the whole scene

there is a good coincidence of alteration, as depicted by Landsat, with

known mining areas. In particular, there is a strikÍng match around the

Goldfield area, where alteration has been mapped on the ground in some

detail. There are two major limitations of the technique.0n the one

hand, non-limonitic, altered areas (composed mainly of intensely leached

and silicified rocks) are not separable from some silicic tuff and flow

rocks. 0n the other hand, non-hydrothermal 'ly-a'l tered, yet i ron-ri ch

rocks, are not discrÍminated from ìimonitic rocks that have been

hydrothermally aìtered.

2.3.2 Detection of non-limonitic hydrothermal

Nevada, using aircraft scanner images in the

(Abrams et al ., L977)

alteration at Cuprite,

.46 to 2.36pm region

gne of the areas where the Landsat MSS study described above failed

to detect altered rocks, because of the absence of limonitic alteration,

is the Cuprite mining district. Anaìysis of.45 to 2.Spm field and

'l aboratory spectra showed that i ron-defici ent opal i sed rocks have

i ntense 0H absorption bands near 2.2¡n due to thei r kaol i ni te and

alunite content (fig. 2.I8, from Abrams et al., 19771. In unaltered

rocks, this spectral feature is either weak or absent. A CRC image

deri ved f rom ai rborne mul ti spectral scanner data i n the .46 to 2.36¡-rm

range takes advantage of the spectra'l properties of linonitic material

in the VNIR (1.6uum/.48pm and 0.6pm/1.Opm band ratios) and those of the
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cl ay a'lteratÍon products i n the SWIR Í.6vn/2.2pm band ratio) . In thi s

way near'ly al ì of the al tered materi al was di scrimi nated from unal tered

material, and some zoning of the alteration was also detected.

2.3.3 Thermal Infrared Multispectraì Scanner data from Cuprite, Nevada

(Kahle and Goetz, 1983)

A Thermal Infrared Multispectral Scanner (TIMS) was flown over the

Cupri te area i n 1983. The TIMS i nstrument has hi gh radiometric

sensitivity (.t to .3 noise equiva'lent temperature difference (NE^'K),

at 300"K). There are six channeìs in the MIR region (8.2 to 8.6pm,8.6

to 9.Opm, 9.0 to 9.4¡rm, 9.4 to 10.2pm, L0.2 to 11.2pm and LI.2 to

L2.1vn\. The combination of high sensitivity and relatìve'ly narrow

channels enables a more accurate determination of the spectral prop-

erties of materials in the MIR than previous scanners operating in this

wavelength region. Based on the positions of reststrahlen minima, (see

Fig. 2.10) basal ts, unaltered tuffs, carbonates, unaltered sandstones

and the altered rocks in the area were all discriminated. However,

unlike the VNIR and SWIR data, the MIR discrimination is made largely on

the basis of the free silica content of the rocks, thus adding a further

dimension to the remote'ly sensed data acquired in thÍs area.

2.3.4 High-resolution airborne spectrometer data from Oatman, Arizona

(Marsh and McKeon, 1983)

Geophysica'l Environmental Research Inc. of New York (GER) has

deve'l oped a hi gh-resoì ution ai rborne spectrometer, wi th 5I2 data

channels in the .35 to 1.lpm range and 64 data channels in the 1.9 to

2.5pm range. The GER instrument was flown over the 0atman epithermaì
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go'ld deposit in northwest Arizona. The airborne data were processed to

remove atmospheric effects (Figs . 2.19a&b), and a high-reso'lution,

fie'ld-portable instrument was used to provide additional data for

i nterpretation. Three di fferent mi neral ogi cal zones were

dist'inguished. Strong sericitic signatures were detected in one area

and alunitic signatures from another delineating two types of argilìic

a'lteration, while various mixtures of il'litic, chloritic and kaolinitic

sì gnatures were found i n an area of mixed phyl ì ic and propy'l i tic

alteration (fig. 2.20\. Ground and airborne data correlated well.

Specific mineralogies were therefore 'identified and mapped based on the

hi gh-resol ution spectrometer data.

2.3.5 Identification of alteration mineraìogy at Cuprite, Nevada, and

sedimentary minerals in the Wind River Basin, Wyoming using airborne

imaging spectrometry (Goetz, 1984, NASA, 1985)

A high-spectral-resolution airborne imaging spectrometer (AIS) has

been flown by NASA over Cuprite, Nevada, and the l,lind Rjver Basin,

Wyoming. A prototype of the instrument was flown in a configuration

cornprising 32 contiguous bands in the 2.03 to 2.32¡n region, with 32

pixe'ls across the swath. At Cuprite, the minerals alunite and kaolinite

were i denti fi ed and thei r dÍ stribution accurately mapped by the

instrument (Fig.2.?Ll. In the l,lind River Basin, montmoriììonite,

calcite and dolomite were identified, and their distribution correlated

to various sedimentary units (fig. 2.221,

Thus the AIS is the first instrument operating in the SWIR with the

abi I 'ity to i denti fy mi neral s coup led with an imaqinq capability that

allows mapping of the two-dimensional distribution of those minerals.
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2.4 The Australian Environment and Problems it Poses for Remote Sensing

The geoìogica'l histories of the United States (where remote sensing

techniques have been appìied so successfully) and Australia are markedìy

different. The southwestern U.S., which is the focus for the studies

summarised in section 2.3, has a history that includes many intrusive,

extrusive and mountain-building events. These events span the time from

the oldest recorded rocks in the region, vo'lcanic unìts some 1800 m.y.

oìd, to Late Tertiary volcanism, with maior episodes of igneous activity

during the Precambrian, the Mesozoic, and the mid-Tertiary (Titley,

1982). In addition, the climate in North America has been dominated by

muìtip'le glaciations since the late Tertiary, with repeated growth and

decay of ice-sheets extending as far south as latitude 40o (Andrews,

1970) . The overal I picture, then, is of a moderately iuvenile

topography that has existed under conditions non-conducive to extensive

chemical weatheri ng.

In contrast, much of Austra'lia, particu'lar'ly the western two-

thirds, has been emergent and stable since Permian times, and thus

subject to sub-aerial weathering. The last maior (Permian) glaciation

was foìlowed by active erosion in the Jurassic and Cretaceous, ìeading

to extensive pìanation by the mid-Cretaceous (Butt, 1981). A proìonged

period of weatherÍng folìowed, with probab'ly humid and temperate to warm

mi d-Mesozoic cl imates becomi ng sub-tropicaì to tropical i n the

01 i gocene-Miocene, when I ateri tÍc processes domi nated. The trend

thereafter was to aridity, spreading outwards from the centre of the

continent, that has continued to the present (01ìier, 1978). The result

is an extens'ive mantle of weathering products that have been stripped to

varyìng degrees (Fig. 2.23, after Butt and Smith, 1980).
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2.4.L Devel opment of the weatheri ng prof i'le

l,Jeathering profiìes can be considered to form progressively, with

each horizon forming from a precursor resembìing the under'lying one

(Butt, 1983, McFar'lane, L976, Fitzpatrick, 1980). Under stable

conditions conducive to chemical weathering, a fulì weathering profile

may develop with time (fig. 2.24, from Butt, 1983).

In such a profiìe, saprolite deve'lops from fresh rock by the loss

of mobile constituents, whi'le retaining the texture of the original

unweathered material. The loss of primary textures, which usually

occurs close to the water-tabìe, defines the top of the saprolite (Butt,

1983). In this zone a considerable amount of chemical activity leads to

dissolution of Mg, Câ, Na and K and dissolution and precipitation of Al

and Fe. 1¡i th this activity the destruction of the original rock

textures can lead progressive'ly to the formation of a mottled zone,

transitional to a zone of retention of Al and Fê, which may show

seasonal (pisol itic) concentrations. Above the water-table, where

conditions are both acid and oxidisíng, reworking of the ferruginous

zone can leave a zone of residual sand, composed of quartz and the more

resi stant accessory mi neral s ( Butt, 1983 ) .

Formation of the deep weathering profi'le is portrayed above, in a

simpìified wôy, as a continuous process, with chemical degradation of

the rocks,'leading to relative depletions and enrichments, being the

onìy process considered. In reaìity, the processes involved are much

more compìex, and factors such as climatic f'luctuations and epeirogenic

movements can affect the position of the water table, and the amount of

erosion of the weathering profiìe. Lateral migrationary processes are

also important, but have not been considered here.
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2.4.2 Alteration and erosion of the profile

In Austral ia the most 'important effects on the pre-Miocene

lateritic weathering profile were the increasing trend to aridity, and

tectoni c upl 'i f t, parti cuì ar'ly j n coastal regi ons. The resul ti ng gradual

lowering of the water table has led to the dehydration and hardening of

the ferrugÍnous layer (to form duricrusts), and some precipìtation of

certain components (si1ica, carbonates, sulphates and chlorides) in

topograph.ically low regions (Butt, 1981). It was the combined effects

of the trend to aridity and of epeirogenic upìift that has resulted in

the partial stripping of the mantle of deep weathering over much of

Australia. As stated by Butt (1983, p. 44):

"..... the climatic changes that caused an alteration in the sty'le of
chemi cal weatheri ng al so i nduced vegetat'iona'l changes and sì ope

i nstabi I Í ty. HenCe, despi te the protecti on offered by duri crust
formation, erosional activity increased by headward stream erosion and

pedimentat'ion. "

An added compl ication '!s the transported overburden that common'ly

overlies the in situ weathering zone. Again, Butt (1983, p.45) states:

"The greatest thicknesses are found in areas of a'lready low

rel i ef , pa-rti cul ar'ly the va] ì eys. The ^sediments of al I uvi al and

colluvial origin conlist for the most part of !!e products or resistates
of weathe¡ing, such as kaolinite, smectites, illites, quartz, Fe oxides,
.i I menÍ te and--other heavy mi nera'l s, pì us evapori tes such as carbonates,
chlorides and suìphates. Some of the sediments are quite o'ld and may

have been deposited during the period of_deep_weathering and hence may

themselves have been láteritised. In places, they are almost
i.ãiiiinguishab'le from the weathe"ed zone on which they have been

deposi ted. "

In addition, the arid conditions have allowed'increased wind

erosÍon, and aeol'ian deposits of varying th'icknesses are widespread. It

i s wi th thi s compl ex weatheri ng hì story i n mj nd that one shoul d

undertake any remote sensing investigation in Australia.
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2.4.3 Remote sensing in deeply weathered terrain

The weathering process, especial'ly when operating over the periods

of time and w'ith the severity that it has in Austra'lia, tends to result

in convergent evolution. Bauxites, for instance, have been shown to

develop from a variety of quite diverse precursors (Valeton, L972). In

particular, the range of minerals found in a duricrust is qu'ite limited,

with iron oxides, quartz and clays (generalìy kaolinitic, but gibbsitic

or boehmitic Ín bauxites) almost a'lways dominating. Schellman (1979)

has repo rted that the relative amounts of these minerals in a duricrust

vary systematically, depending on the composition of the rock type that

forms the parent material. This systematic variation can be seen when

duricrust compositions are p'lotted on triangular diagrams with corners

represented by the components Fe203, 4.l203 and Si02 (Figs. 2.25a-el.

From a remote sensing viewpoint, it is notable that these

weathering products are all theoreticaìly capabìe of detection (and

identification) using their spectral properties. Iron oxides produce

absorption features in the VNIR, clays in the SWIR, while quartz has its

characteristic reststrahlen minimum in the MIR (see section 2.2\. l,lith

appropriate high-resolution instruments, it may even be possible to

produce diagrams similar to those of Fig. 2.25, using semi-quantitative

data obtained from remote sensing alone. If So, some inferences about

the composition of the parent material could then be drawn.

However several factors would limit this approach. The amount of

absorption of radiation by Fe-oxides has been shown by Buckingham (1981)

to be correlated to the percentage of Fe-oxides present, only up to a

certain "saturation point". Past this point (about 10% Fe-oxides), the

depth of absorption features remains fairìy constant. Any spectraì
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effects due to non-lateritic material (e.g. vegetation) within the

field-of-view of the Ínstrumentation would also need compensating.

Despite the effects of convergent evolution, variations in parent

lithoìogy, coupled with topographic differences (such as draÍnage and

catenary posìtion) and even regional settings (Butt, 1983), wi'll also

al I have an i nfl uence on the deeper portions of the weatheri ng

profi'le. Therefore, the signal remotely sensed over in sìtu weathered

material will depend on both the nature of the profììe, and the level to

which it has been eroded. Figs. 2.26a-c (after Butt, 1983) show the

composition of a number of profi'les that have developed over a variety

of rock types'in Western Australia.

As is the case for duricrusts, the minerals present'in the lower

parts of the profi'le are all amenable to detection by remote sensing,

the SWIR region being particu'la11y important for minerals such as talc,

serpent'ine, amphiboles, carbonates, and the cìay minera'ls, kaolinite,

vermicul ite, smectites and gibbsite. Table 2.4 contains a list of

hydrotherma'l al teration mi neral s in di fferent categories of al tered

rocks studied jn the southwestern U.S. (after Rowan and Lathram,

1980). Comparìson of Fig. 2.26 and Table 2.4 shows that, even from such

disparate sources, there are minerals common to hydrothermal alteration

and weathering. Furthermore, examination of the SI,IIR spectra of some of

these minerals (F'i9s. 2.5 and 2.6) shows that they all have absorption

minima in the 2.08 to 2.35pm region of the spectrum.

It therefore becomes obvious that remote sensì ng in Austral ia,

particularly the targetìng of hydro thermal alteration, is not going to

be a simple matter of identifying the presence of absorption features

caused by iron oxides in the VNIR, and by clay minerals in the SWIR. It
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Table 2.4 Alteration minerals occurring 'in the southwestern U.S.

(after Rowan and Lathram, 1980)

Propyì itic Rocks Epidote, chlorite, albite, carbonate,

montmoril'lonite, goethite, K-mica,

pyrite, zeol ites

Argillic Rocks Montmoriììonite, kaol inite, quartz,

K-mica, goethÍte, haematite, jarosite

chlorite, carbonate

Phyl I ic Rocks Quartz, K-mica, kaolÍnite, mixed-

'layer clays, haematite, jarosite,

K^feldspar, albite

Advanced Argillic

Rocks

Quartz, pyrophyl I i te, a'l uni te,

kaol i ni te,

opa'l , K-fel dspar, K-mica, haematite,

anatase, relict zircon

0pa1 i te Quartz (opaline), alunite, kaolinite,

pyrophyl I ite, calcite, anatase

Silic'ified Rocks Quartz, al uni te, kaol i ni te, di aspore,

pyrophyl 'l i te, haemati te, goethi te,

j arosi te, anatase, rut'i 'l e, rel i ct

zircon, opa1, K-mica
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follows that the low-resolution techniques used for ana'lysis of remotel.y

sensed data by manY workers in the southwestern United States (Rowan et

al . . t974, Abrams et al ., 1977) cannot simply be transferred for

Austral ian appl ications.

What 'i s requi red i s the capabi'l i ty to i denti f.y the mi neral s'

absorption features, and interpret these identifications in terns of

mineral assemblaqes, and their distribution. For instance, âñ

assemblage consisting of kaolinite, montmori'lìonite, quartz, K-mica,

goethite and haematite taken as indícat'ive of argillically a'ltered rocks

could also be jndicative of of a sapro'lite derived from a granitìc

precursor (fig. 2.261 or of argiìlicalìy altered rocks (faUle 2.4, also

Rose and Burt, 1979). However, the presence of an assembìage containing

chlorite and epìdote in an adjacent area woul d warrant the

interpretation of the assemblages as argillic and propylÍtic alteration,

respecti vely.

l..lith one exception, to the writer's knowledge, the onìy remote

sensi ng ( sensu strÍcto) studies that have I ed to the direct

identification of mineral assemb'lages have involved the use of high-

resolution spectrometers. Most of these studies have resulted from the

use of the GER a'irborne instrument, or NASA's AIS. The exception is a

study that involved the use of narrow-band radiometer data acquired from

orbit (Goetz et al., 1982). The filters used for th'is experiment were

narrow, and specìficaìly designed for the identifjcation of certain

mi neral s. Th j s success demonstrates the feas'ibi I i ty of usi ng simi 1 ar'ly

designed narrow-band filters in airborne and other scanners in Australia

for the direct jdentification of aìteration, or. other, mineral

assembl ages.
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l^lherever possi b1 e, thi s study has made use of data f rom hi gh-

resolution spectrometers in order to glean the maximum amount of

mineralogical information. However, it is the writer's opinion that the

most effective use of remote sensing in this country will also Ínvolve

the use of imagery. Geomorpho'logical interpretation of the weathered

terra'in (hence of relative position in a partially stripped, weathered

profile) is essential. The two-dimensional v'iew afforded by imagery

will al so allow a much better apprecìation of the distribution of

minerals, or mineral assemblages (tf¡e value of which is illustrated

above). In the case where evaporitic or transported material is being

detected, a comb'ination of imagery and spectra'l properties wi I I al so be

extremely useful. Not only wiìl a better discrimination of transported

and residual materÍal be possible, but some information may be gained

about the provenance of the transported material. This has been shown

to be the case in two different studies of Landsat TM and airborne TIMS

data over Death Va'l 
'l ey, Cal i forni a, where even the TM' s broad-band

spectra'l data allow some inferences to be made about the source of

all uvial and coll uv'ial material (Huntington, 1984, Kahle et al., 1984).

To further underline the value of imagery, there have been numerous

studies of Landsat MSS data in Australia that have provided useful

geoìogìcal information (e.g.Green et al ., 1980) - even with its

I imitations due to I imited spectral range and coarse spectra'l

resolution. One such study appears in this thesis (see chapter 5).
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CHAPTER 3. HARDWARE UTILISED AND TECHNIQUES USED FOR SPECTROMETER DATA

ANALYS I S

3.1 Introduction

A variety of instruments and techniques was used during the course

of this study. Where a techn'ique has been applied at a single test

si te, an expl anati on of the techni que i s usuaì ly i ncl uded i n the

relevant Chapter. However, the bulk of the information is contained in

the present Chapter.

Spectra were acquired in the laboratory on samples from all test

sites, using three different spectrometer systems. High-resolution

airborne spectra were acquired over two test sites - Mt Turner (Chapter

5) and Kambal da ( Chapter 6) as part of a wi der survey usi ng a

spectrometer system developed by Geophysìca1 Environmental Research,

Inc. (GER), of New York.

Software aiding interpretation of these data was developed at the

CSIRO/MXY at North RYde, SYdneY.

3.2 Hardware

3.2.I The GER Mark II airborne spectrometer

During September, 1982 the CSIRO brought to Australia the GER Mark

II airborne spectrometer, which was flown over 4 test sites around the

country. The data from two of these sites are presented Ín Chapters 5

and 6.

The GER Mark II instrument was designed and developed at Columbia

University, D'iv'ision of Engineering (Colì ins et a'l ., 1981), with funding
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from the U.S. National Science Foundation. The system design is similar

to that of the Mark I system described by Chiu and Collins (1978). In

contrast to the Mark I system, solid state detector arrays are utilised

in the Mark II instrument. In addition, the Mark II actually consists

of two spectrometers operating in the spectraì range from.4 to 2.Spm.

A 512 element silicon diode array covers the .4 to 1.l¡rm region (.0015pm

channel separation, approximate'ly .0020pm resolution), and a 64 element

lead sulphide array covers the 1.9 to 2.5pm region (.008pm channel

separation, approximately .012¡-um resolution) . The arrays are positìoned

at the exit focal planes of two 27Snn focal length spectrographs, and

all channels receive the spectra'l1y dispersed bands of energy (from two

hoìographic aratings) in paralìel as the field-of-view on the ground is

swept aìong the aircraft track.

The instrument integrates the energy in each band simultaneous'ly

over contiguous 20m by 2m areas along the flight path at the nominal

altitude of 600m above terrain (Col'lins et al., 1981). The output from

ten such areas is integrated, to produce contiguous 20m square pixels,

wi th the resul tant data bei ng stored in a buffer. The data are

digitised to 12 bit resolution in real time, and dumped from the buffer

onto computer-compatib'le tape (GER, 1982). The data were calibrated

band-by-band by GER for radiance received at the front apertures, and

for wavelength by Krypton lamp measurements taken in the air at each

si te. Location of the spectra on the ground was achei ved by

simultaneous coverage usìng 35mm colour photography, the camera being

boresighted with the spectrometers.

The paral'le1

ratios and very

input to all channels results in high signal-to-noise

good resol ution of spectral features. The noi se
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equi val ent refl ectance di f f erence (NEnp ) i s .025% at 2.Z¡t"n (W. Co'l 
'l i ns,

written comm., 1986), but is high'ly dependent on wavelength. The trade-

of f i s that the spati a'l context of the data 'i s 'lost, because onìy a

singìe line of pÍxels is acquired at any one time.

The i nstrument was mounted over a standard, 18-i nch aeri al

photography port in a twin-engined Cessna 4OZ operated by Qasco, out of

Sydney.

3.2.2 Laboratory measurements

|lJ'i th the exceptìon of the sampl es fron the Fortescue Group

(provided by Dr Ray Smith), samples for laboratory spectral measurement

were collected by the author from each test site.

The samples from l.leipa (Chapter 4) are predominantly soil samples,

and are identified by the grid coordinates from which they were

col I ected.

Samples from Mt Turner and Kambalda were collected from selected

flight line locations 'in June and 0ctober, 1983, respectively. This

activity followed preliminary interpretation of the airborne data. In

these areas the sample numbering system is símil ar. At Mt Turner

(Chapter 5) the following 'information was included:

Flight line'identification (e.g. MTI)

Pixel number along the line (e.9. 685)

Sample number collected at that site (e.9.1)

Nature of the sample (S if soil)

Nature of the surface (l¡l for weathered or F for fresh surfaces)
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Thus, MTl/685/1 W represents the weathered surface of samp'le number

1 from pixe] 685 of f'light line MTl, while MTl/685/1. F represents the

"fresh" (actua'l ìy inner) surface of the same sampl e. MTl/685/S

represents a soil samp'le from the same location. If more than one

spectrum was measured on a particular surface, a distinguishing number

was appended.

At Kambalda (Chapter 6) a more detailed description of the sample's

nature is included. Hence 0 denotes an outcrop sample, F f1oat, S, soil

and P, the spectrum of a powder used for XRD ana'lysi s. Thus,

K2/290/F2/lil represents the weathered surface of samp'le number 2 (float)

from pixel 290 on flight line K2. K2/290/F2/P is the XRD powder derived

from the same sample, and K2/290/S is a soil sampìe from the same

I ocati on.

The samples from the Fortescue Group (Chapter 7\ retain their

o¡iginal sample numbers, as do the core samp'les from Peak Hi1I (Chapter

8), provided by Gold Fie'lds Expìoration.

A second suite of samp'les from Peak Hill was collected by the

author durì ng November, 1984. These samp'l es lvere gathered a'long two

traverses, aS well aS additional, scattered sites. NT represents the

'Northern Traverse', BBT the'Bobby Burns Traverse' in the southern part

of Peak Hill, and the remainder of the samples are labelled PH (Peak

Hjll). The sample location, indicated by a number, appears after the

traverse notatìon, and a letter follows when more than one sampìe was

collected from the same site. Fina'|1y, as for Mt Turner and Kambaìda, a

letter, W or F, indicates the nature of the surface being measured.

Thus, PH 2C W represents the weathered surface of samp'le C, sìte number

2, at Peak Hill.
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3.2.2.I VNIR and Sl,JIR I aboratory measurements

Two different instruments were used for VNIR and SWIR measurements,

but sampì es were measured simul taneous'ly (fi g. 3.1 ) . The VNIR

instrument is a Tracor Northern spectrometer utilising a 1024 element,

solid-state, silicon array (Reticon), owned by the Department of Geology

and Geophysics, University of Adelaide. It was linked to a multichannel

analyser, aì ìowing simp'le manipuì ation (addition, subtraction) and

wavelength cal ibration of the spectra (fig. 3.2). The wavelength

cal ibration was achÍeved by measurements of the spectrum of a neon

calibration 'lamp with known emission peaks. The spectra were measured

using half the maximum resolution of the instrumen|" (5I2 channels),

which allowed I spectra to be stored in the multichannel analyser

memory, and gave an approximate channel separation 0f.0012pm, and an

approximate spectral resolution of .002pm. At least one of the I
spectra stored ìn memory was of a reflectance standard. After each set

of ei ght spectral measurements, the i nstrument was pl aced i n a

'subtract' mode, and dark current was subtracted from each spectrum.

A quartz-ha'logen projector ìamp was used to illuminate the sample

at a high ang'le of incidence. After the lamp had warmed uP, the

reflectance standard uras measured, and the instrument 'exposure tíme'

adjusted until the detectors saturated. The exposure time was then

decreased to just below the level of saturation. Thirty scans were

acquired for each samp'le. The scans were summed, and the resultant

spectrum stored in memory. These settings were maintained throughout a

measurement session.

Data were transferred to an HP1000 minicomputer, via an RS232 1ink,

from the multichannel ana'lyser. A specially designed software package
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(XBOSS - see Section 3.3) was used to calculate reflectance relative to

the standard. The NEÀp is estimated (from spectra'l pìots) as being

better than .02'/" at al I wavel engths, wi th maximum sensi ti vi ty near the

centre of the spectral range (.7pm).

The reflectance standard used for both VNIR and Sl,lIR measurements

was a pressed polytetrafluoroethyìene powder (marketed as Halon). The

Halon spectrum is essentia'l1y flat in the VNIR with a reflectance

greater than 99 .3"/" at the angì es of i nci dence used ( l^lei dner and Hai a,

1981), so that reflectance measurements relative to Halon are close to

true refl ectance val ues.

The instrument used for StdIR measurements (fig. 3.3) was designed

and built at the CSIR0 DivÍsion of Cloud Physics by Dr Terry Cocks (now

with CSIRO/MXY). Used initial'ly for airborne cloud radiance

measurements, it was modified by Dr Cocks for laboratory use. A single

lead su'lphide detector receives chopped rad'iation after it has passed

through a revolving circular variable filter (CVF). The resolution of

the CVF is approximately L/" of wavelength, which is not sufficient to

resolve the kaolin doublet at 2.17pm and 2.208pm (see Hunt and Ashley,

1979), but wi1'l produce a shoulder. The spectrum was usualìy scanned 30

times for each sample (120 scans for some particuìarìy dark sampìes)

wi th an average 20ms dwel I time i n each of l2B di gi ti sed output

channels. This results in an NEAp of better than 0.L%, but is highly

dependent on wavelength. Those regions of the spectrum affected by

atmospheric absorption (near 1.4 and 1.9pm) obvious'ly have the highest

noise levels.

The output recording medium was a f'loppy disc driven by an Apple II

persona'l computer. The same computer was used to calculate absolute
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reflectance, us'ing the Halon reflectance data from Weidner and Haia

(19g1). Approximately every s'ixth spectrum recorded was that of Halon,

and successive Halon spectra were ratioed. Any sign'ificant deviation

from a straight line near 100% reflectance resulted in the repetition of

all measurements between the Halon spectra used to produce the ratio'

Spectra were pìotted using software on the Appìe computer, and were also

transferred to the HP1000 for any further analysis.*

3.2.2.2 MIR laboratory measurements

The MIR I aboratory refl ectance spectra were measured by Dr John

Eberhardt of the cslRo Division of Mineral chemistry using a continuous

line-tuned C0, laser (fig. 3.4). The laser oscillates on 128 C02'laser

wavelengths between 9.14 and 11.25pm (Eberhardt et al., 1984), with the

spectra'l resolution of the system determined by the spacing between

laser lines. Coverage between 9.14 and 11.25pm is virtual'ly continuous'

wjth only a small gap between 9.94 and 10.08pm. A rotating mirror

sweeps the beam across several specimens in approximately 3ms, and 512

such sweeps were averaged per spectrum. The d'iffuse reflected signaì

returns a'long the same path and 'i s refl ected f rom a ZnS sp'l i tter to a

I ens focussed onto a HgCdTe photoconductive detector wi th a -MHz

bandwjdth (Eberhardt et al., 1984). The instrument is extremeìy

sensitìve, with a s'igna'l to noise rat'io of approximately 105 (or an NEÀp

of .001%). Ground NaCl cold-pressed against fi'lter paper was used as a

refl ectance standard.

*
val ues
1 ,000

ctral plots have asterisks alongside
occurs the val ue shown i s a factor ofSome of the laboratorY spe

on the y-axis. Where this
greater than the true value.
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3.2.3 Image processi ng system

An HP1000 computer (see section 3.2.2.L) acts as a host to the

image processing system used in the ana'lysis of MSS imagery over Weipa

(Chapter 4), and in the production of log residual images (Chapters 5

and 6). The image processing system was designed and built by Mr Guy

Roberts at the CSIRO/MXY, using CCD460 Fairchild Semiconductor chips for

refresh memory (Roberts, 1982). A 51cm Barco high-resolution colour

televisjon monitor (model CDCT 2/51-H) is used for output dispìay (fig.

3.5). There are 8 bits used for red, green and blue colours

respectively, with 512 lines and 256 pixeìs dispìayed on the screen

(Roberts, 1982). Colour images used in this thesis were produced either

by photographÍng the screen, or by writing 3 monochrome images of red,

green and blue output individually onto 25cm x 20cm film using a model

P1500 PHOT0WRITE manufactured by 0ptronics International Inc. From

these monochrome separates, colour film products were made by commercial

photographÍc I aboratori es.

3.3 Anaìysìs Techniques

A number of techniques have been developed by members of the

CSIRO/MXY Remote Sensing Group for the anaìysis of high-resolution

airborne and laboratory spectra. These techniques have been app'lied to

the analysis of the data presented here, particularìy airborne data.

The software package is described in detail by Craig et al. (1984), but

some aspects relevant to the thesis are noted in sections 3.3.1 and

3.3.2.
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3.3.1 XPUT files

An XPUT file is a d'isc file comprising spectra'l information and

some Ídentifying records. The XPUT file was designed to deal with more

than one spectrum of the same sample - for instance VNIR and Sl^lIR

laboratory spectra of the same surface, or airborne spectra from the

same pixel. Each record in the file has an address comprising a Sample

number and a Group number. Sample numbers are sequential and correspond

to the actual posit'ion (pixel number) aìong a fìight line for airborne

data. The unique sample description code (see section 3.2.2) for

ìaboratory data is stored in a corresponding sample header. Group

number distinguishes the type of spectraì information, with each

spectrum contained in a different group. Each group comprises a number

of channel s that correspond to the output channel s of the spectrometer

used to acquire the data. Additional groups may be included to hold

information derived from the original spectra - for instance simulated

values of band ratios - or even non-spectral information such as coded

geol ogy.

A typÍcaì sample from an airborne data set might have the structure

shown in Fig. 3.6. The file therefore includes as many repetitions of

this S^record unit as there are pixels in a flight'line.

A set of subrout'i nes col l ecti vely

functions of transferring spectra'l data

wri ti ng fi 1 es, etc. ) .

known as

( creati ng

XPUT performs the

fi I es, readi ng or

3.3.2 XBOSS

Al I operations wi th XPUT fi I es are performed through the
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controlìing program XBOSS. The three menus in Fig. 3.7 show the number

and type of operations that can be performed on spectra'l data. Many of

the programs to execute these XBOSS options have been developed in

response to requ'irements outlined by users (such as the author) who are

attempting to interpret the data. Some of the procedures relevant to

this thesis are described below.

3.3.2.1 Log residual s

The airborne spectra acquired over Mt Turner and Kambalda represent

radiance received at the front apertures of the spectrometers. As such,

they are dominated by the absorption features of atmospheric gases (fig.

3.8a&b). In order to remove these effects, and those of terrain

brightness (albedo), the log residual techn'ique was developed by Green

and Craig (1985, see Figs. 3.8c&d). The concept behind this technique

ìs s.imilar to that util'ised by Marsh and McKeon (1985), in their

treatment of data from the same instrument over Oatman, Arizona'

A program (XLgG) was written by Dr Maurice Crai9. H'is description

of the program (from Gabell et al., L983) appears below:

PROGRAM XLOG

"Let Xjl denote the reading in channel I at point i of a flight

1 i ne, and p.il the refl ectance of the terrai n wi thi n the sampl ed

'footprint'. The values of Xi^ and pi¡ are connected ('in one model of

the process) by a formula of the type

xiÀ = Ai P i¡, I¡.

Here Ai represents factors, such as topographic s'lope' which influence

the angle of illumination and are common for all channeìs, while II
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represents the solar illumination as a function of wavelength.

Suppose there are N channels and M samp'le points. If we write

X M"l I ìog Xr^
À l

for the (logarithmic) mean spectrum over all samples,

-1
X -N ìog Xr^I

À'

for the mean over all channels of the i-th spectrum, and

X M

It thus provi des

compos i ti on.

I
i

X = t'¡-1 I x = (t'4ru)-ll I1

l À
loq X.-" ]ÀiT

for the grand mean, then the quantity

Y =logX X.
1. -X +xiI ir À

provìdes a transformation of the original data to what we may ca'l'l the

loqarithmic residual. This quantity is no 'longer influenced by solar

illumination or topographic variations, i.ê., with the obvious

definitions of p.À etc. we have

YiÀ = log pir - pi. - p.À + p...

À

a practi cal i nvari ant measure of the terrai n

Program XLOG accepts an input group containing a spectral sequence

(XiÀ). A first pass through the file allows accumulation of the mean

X.^ and also of the standard deviation S.¡, where

2..-.2(M-i) S.i = xr('log Xil - X.i,.)-

These quantities produce spectra which are written to specified samples

(often the first and second) of an'output group for residuals'.
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0n a second pass one computes the ìogarithimic resìdual spectra

(yi¡) and writes them to the same group. At the same time the'channel

mean' Xi. and standard deviation Si., where

2 2(N-1) S = xi,(log Xr^ - Xi. )'l

are saved in two additional, single-channel output groups.

It is possibìe to skip either the first or the second pass. Thus,

if a common mean for several adjacent flight lines is to be used, one

would need the first pass to compute the mean of each f'light line
separate'ly. The results of the second pass would not be wanted at that
time, so it should be skipped. The separate means would then all be

overwritten with the common mean (Xn option in XB0SS) and XL0G run

again. 0n this occasjon there is need only for the second pass, since

the results normally derived from the first pass are already in pìace.

It is clear that, a'lthough this process eliminates the effects of

solar illumination and s'lope, the result is not a reflectance

spectrum. It does, however, show the difference in reflectance for each

samp'le from that of the 'mean' reflectance term p.¡. If this 'mean'

spectrum shows little spectral structure, then the Yi^ wil'l be a good

approximation to the shape of the reflectance curve."

In practice, the ìogarithmic mean of a flight line was calculated

excludjng those areas that are atypical of the geology - shadowed areas,

salt lakes, water, etc. The resultant log resìduals contain spectral

information that can appear very similar to reflectance as measured in

the I aboratory.

The major difference is that the spectraì content of a samp'le's 'log

resi dual i s rel ative to the mean refl ectance of the f'l i ght 'l i ne,

(expressed in ìogarìthmic form) , whi'le 'laboratory reflectance is

rel ative to the refl ectance of the standard used. Hence strong

absorptìon by a mineral wil I produce a negative log residual (fig.
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3.9a), whiìe an absence of the mineral that contributes most to the

flight line mean will produce a positive feature at the same waveìength

(fig. 3.9b). Log residuals therefore need to be interpreted with due

consideration of the 'likely content of the f'líght I ine mean, an

appreciat'ion of which comes on'ly from field observation and laboratory

measurements of samples from the flight ì'ine.

For the purpose of this thesis, an absorption feature (in airborne

data) is defined as a minimum in the negative range of log residual

va'l ues, whi I st a I ocal mi nimum may have the appearance of an absorption

feature, but occurs in the positive range of log residual values. A

local minimum in the log residual spectrum may coincide w'ith an

absorption feature i n the true refl ectance spectrum of the same

material.

If the flight line has no sing'le strongly contributing mineral (for

'instance if it covers a great variety of mineralogy, or if most of the

fl i ght I j ne contai ns spectra'l 'ly fl at materi al ) , then the I og resi dual

begins to look much more like true logarithmic reflectance.

3.3.2.2 Log resì dual 'images

gnce 1og residuals have been calculated the spectra'l properties of

material along a flight line can be interpreted. However, in a f'light

line with as many as 1200 spectra, the individual exam'ination of every

spectrum is not feasible. Therefore a technique was used that allows

examination of a number of spectra simultaneously. Once again, Marsh

and McKeon (1983) used a similar method in the ana'lysis of the 0atman

data.
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The method i nvol ves di spl ay of the spectral data on an image

processing system (fig. 3.10). Each sample aìong a flight line is

assigned a horizontal row on the TV screen. Each spectrometer channel

is assigned one (or more) TV pixels so that waveìength varies across the

screen. The log residual spectra are then colour coded by density

slicing into 16 colour levels. The lowest values (lowest log residuals)

are dark blue, zero residuals are green, and high values (positive log

residuals) are deep red.

Thus blue areas on F'ig. 3.10 represent areas of maximum absorption,

while red areas represent areas of maximum reflectance. The data

general ly fal I i nto 'bl ocks' that have a simi I ar I og resi dual

signature. The precise shape and position of absorption features can be

determined by averaging the log residual response over each block and

pìotting the resultant high-resolution spectrum.

3.3.2.3 Tchebychev Anaìysis.

For some time Tchebychev Analysis has been used for the analysis of

spectrometer radi ance data ( Col I i ns et al . , 1981, GER, 1983) . The

technique involves the representatjon of a radiance spectrum by linear

combination of a number of poìynomial functions (see Figs. 3.11a-l).

The amount contributed by each function to the reconstruction of the

originaì spectrum is described by the magnitude of its coefficient. In

order to reconstruct perfectìy a radiance spectrum with 64 channels of

data (as for the SI^IIR data), âñ expression with 64 terms would in

general be required. However, the higher-order terms correspond to

high-frequency features (noise), so a considerable amount of information

is available by examination of a few lower-order coefficients. In order
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to maximi se the i nformation content i n a si ng'l e p1 ot, Tchebychev

AnalysÍs is usual'ly presented as the magnitude of certaÍns ratios of

coefficients along a fìight line. The technique has been used in this

thesis (see section 5.5.5.1) for the ana'lysis of airborne data.

However, the techn'ique has also been utilised in a different manner

for the analysis of VNIR 'laboratory spectra. Because the high-order

Tchebychev poìynomial s reproduce no'ise, reconstruction using on'ly lower-

order poìynom'i al s effectÍveìy smooths the spectrum. Thi s i s

part'icularly useful for VNIR data, where broad iron oxide absorption

features (tfre most common effects being studied) can be reproduced

faithfu'l'ly. Figures 3.12a&b are a VNIR spectrum, and its smoothed

version, respectÍvely.

gnce smoothed, the first and second derivatives can be calculated,

and the results stored in separate groups of the same XPUT file (see

Figs. 3.12c&d). Values of zero for the first derivative correspond to

inflection po'ints in the spectrum, while values of zero for the second

derivative correspond either to maxima or minima. A program (XNIX, see

Fig. 3.7) can be used to list the wavelengths at which zero values occur

for each derivative. When appìied to a number of samples in the same

XPUT file, this method provÍdes a fast, obiective and consistent method

for determinat'ion of the wavelengths of critical features in a spectrum.
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PART II. : CASE STUDIES
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CHAPTER 4 l¡lEIPA BAUXiTE PROVINCE, CAPE YORK PENINSULA, QUEENSLAND

4 .l I ntroduct'ion

This chapter documents an investigation of the value of Landsat MSS

imagery, and the potentiaì of high-resolution spectrometer data, for

bauxite exploration and development. The study area, l^leipa, lies on the

western side of Cape York Peninsuìa, far northern Queensland, and

f al 1i ng approximate'ly between I ati tudes 12" to 14'S , and 'longi tudes

141" to 143" 20'E.

The specific aim of this study was to determine whether remote

sensing can provide information, important for exp'loration and

development of the deposits, on the locatìon, character and grade of

bauxite. For Landsat MSS data, this information includes the

differentiation of bauxite plateaux from surrounding terrain, the study

of variations within the extensive areas of bauxitisation, and

assessment over a large regìon of environmental factors that might

influence the MSS response. For high-resolut'ion data the aim is to

identify the bauxite mineralogy through spectraì measurements of the

overlyi ng soi'l s.

Prior to this study, Landsat imagery of the Weipa area was enhanced

by the CSIR0/MXY (Hunt'ington et al., 1982). The considerable areal

extent of bauxitisation in the Weipa region is amenable to treatment at

the working scaìes and resolution afforded by Landsat MSS data (the only

Landsat data currently available in Australja). This ìmage enhancement

reveal ed some subtl e vari ations wi thi n the Landsat data that

(qual itatively) correspond to known, broad variations in the baux'ite

composition.
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This study assesses the enhanced imagery in some detajl, in the

light of these known regional variations. A more quantitative ana'lysis

'is also undertaken, in a smaller area around llleipa, by comparison of

Landsat values to soil geochemistry (derived from surface sampìes), and

ore geochemistry (derived from drilling data).

Theoreticaì'ly the mineralogy of the bauxite can be determined from

high-resolution spectrometer data. The iron oxides present in the area

have distjnctive signatures in the VNIR, whilst the clay minerals

(including the ore minerals gibbsite and diaspore) can be identified

from their Sl^lIR responses. A number of soil samp'les had their spectra

measured to test whether the soils overlying the baux'ite have detectable

characteristic signatures that mirror the underìying ore mineralogy.

The investigation therfore includes the assessment of Landsat and

geochemical data, integration of these data, field investigation, photo

interpretation, and some VNIR and Sl.lIR spectra'l measurements of soil

samples. Seasonal variations, which Ínfluence the Landsat data trends,

are also briefly studied using muìti-date ìmagery.

Thi s study i s bel i eved to be the fi rst uti ì i si ng hi gh-spectral -

resolution VNIR and SWIR data from a bauxitic environment.

4.2 Regional Geological Setting

Cape York Peninsula comprises a central core of Palaeozoic basement

rocks, with Mesozoic and younger sediments dipping gently towards both

coastlines. Alumina-rich laterite occurs on the western, more stabìe,

limb of the regional structure. Almost continuous remnants, in the form

of discrete plateaux, extend from Vriìya Point in the north to Archer
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Bay in the south - a distance of 240 km. The plateaux extend up to 50

km inland from the coast, but seldom exceed about 30 metres above sea

I evel .

The laterite is developed over a succession that includes arkosic

sands, clays and siltstones from Jurassic to Tertiary age. In the Weipa

regÍon the Mesozo'ic succession can be reconstructed onìy from borehole

data. Gibson (in Doutch et al., L973) has investigated the subsurface

stratigraphy using cuttings and w'ireline logs of a drillhole and several

water-bores in the region. HÍs fÍndings are summarised in Figure 4.1.

This figure, and the BMR 1:250,000 scale geology map of the area, show

that the aluminous laterite occurs exclusively on the late Cretaceous or

early Tertiary Bulimba Formation. Evans Ã972) sub-divided the laterite

i nto 4 di fferent groups based on i ts chemical and physicaì

characteri stics (fi g. 4.2) .

4.3 Cl imate

Weipa's climate is hot and monsoonal, with a maximum temperature

ranging from 35oC (November) to 30'C (July) and a mÍnimum ranging from

25"C (December-March) to 21"C (.luty and August).

Bureau of Meteorology figures for the period 1967-1978 show a mean

annual rainfall of 1929mm (76") with more than 95% falling November to

Apri'l inclusive. Little rain (averages of between 1 and 3mm per month)

has been recorded for the months June to September.

Residents have noted s'ignificant local variations in rainfall. For

instance, Comalco records show that there is consistently 10-30% more

precipitation at Andoom than at llJeipa (M. Goudie, pers. comm., 1981). A
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difference of perhaps 130mm (5") per annum has been noted between the

western and eastern ends of the Weipa Peninsula (I. Goudie, pers. comm.'

1981 ) . Thi s vari ation may have had a si gni fi cant effect on the

evolution of the bauxite deposits, if similar ra'infall patterns existed

in the past.

The area Í s subiect to tropica'l cycl ones that can cause

considerable damage. According to Col eman Í97?\, on average one

cyclone has been recorded every two years in the 5o latitude by 5o

longitude grid centred on Weipa. However, little long-term damage has

thus far been recorded, with stripping and even uproot'ing of trees the

major effect.

4.4 Previous Geologica'l Investigat'ion

There is some pubfished work on the lrJeipa region. H.J. Evans (who

origina]1y recognised the extent and s'ignificance of the bauxite) has

written several papers on the geo'logy (Evans, 1959, 1971a, 1971b'

197S). The CSIR0 has contributed with Mineragraphic Investigation

Reports 748 to 75I - mainìy comparing the heavy mineral composition of

di fferent strati graphic components. Loughnan and Bayì 'i ss ( 1961 ) , Grubb

( 1971 ) , MacGeehan Og72ll , and Pl umb and Gosti n ( 1973 ) have al so

publÍshed work on the mineralogy and genesis of lrleìpa or Aurukun

bauxites. These papers present a general'ly consistent story.

0n Weipa Pen'insula the stratigraphic succession has been well

characterised by shallow borehole dri'lf ing (Figs. 4.3 and 4.4). Under

the bauxite-late¡ite lies a highly kaol initic horizon described as

'stiff si'lty and sandy clays'. Underlying this rock-type are 'aqu'ifer

sands' that comprìse up to 90% silica with a kaolinitic matrix.
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Examination of the data in the CSIR0 Mineragraphic Investigation

Reports 748-75I i ndicates only sl ight di fferences in heavy mi neral

composition between the bauxite and the underlying kaolinitic sandstone

('aquifer-sands'). An interpretation by Edwards (1e57, p. 3) based on

the weathering texture found within an outcrop at 'I,leipa Camp',

indicates that the kaolinitic sandstone was probably origina'lly derived

from "gran'itic pebbles in an arkosic matrix". Thus it is inferred that

the bauxite formed along with the kaolin from an arkosic portion of the

Bulimba Formation during the weathering cycle.

Loughnan and Bayliss (1961), on the other hand, suggest that the

kaoljnitic sandstone is a primary rock type presumably unrelated to the

Bulimba Formatìon, and that, given ideal conditions, the bauxite could

have deve'l oped from a rock wi th i ts present chemi stry. Thei r

calculations were based on an estimate of the amount of silica that

wo ul d have to have been removed, and they 'i nd'icate that a stabl e

geoìogic and climatic environment could have formed the deposits now

present over a period of 50 million years - pìacing the latest possib'le

commencement of bauxitisation at Lower to Middle Tertiary.

The author believes that this ìength of time need not be invoked if
the bauxite has formed from an arkosic portion of the Bulimba Formation.

Evans (1975) also expresses the opinion that a Tertiary'arkose' is

the parent material of the bauxite. However, he incorrectly quotes

Edwards (1957), stating that the basal nodular bed consists entirely of

bauxÍte-coated fragments of the under'lying sediments, and that the

arkosic texture of the original beds is preserved in many of the

pisolites of the bauxite horizon. In fact, Edwards onìy commented on

relict textures within the kaolinitic sandstone.
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Although differing sl ightly in detail s, these interpretatjons all

imp'ly that the lateritisation process must have been a'long-term, stable

one, capable of producing an in situ bauxite. Grubb (1971) agrees with

this view in stating that "the l,leipa bauxites have had a relativeìy

uncomplicated history of meteoric 'leaching", and that "evidence of the

relatively quiescent conditions is also revealed by the significant

diminutiOn Of 'B' and 'C' ConCretiOnary hOrizOnS ...". Hgwever, On the

basis of some heavy mineral observations he also states that " ...it is

probab'le that this again reflects the s'light'ly differing lithology of

both the bauxite parent rock and the porous sand clay horizon, which now

underlies the pisolitic baux'ite zone", which could mean that the

kaoljnitic sandstone is not the parent material, and therefore that the

bauxite is not 'in p'lace'.

pl umb and Gosti n (1973 ) al so di scuss the possi bi I i ty that the

bauxite is detrital in origin, with an easterìy provenance. The vast

extent, lithological uniformity and the loose piso'litic nature of the

majority of the bauxite are characteristics that might be expìained at

least as well by a sed'imentary, rather than an ìn situ, origin. There

are also several textural characteristics of the bauxite pisolites that

could be indicative of a detrital origin (Plumb and Gostin,1973, p.

41). However, laboratory investigations by these workers, and the work

of MacFarlane Í972\, showed that most of the contentious textures have

al so been observed in ind'isputable in situ positions. 0ther aspects

contra-indìcative of a detrital origin are the djstribution of aluminous

laterite onl on the Bul imba Formation the need for transport over at

least 30 kffi, and very probabìy further (at least beyond the present

limit of baux'ite) . Soft p'isoìites are unlikely to survive intact

transported over such distances, and incorporat'ion of rock fragments
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from other sources would also be expected. Most of the observed

indications of transport of p'isoìites could be explained either by

vertical movement during the downwast'ing process, or by local lateral

movement.

As Smart Í977) points out, most evidence on the origin of the

bauxi te therefore poi nts to I ateri tic weatheri ng of an ori gi naì 1y

arkos'ic Bul imba Format'ion. Furthermore, thi s was probabìy under

climat.ic and groundwater conditions likeìy to be slight'ly different from

the present. The change of bauxite formation conditions seems indicated

by the present reduced vegetation compared wi th the much denser

vegetation that would be necessary to produce the reducing environment

necessary to induce bauxite formation (Petersen, 1971). The previous

existence of such vegetation is'indìcated by remnant patches of dense

rainforest in the Andoom area, and to the south of Weipa Peninsula.

I,Jhi chever process i s responsi bl e for baux'ite formati on, authors are

unanimous in their conclusion that a c'lose'ly controlled set of cl Ímatic

and geomorph'ic condi t'ions must have pers'i sted over an unusua'l ly l ong

period of time.

4.5 Regiona'l Vegetation Patterns and their Seasonal Variation

The only major pub'lìshed work on vegetation in the vicinity of

Wejpa i s by R.L. Specht et al . , $977) . They def i ned ten major

ecosystems in the Weipa area (fig. 4.5), with the distribution of

di fferent vegetation uni ts c'l osely matchi ng the maior

geol ogi cal /geomorphol ogi cal terrai n uni ts ( see secti on 4 .7 for

descrìption).
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I n genera'l , the bauxi ti c pl ateaux are mapped enti reìy as open-

subordi nate E. po'lycarpa.forest comprising Eucalyptus tetrodonta with

The only exceptions are where creeks dissect the plateaux or patches of

s!'rampy I and exi st wi thi n pl ateaux.

E. tetradonta (or Darwín Stringybark) is one of the most wide-

spread eucaìypts in Northern Austral ia, found throughout an area

stretching from the Kimber'ley region in Western Australia through to

Cape York Peninsula. This tree thrives in bauxitic/ironstone soi1s,

with considerable moisture storage capacity within the root zone, and,

on Weipa Peninsu'la, excess water draining into an underlying aquifer.

Fine roots penetrate deeply (probably 10 metres) enabling exploitation

of water stored during surnmer rains. An indication of the resultant

vegetation vigour is given by the monthìy values of the Moisture and Net

Photosynthetic Indices shown in Fig. 4.6. This cyc'le greatìy affects

the reflected infrared radiance measurements as detected by Landsat (see

Section 4.9).

There'is a major change in vegetation type as one moves eastward

off the bauxi te pì ateaux and onto the ' breakaway' country where

considerable erosion has stripped the bauxite/laterite to expose the

under'lying Cretaceous soils. These often waterlogged, mottled, yelìow

earths support an E . conferti fl ora E. cul I eni i and E. polycarpa

population co-domjnant in a woodland format'ion (Specht et al., L977\.

4.6 Previous Remote Sensing Investigation

The Landsat MSS imagery used ìn this analysis !{as produced by the

CSIRO/MXY Remote Sensing Group as part of AMIRA Research Proiect
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77/P85. Figures 4.7, 4.8 and 4.9 were produced before the author's

involvement in the proiect.

All of these figures were produced, using standard image processing

techniques, from a dry-season Landsat image acquired on 26th Ju'ly, 1973

(WnS path 105, rou, 69, scene no. 9036-00004 ) . Fi gure 4. 7 i s a simpl e

linear stretch uti'lising statistics from a sub scene of the image.

Figure 4.8 is the optimum enhancement produced in the early stages of

the study, and is a result of histogram normalisation of bands 4,5 and 7

to a Gaussian distribution. The subscene stat.istics used for the

production of this image exclude the sea and cloud cover, and are based

largely on the area immediately around l^leipa Peninsula (see over'lay).

The last image produced by the CSIR0 is specifically designed to

enhance the vegetation over Weipa Peninsula. The technique of Rouse et

al. $974) was adopted, whereby point transformations are applied to

Landsat MSS data, producing the vegetation index (VI ) and transformed

veqetation index (TVI). The VI is defined as

VI =
MSST - MSSs

MSST + MSSs

In order to avoid negative values, and the possibility that the

variance of the ratio vloul d be proportiona'l to the mean values (a

Poisson distribution) Rouse et al. further defined

TVI = /lT +TlE-

The VI may be calculated from bands 7 and 5 or 6 and 5. In this

case bands 7 and 5 were used (as shown above) and hence the notation

TVI7. Figure 4.9 is a representation of TVIT over Weipa Peninsula.

57



The TVIT was calculated for most of the Cape Weymouth scene and

smoothed with a 3-by-3 low pass fil ter to accentuate any regiona'l

trends. The image was then density sliced, displayed on the image

processing system monitor, and photographed to produce Fig. 4.9.

0f particular significance are the images in Figs.4.8 and 4.9,

because they first allowed recognition of a qua'litative relationship

between Landsat image colour variation and bauxite grade, so providing

the starting point for the investigation detailed in this thesis.

4.7 Landsat Characteristics of Major L'ithoìogies and Terrain Units

The fo'llowing units and their sub-divisions can be differentiated

in the l^leipa area

'01 der' basement

Cretaceous basement

Tert'i ary bauxi tell ateri te pì ateaux

Quaternary and younger deposits

(a) coastal sands and dunes

(b) tidal mud flats

(c) alluvium along streams and in swamps

Most of these features can be identified on all of the Landsat

products shown here (jncluding imagery from both wet and dry season) due

to subtle tonal changes and textural variations between terrain units.

However, the contrast between these units is considerably greater on the

optimally enhanced dry season image (flg. 4.8).

I

2

3

4
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The linearly stretched Landsat sub scene (fig. 4.7) is dominated by

red tones due to the abundance of vegetation. Mangrove swamps and

heavi'ly vegetated watercourses obvious'ly are the deepest red, but paler

reddish tones are evident on the bauxite pìateaux. Little detail is

discernible in or between plateaux, with a relative'ly uniform spread of

colour. Paler, yellow-green tones define the low ground where Tertiary

laterite has been stripped and Cretaceous g'laucon'itic sands and silts

remain. The observed spectral differences between these two units is

probably 'large'ly due to speci es vari ation (see Section 4.5 ) causi ng

vegetation reflectance differences, with, perhaps, a lesser component

contributed by the geo'logy. However, textural dj fferences between

p'l ateaux and 'breakaway' country are ì argely due to geol ogy, and

contribute strongly to the overall perception of differences between the

terrain units. 0lder basement appears in the NE corner of the sub scene

(under moderate cloud cover) as a slightly redder-toned, more rugged

area. Bushf i re scars are very promi nent, wi th genera'l 'ly a I arge areal

extent and tones rangì ng from dark to pa'le green. Most of the 'large

scars are on the low'breakaway' ground, wìth onìy a few, sma'l1er, scars

cì ear'ly evi dent on the bauxi te p'l ateaux. Eas'i'ly d'i sti nguì shed by thei r

higher reflectance in all bands are Quaternary alluvial soils deveìoped

along streams draining the area and in swamps, together with the pìastic

cìay soils forming tidal mud-flats and coastal sands and dunes.

It is also notable that a wet-season image (fi9.4.10), with a

linear stretch similar to that in Fig. 4.7, shows much less variation

between terrain units. More luxuriant vegetation (predominant'ly

grasses) tends to 'even out' the differences. Surface water is also

more obvious and more widespread, appearing as dark patches near the

centre of Weipa Peninsula.
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As noted in section 4.6, h'istogram normal isation provides the

optimal image enhancement. Much more detailed differences become

apparent, not only between terrain un'its, but also within individual

units (see Fig. 4.8).

The mangrove swamps, patches of rain forest and heaviìy vegetated

creeks remain a brilliant red, but the bauxite pìateaux are transformed

into various shades of green combined with a divers'ity of red tones that

appear to vary regular'ly in some areas. Much more internal variation is

therefore evident within the bauxite/laterite coastal zone.

The low, Cretaceous ground contrasts much more sharply with the

bauxite plateaux, and also shows much more internal variation than the

other images. In the south-central part of the image the Cretaceous

areas show as pa'le pinks and tans grading to a bright, light green tone

to the east, and to darker greens interspersed with pa'le patches further

to the north.

Bushfjre scars are somewhat enhanced, and show a variety of shades

from a paìe blue-green to a dark, almost black green. Differences

between bushfire scars probab'ly reflect either a difference in intensity

(resuìting in varying amounts of damage to pre-existing foliage) or a

difference in age (resulting in varying amounts of regrowth) or both.

4.8 Regional Variations in Landsat Characteristics of Bauxite Plateaux

trJi thi n the area covered by the Cape Weymouth scene the

bauxite/laterite can be div'ided into a discrete number of blocks, with

sl ightly different Landsat characteristics from block to block (see

overlay to Fig. 4.8).
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The southernmost block (7 on Fig. 4.8) south and east of the Watson

R'iver (6) has been characterised by Evans (tgzS) as a mixture of

"piso'litic bauxite laterite" with "non-bauxitic, earthy, h'igh silica,

ferruginous laterite". The area is probably the palest in tone, and

least green in colour. In places its appearance is similar to the

adjacent Cretaceous material, consistent with its low rating as a

bauxitic area.

All other areas on the Cape Weymouth scene have been described by

Evans as "strongly pisolitic bauxitic ìaterite", a'lthough there are

significant regional variations in the ore chemistry. The Pera Head

block (5) shows a gradational change in chemistry (decrease in aluminium

and iron, and increase in silica) to the north on a regional scale

(pers. cornm., Comalco personne'l , 1981). This major change in chemistry

seems to be mirrored by the enhanced Landsat data, the Pera Head block

changing from dark greens, with a mixture of reds in the north, to much

'l i ghter tones, wi th I ess red, cl oser to the I,Jatson Ri ver i n the south.

The colours of the Pera Head and the Hey Point (4) blocks are rather

patchy, and the correspondi ng bauxi te grades have been simì'l arìy

descri bed by Comal co personneì ( pers. comm. , 1981 ) .

There is also a gradational change in the Pera Head and Watson

River blocks' Landsat responses, which become lighter green southwest

from the escarpment towards Aurukun and the Gulf of Carpentaria. This

change parallels a drop in elevation of the plateau surface.

The WeÍpa Peninsula (3) also dispìays a regu'lar colour variation,

but from west to east in this case. Close to the mine area the image is

a dark green but, the further east, the higher relative contribution

from the band 7 component, produces a redder image. A colour composite
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of bands 4,5 and 6 shows the same effect to a different degree (see

Fig. 4.11). This variation is para'llelled by a progressive increase in

elevation of the plateau from 20 m at Weipa airport to 66 m at the

eastern end of the Peninsula at the 100,000 E grid position. These

effects will be discussed further in the following section.

The Andoom area (2) has a much more even spread of coìour, and

overalì appears to be less red than all the other blocks. Variations

are main'ly due to either swampy ground or bushfire scars. Evans noted

an appreciable difference in the iron content of the bauxite, wìth up to

167" at Andoom compared to around 7"A near Weipa (Evans, 1972, p.962\.

The result is a reddening of the Andoom baux'ite, compared with the l,Jeipa

bauxite, visible to the naked eye in hand specimen. 0n a field-visit to

the area, the forest on Andoom seemed to the author to be more open than

that on the Weipa Peninsula and further south. If this is so then a

higher degree of exposure of a redder soil might help exp'lain the high

Landsat band 5 ( greener) response compared to the Landsat band 7

response, relative to other areas. The low band 7 response may also be

caused by'lower vegetation vigour as a result of the soil chemistry.

Andrews (pers. comm., 1982) notes that the Andoom area is wetter

than the Wei pa Mi ne area, which suggests ground water tabl e

differences. Certainly the Andoom area has more swamps and low ìying

terrai n that coul d be havi ng an i nfl uence on vegetation type or

condition. Andoom is typica'lly'lower (a max'imum of 20 m) than the Weipa

Peni nsul a.

It is interesting to note that the topographicalìy lowest areas

(tfre western end of l,le'ipa Peni nsul a and Andoom) have the 'greenest'

(largest contribution by band 5) colours on the enhanced Landsat image
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(fig. 4.8). Some relationship between topography, drainage, water table

and vegetation condition may we'lì be influencing the Landsat response of

these areas.

To the northwest of Andoom karst-lÍke features are evident and are

surrounded by colours similar to, or pa'ler than, those at Andoom.

Valentin (1959) suggests that these features result from co'llapse after

the removal of sil ica by groundwater. Grimes (1974) has described

s'imilar depressions in the western Carpentaria Basin, and ascribes them

a simi'lar origin. To the east of this area is the Palm Creek block (1),

which shows similar Landsat characteristics to the southern portion of

the Hey Point block. Again according to Evans, the material here is

still strongly pistolitic bauxite laterite, but not far to the north the

classification changes to "partia'lìy eroded cemented ferruginous

pisolitic 'laterite, bauxitic in places". Once again it seems 'likely

that the Landsat characteristics are changing in sympathy with the

I ateri te chemi stry. ¡

The changes noted could be reflecting primary variations (as in the

possib'le exp'lanation of 'greenness' at Andoom as being due to more

exposed and redder soil ) . Al ternatively, they coul d be secondary

vari ations ( such as vegetation di fferences) rel ated to the I ateri te

chemistry. Either is possib'le in all areas where the amount of red

varies in the image. The latter possibi'lity wiìl be discussed further

in section 4.9.
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4.9

4.9 .1

Detailed Analysis of Weipa Peninsula (Area 3 on Fig. 4.8)

Hydro'logy

0n the open forested bauxite plateau at Weipa, little surface run-

off is observed. Rainfall infiltration is rapid even in the wet season,

with excess water draining into the shallow aquifer underlying the

bauxìte zone (see Figs. 4.3 and 4.4\. l,lith progression of the wet

season the water table rjses, eventualìy saturating overlying cìays and

bauxi teli ronstone over I arge areas. Coffey and Hol I i ngsworth ( 1971 )

have shown that the amount the water table rises is dependent upon but

not equa'l to the rainfall. In fact, the rise is proportionaì to the

rainfall in excess of 42 inches. The water table reaches its maximum

height at the end of the wet season (in March or April), then gradualìy

falls, reaching its lowest level by January before recharge.

There is a certain amount of seepage during the wet season into

surface swamps and various streams that dissect the bauxite mass. Grubb

(1970) suggests that these conditions are conduc'ive to the mobilisation

of iron into a ferruginous ìaterite, rather than bauxite. Nevertheless

the hydro'l ogi c condi ti ons presently i n exi stence may have some

relationship to the trends in Landsat imagery. This is almost certainly

the case for wet-season imagery (see Section 4.9.5).

4 .9 .2 Vegetati on

A1 though Specht et al Í977 ) mapped almost the' entire Weipa

Peninsula as a uniform vegetation type (Figure 4.5), optimaì1y enhanced

Landsat imagery has shown variations within the pìateau. The author

believes these variations are due to the vegetation cover.
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An extreme'ly good indicator of the biomass variation (fVtZ) over

Weipa is shown in Fig.4.9. The west-to-ePst changes on the Weipa

pen.insula (also seen in the colour composites) and the changes across

the edge of the p'lateau (north to south) are easily seen in this

image. The TVI highlights the west-to-east variation in green biomass,

but does not explain it.

Detai I ed fi el d data shoul d throw some ì i ght on the vegetatÍ on

d.istribution. To this end the author conducted a traverse aìong the

pen'!nsula by road, taking photographs at regu'lar intervals in an attempt

to pinpo'int the types of variation being reflected in the Landsat

data. An aerial survey $,as also undertaken for the same purpose, with

35mm photographs bei ng taken from the p'lane wi ndow. Ana'lysi s of these

photographs, and of a false colour infrared photographic survey flown by

Qasco in 1970, has failed to show any obvious trends that would exp'laín

the patterns seen in the Landsat imagery. It should be noted that

Specht et al ft977, P .33 ) sai d :

"It may be debated whether the flora of th
forest developed over bauxite is different from
lateritÍc ironstone. No deta'iled studies have so

York Peninsula on th'is subiect but the broad^scale

e E. tetrodonta
at eve ope

far been made i n
survey by Pedl ey

open
over
Cape

and

Isbell (1971) indicates that no striking djfferences may exist between

the flora of the two soil types. Thjs general conclusion is supported
by detailed studies on the E. tetrodonta open forest in NE Arnhem Land,
N-.T. (Specht 1958a and 1958b-I"l-

Neverthel ess the patterns on the TVI and on the h'i stogram

normalised image show beyond doubt that there is some sort of variation

in the vegetation. That the nature of this variation has not yet been

recognised merely poÍnts onìy to its subt'lety.
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4.9 .3 Geomorpho'logy

Two facets of local geomorpho'logy are of some interest. The first

of them involves a reassessment of data origina]]y presented by Evans

(1975). Figure 4.IZa shows the origina'l interpretation of local

variations i n ore thickness as a compl ex pattern of structural

features. Areas where the greatest thickness of ore had accumulated

were thought to be fol d hi nges. A more I i ke'ly expl anation ( f.

0'Sul I ivan, pers. comm. , 1982) of the observed variation involves

occupation by the bauxite of an older drainage pattern (Fig.4.12b). As

local geochemical variations are related to ore thickness (op. cit.), a

closer examination of the data may throw more light on the mechanism of

bauxite formation.

Second'ly, the unusual drai nage patterns surroundi ng the Wei pa

Peninsula (see Fig.4.8), and the interpretat'ion of linear features in

some of the imagery (see overlay to Fig. 4.13) are worthy of mention.

A more detai I ed i nvesti gati on of these facets may ai d i n

unravel'ling the history of block movements in the region.

4.9 .4 Landsat characteri st'ics - dry season

Comparison of Figs.4.13 and 4.I4 illustrates the wide colour

variation that can be seen in optimaììy enhanced imagery of the Weipa

peninsula, and the djfference between imagery from dry and wet seasons.

The semi-continuous tonal variation from west to east (Figs. 4.8

and 4.13) must be explained in terms of variation of band 6 and/or 7

response. The factor most 'l i keìy to i nfl uence these bands i s

vegetation. Possible causes for the observed phenomenon include a
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change in species distribution from west to east, a change in vigour of

essenti al'ly a si ngl e speci es ( perhaps re1 ati ng to the soi I

geochemistry), tree density, crown size/maturity or the density of

undergrowth.

Section 4.g.2 established that there was no obvious variation in

species distribution on l,leipa Peninsula. Similarly, no obvious change

in tree density, crown size or maturity could be established from colour

IR aerial photography or field examination. Variat'ion in the vegetation

vi gour, or the densÍ ty of undergrowth, are therefore more 1 i kely

explanations of the Phenomenon.

Close examination of the dry-season imagery also shows a second

regular variation in tonal patterns on the bauxite plateau. Around the

edges of the bauxite is a fringe of brighter red, rapid]y falling off

towards the centre of the peninsula. This is a common effect at the

edges of a 'laterite, where break-up of the hard surface facilÍtates

water movement and new soil development. In the case of the l¡Jeipa

Peninsula, a shallow aquifer is closer to the surface here as weìì,

resulting in a more accessible water supp'ly. A combination of these

factors results in denser, more vigorous vegetation a'long the pìateau

border.

4.9.5 Landsat characteristics - wet season

An optima'l 1y enhanced wet- season image of the l,lei pa Peni nsul a i s

shown i n Fi g. 4.14. It 'i s cl ear that the regul ar west-to-east

variations noted in the previous sections are not repeated. Instead of

the gradational change in tone from one end of the peninsuìa to the

other, there is a heightening of the plateau-edge effect noted in the
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dry-season imagery. The borders of the plateau appear to be deeper in

colour and they form a much broader red zone, with more obvious

gradation into a central, greener area. The effect is also obvious in a

colour ratio composite (fi9.4.15), and can be adequately expìained by

looking at variations in the level of the water table. Comparison with

Fig.4.16 shows that the greener areas correspond to areas of greatest

average wet-season water table rise. It is possible that the phenomenon

being observed is one of moisture stress on the vegetation, with the

more broken and better drai ned ground at the edges of the pl ateau better

able to cope with the high rainfall, resu'lting in'healthier' vegetation

and higher ínfrared signatures. It should be kept in mind, however,

that this is a subtle effect seen only on enhanced images. There is

obviousìy a major difference at Weipa in the vigour of vegetation

between seasons. The more luxuriant growth present during the wet

season appears to mask the subt'le, west-to-east variations observed on

dry-season imagery.

4.9.6. Soil geochemistry trends

Evans (1975 , p.9621 noted the exi stence of a "broad regionaì

decrease in alumina and increase in silica eastward from the coast

...". This statement, a'long with the trends observed on enhanced

Landsat imagery, prompted the present study. A limited soil-samp'ling

program was carried out, during August, 1981, to test whether this trend

occurs on the surface. Twenty-two sampìes, most'ly coìlected on an east-

to-west traverse al ong the We'ipa Peni nsu'l a, were analysed for si I ica,

alumina, titanium and iron. Sampìe locations and analytÍcaì results are

presented in Table 4.1 and Figs. 4.I7 lo 4.20.
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Gri d Coords.
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35

19.7

32.3

39.8

31 .3

30.8

48.6

46.6

45.1

30.6

51.0

48.7

54.7

60.8

64.7

65.4

49 .5

49.7

55.6

49.7

58 .6

82.t
50 .9

3s .3

36 .5

35 .4

37 .1

39 .6

29.3

23.3

29.L

40.1

25.8

27.2

2L.5

t2.3
17.0

17 .3

26.7

26.L

22.4

27 .4

20.4

7.9

25.3

2.L8

1 .98

r.82
2.04

2.1.0

I.B2

t.32
1.54

1 .95

1 .59

1.46

1.41

0.65

24.00

6 .50

4.66

7 .05

5.65

4.58

6 .30

3 .60

8.85

4 .00

4.40

2.72

16.50

1

1

I
1

1

I
1

0

1

20 2

2

4

3

6

.65

.3426

38 .68

51 .96

.35.23

.56

.44

.79

.37

4.94

3.86

1.33

4.88

Table 4.1 Weipa soil sample grid coordinates and Si02, Aì203,

Ti02 and Fe203 anaìYses'
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Figure 4.17 shows that silica increases, and Fì9. 4.18 that alumina

decreases, moving from west to east. Titan'ium soil values (rig. 4.19)

al so i ndi cate a genera'l decreas'i ng trend f rom west to east al ong the

peninsu'la. The iron values are presenred as percentage Fe203 and these

also show a slight trend in the same direction (fi9.4.20). All of

these trends are compatibìe with increased leaching of residual soil

towards the west.

Given that one might expect a larger contribution from green (band

5) and a smaller contribution from red (band 7) with an increasing

amount of jron in the soil, it is possibìe that the 'image colour

variation along Weipa Peninsula might be due, at least in part, to the

observed variation in iron content. The soil geochemi stry data

presented here do not exclude this possibility, but a more detailed

study would be required to confirm it (see section 4.9.7.1).

Whilst only the ìargest trees may be rooting in the ore horizon

(and thereby affected by its geochemistry), the existence of geochem'ical

variation at the surface means that the explanat'ion of the observed

variation in the Landsat imagery should also consider the effects of the

rest of the vegetative cover.

4.9.7 Laboratory reflectance spectra of soils

The soil samp'les referred to above were also measured for their

VNIR and Sì¡lIR reflectance in the laboratory. Representative exampìes

appear with the text, but all spectra appear in Appendices II (VNIR),

ANd III (SWIR).
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The geochemical anaìyses of surface soil samples allow discernible

trends to be established from west to east a'long the peninsula. Because

these analyses were based on major element composition this trend rlras

thought likeìy to be mirrored in the mineralogicaì compos'ition of the

samp'les, hence in their spectral reflectance curves. The mineralogy of

bauxites - iron oxides, kaolinite, gibbsite, boehmite and quartz - is

amenable to spectral measurement, with iron oxides producing absorption

features in the VNIR (fig. 2.2), and kaolinite and gibbsite known to

produce features in the SWIR (figs.2.5 and 4.2L). Boehmite could not

be isolated for spectral measurement, nor could its Sl,.lIR spectrum be

found in the literature. However, Farmer Í974) presents IR absorption

data for boehmite which shows that it has two features in the v6H region

(3283 and 3087cm-1 ), and a singìe 0H bending feature at 1160cm-1.

Combination of these features could be expected to produce Íts strongest

absorption near the wavelengths 2.25pn (similar to gibbsite) and

2.35pm. Because the SWIR spectra presented here are ìike'ly to result

from the combined influence of gibbsite and boehmite, features'in the

2 .25 to 2.28p.n regi on wi I I therefore be attri buted to ' bauxi te

minerals'. Quartz will produce spectra'l features in the MIR, but

facilities were not avaÍlable for these measurements at the time of the

study.

4 .9 .7 .L VN I R spec tra

Representative exampìes of VNIR 'laboratory spectra of Weipa soils

appear in Figs. 4.22a-c. Most of the so'il sampìes are grey in colour,

presumab'ly because of contained humic material, but a few have a paìe

red colour. All sampìes contain some pisolites. A magnet was passed

over each sample, showing that all sampìes also contain some magnetic
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material. Therefore, the'iron content of each sample (determined by wet

chemistry, and expressed as Fe203) will not be a true indicat'ion of the

haematite or goethite content, and thus may not directly relate to the

depth of absorption in the .85 to .90pm regÍon. If the magnetic

material is magnetite, the most ìike1y effect on the VNIR spectrum wiìl

be a reduction of the reflectance at all wavelengths (see Hunt et a1.,

1971a).

In fact, most of the sampìes measured show no iron absorption

features at all (Fig. 4.22a). A few sampìes (those containing greater

than about 6% Fe203) show very weak absorption features in the .87pm

region (fig. 4.22b\. In contrast, a samp'le of cemented pisolites from

Andoom exhibits strong haematitic absorption near .88pm (fig. 4.22c\.

Therefore, except in those rare cases where concentrations of haematite-

rich pisolites occur at the surface, the contribution by soils to the

observed trends in Landsat values at Weipa (greeness of the image) is
'l Íke1y to be neg'ligible. Insufficient data are available to draw the

same conclusion about the Andoom area.

4.9 .7 .2 SWIR spectra

The majority of the St¡lIR laboratory spectra show the characteristic

minimum, near 2.27pm, of the bauxite minerals (see Fig. 4.23a). ThÍs is

quite an unusual wavelength, most hydroxy'l-bearing minerals absorbing at

wavel engths just 'longer than 2.2 or 2 .3pm. Therefore, ì n thi s

environment, the presence of these absorption features is dìagnostic,

and likely to be of considerable use in an exploration program.

In additÍon, al I of the SI,JIR spectra measured show 2.Zp"n absorption

features. Most are too weak to be identified, but the strongest are
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indicative of kaolin (Fig. 4.23b). Figure 4.23c depicts the most common

type of Sl{IR laboratory spectrum of the Weipa soils. In these cases,

weak absorption features at both wavelengths are present, indicatíng a

probab'l e mi xture of kaol i n and bauxi te mi neral s. The bauxi te

'signature' is likeìy to originate from the piso'lites, whilst the 2.2pm

absorption is more likely to be due to the finer-grained soil fraction.

In Fig. 4.23d, the spectrum of a cemented pisoìite ore sample is

included for comparison. Note the similarity of this spectrum to FÍg.

4.2L.

These results are not as definitive (particularìy for the VNIR) as

the geochemical trends. A more comprehensive survey (preferabìy of in

situ material) is needed to evaluate fulìy the utility of Sì¡JIR remote

sensing at the test site. Neverthe'less, the results do show that the

Sl,lIR can give an indicatÍon of the presence of ore minerals at the

surface.

4 . 9 .8 Ba uxi te dri'l ì i ng geochemi stry trends

In order to quantify the generaì statement of Evans (1975, p.962)

on trends in the bauxite grade, and to make a comparison with results

from the surface geochemi stry study, the Commonweal th Al umi ni um

Corporation Pty Ltd (Comalco) drilìing data from l.leipa Peninsula were

obtained and examined. The driì1ing was done to establish regiona'l

grade trends, and was therefore sited on centres spaced at 2000 feet.

Figures 4.24 and 4.25 show respective plots of total average

percentage Si0, and total average percentage 4.l203 (forindividual dril l

holes) versus grid position. Data were taken from the most complete
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dri'lìing l'ine available ^ the 20,000N line. Silica shows a rough

increase from west to east, while alumina shows the opposite trend.

Note that the Al 203 val ues vary in the same manner as the soil

geochemistry but are, on average, 20% lower in the soil samp'les than 'in

the ore-grade material. 0n the other hand, Si02 values are 10 to 40%

greater in the surface soil samples.

Because the trends viewed with Landsat are regiona], and jn order

to include all of the available data, both sets of data were pìotted

again, this time reducÍng each of the north-south grid lines to an

average value and pìotting that value against east-west grid position

(figs 4.26 and 4.27\. The results show stronger, more regular trends

along the peninsula.

4.9.9 Image displ ay of bauxite geochemistry

For disp'layÍng the available data in its entirety, geochemical

values were entered into an image file. An example of the resulting 2-D

pictorial representation appears in Fig. 4.28- lllith the application of

a linear stretch to spread the observed geochemicaì values over the

grey-ìeve'l range 0-255, followed by density sìicing, essentia'lìy the

same trends emerge. Hotter colours, representing high geochemìcaì

values, appear in the west, with cooler colours appearing progressiveìy

towards the east.

The geochemi cal images !'Jere then resamp'l ed to bri ng them i nto

registration and enable comparison with Landsat data. Figure 4.29 shows

the resamp'led 4.l203 values with, of course, the same trends as Fig.

4.28. Figure 4.30 Ís the resampled total Si02 image, with an jnverse
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relationship to 41203. Cooler colours are due to low values near the

coast, with warmer colours indicative of higher percentages further

i nl and.

Figure 4.31 displays values of ore thickness. A poorly defined

pattern is apparent, with the thickest ore located to the south and to a

lesser extent, the north of the peninsu'la, and with the thinnest zone

running approximateìy west to east along the centre of the area. The

structure therefore appears to be gently warped about an east-west axis.

4.9.10 Landsat/bauxite geochemìstry correlation

gnce the Landsat and geochemi ca'l images were spati a'ì ìy regi stered

it became possible to undertake a statistical analysis of the data. The

method used involved training areas chosen for relative homogeneity with

respect to e'ither Landsat image character (i.e. uniformity in colour and

tone), or else geochemical values. Fìgure 4.32 shows the resultant

training areas superimposed on the geochemistry grid (blue) and Landsat

values from band 5 (green) and 7 (red).

Statist'ics (means, shown in Table 4.2, standard deviations and

correlation coefficients for all Landsat and geochemicaì parameters)

were then calculated for individual training areas. Some areas were

rejected at this stage for a number of reasons. For instance, areas 1

and 11 fall direct'ly over the road, which has high radiance values in

all bands, and are therefore anomalous. 0f areas that largeìy overlap,

only one was included in the final analysis. Thus, train'ing area 5 was

rejected in favour of trainìng area 15, and so on. An area was also

rejected if composed of less than 100 Landsat pixels. It should also be

noted that statistics were calculated only for areas where both Landsat
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Table 4.2 Mean values of various Landsat MSS values

and Aì203, and their correlation coefficents' for weÍpa

trai ni ng areas.

A = correlation coefficients with A1203 for all

trai ni ng areas.

B = correlation coefficients with 41203 for areas

6, 7, 8, L4, 15 and 18 onlY.

Trai ni ng

Area

5/6 Ratio

x100

Band 6 Band 7 A1 203

(%l

1

5

6

7

I
L2

14

15

L7

18

126

L29

113

T2L

114

75

L28

L23

75

81

Lt2

100

172

L02

L22

t44

t24

L02

144

139

62

s7

7L

58

74

100

7L

57

100

93

54

50

50

52

51

48

51

49

48

48

A 0.74 -0 .59 -0 .68 1

B 0.69 -0.46 -0.55 1
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and geochemistry data were available. Thus onìy a portion of training

area 8 was treated.

Six training areas (faUle 4.2) were ultimately selected and the

mean values of the relevant varÍables estimated for each area. The most

important variables used were Landsat bands 6 and 7, Landsat 5/6 band

ratio (as a rough vegetation-index similar to TVIT), and the A1203

concentration. Correlation coefficients !.Jere then calcul ated using

these mean val ues.

Table 4.2 also shows the 41203 concentration compared with the

Landsat 5/6 band ratio. The reì at'iveìy hìgh correl ation (0.69) usÍng

these I imited data supports the qual itative observation (tfrat a

relatÍonship exists between bauxite geochemistry and Landsat values)

made as a result of interpretation of the histogran-normalised imagery.

4.10 SignÍficance of Bushfires in Utilisation of Landsat Imagery

Bushf i re scars are cl early evi dent even on unenhanced l^lei pa

imagery. 0n Wei pa PenÍ nsul a f i res are general ly started i ntenti ona'l 'ly

for a variety of reasons. If left for too long the undergrowth builds

up to I evel s that become uncontrol I abl e when they do i gn'i te. Dri'l 'l i ng

crews also find progress much easier in recently burnt areas. Whatever

their cause, fires are more likely near human activity. 0n the western

end of WeÍpa Peninsula there is a considerab'ly greater density of people

compared to the eastern end. There has also been more dril'ling actÍvity

in this area, and, it may be assumed, more fire activìty. The

vegetation (Landsat MSS 5/6 ratio) correlation with geochemìstry could

thus result from the short term or cumulatÍve effects of burning.
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Several factors make thi s possi b'l i ty I ess 'l i ke'ly. Fi rstly, 'loca'l

Comalco staff assure the author that almost the entire peninsuìa is

burnt every year, 'incl ud'ing the eastern end. Secondìy, f i res burn wi th

different intensities at different times of the day. In most cases the

undergrowth is almost complete'ly destroyed, but only in the middle of

the day does a fire burn with sufficient intensity to affect the upper

portions of tne (general'ly) tall trees. In this case the leaves on such

a tree might wither and fall off within days. However, if fire were

causing the documented effects, one would expect on this basis that the

dom'i nant patterns noted woul d be much more restrÍcted in area

reflecting local intensity variations rather than regu'l ar regional

trends.

Thirdly, it was noted in Section 4.7 that broad variations in the

nature of the bauxite,'in areas other than Weipa Peninsu'la, seem to

match the observed Landsat tonal character. It seems unlikely that

these trends could be caused by bushfires alone.

Needless to SâY, bushfires, which can become very extensive by the

end of the dry season, reduce the effectiveness of Landsat spectral

studies. From some multidate images studied it was observed that,

during June, Ju'ly and early August, fires are not very extensive. By

I ate August and ear'ly September most parts of the pì ateau have become

totally burnt. Image acquisition in this area, and other tropical study

areas, wou'ld need to take these factors into account.

4.11 Detection of HÍgh-Grade Bauxite Areas

0n the basi s of the analysi s compl eted thus far Í t may seem

reasonable to assume that we could detect higher-grade bauxite areas
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using optimally enhanced Landsat imagery. For instance, it may be that

'greenneSs' jndicates higher 41203 grades at Weipa. At Andoom, however,

the entire block seems 'greener' than Weipa, though this may be due to

factors other than 41203 concentration (see Section 5.7). Add to this

the ¡¡eipa Peninsula's unÍqueness 'in this region, as the on'ly bìock where

a shallow aquifer ìs known. Presumabìy the aquifer's groundwater

affects both the vegetation, and perhaps the bauxitisation process to

some extent. As a result the application of results from hleipa, even to

nei ghbouri ng areas, wou'l d depend on a thorough know'l edge of the

mechanisms involved in the formation of ore.

Nevertheless the image enhancement technÍques described here do add

an increment of jnformation to that available from other sources (e.g.

aerial photos) and, at the very ìeast, are useful in the identification

of patterns that can be followed up on the ground.

More quantitative applicat'ion of the numerical

outsi de Wei pa Peni nsul a woul d have to wai t on

formulation of a reasonable model.

techniques to areas

the more comp'lete

4.I2 Regeneration Studies Using Landsat MSS Data

Comal co are comm'itted to regeneration of the terrai n fol I ow'ing the

min'ing procedure. A brief look at recent wet^season imagery over the

Weipa and Andoom mines shows that hea'lthy vegetation is currentìy

growing over mined-out areas (F'igure 4.33). Bare soil shows up white

with high reflectance in all bands, and land covered with felled but

uncleared trees shows as a blue-grey colour. Healthy vegetation is, of

course, red j n col our. Vari ous shades of pi nk refl ect varyi ng

maturities and types of regenerated forest.
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Thus, multidate Landsat imagery should easi'ly be able to monitor

progress in the revegetation program where such 'l arge areas are

involved. It will become particuìarly relevant with the advent of 30 m,

Landsat D, TM imagery in Australia, which should also provide a better

discriminatjon of vegetation and vegetatÍon state.

4.13 Summary

The CSIRg/MXY produced a histogram normalised Landsat MSS image

(bands 4, 5 and 7 colour composite) covering Weipa, the largest bauxite

deposi t i n the worl d. Thi s image di scrimi nates the bauxí te and

al umi nous I ateri te, devel oped on the western edge of Cape York

Peninsula, from other geoìogical units.

Detailed examination of the imagery by the author shows that there

are va¡iations 'in the colours exhibited by bauxite/laterite. 0n a

regional scal e, these vari ations correl ate wel I wi th general i sed

observations on changes in the nature of the bauxite/laterite. Poorìy

deve'loped laterite, for instance, appears pale (resemb'ling underlying

Cretaceous sediments) in comparison to welI developed 'laterite.

There are also sÍgnificant colour variatÍons within areas of well

devel oped 'l ateri te, parti cu'l arìy i n the amount of red (band 7

contribution) in the Ímage. This is therefore likely to be a result of

variations in the vegetative cover.

gver !,lei pa Peni nsul a, where bauxi te grades are hi ghest and ore i s

currently being mined, there is a progression from greenest (dominance

by band 5) to reddest tones from west to east on the imagery. Existíng

vegetation maps show no corresponding species variation. Field
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observations and examination of aerial photography failed to reveal any

obvious changes in tree density, crown size, or maturity a'long the

peninsuìa. Although bushfires are common in the area' they are not

'l i kely to cause the regu'l ar changes seen on the ìmagery ' The cause of

the variations is therefore most likely to be related to changes in the

vigour of the vegetation dominating the peninsula' However, the exact

nature of the l.i nk between Landsat and bauxi te geochemi stry has not been

established, nor has it been determined whether it is a direct, or an

i nd'irect rel ationshi P.

The colour variations are present only on dry-season imagery. wet-

season imagery appears to be dominated by effects related to the height

of the water table.

The soil geochemistry shows variations in a'lumina, silica, titanium

and i ron that establ i sh a quanti tati ve basi s for the previous

quaìitative observations on geochemicaì variation in the bauxite. There

is a decrease in a'lumina, titanium and iron, and an increase in siljca

from west to east along l¡\leipa Peninsula. The presence of these trends

in the sojl over'lying baux'!tic soil suggests that variations jn the

Landsat imagery could be related to the soil itself (j.e. varying iron

content affecting band 5), or to the understorey, rather than due soìely

to trees that root in the ore zone (bands 6 and 7)'

However, 'laboratory measurements of the VNIR spectra of soils show

almost no absorption features attributable to iron, making a direct

contribution to the Landsat response extreme'ly unlike'ly on Ìlleipa

peninsula. There are insufficient data to draw the same conclusion

about the Andoom area.
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Measurements of the SllllR spectra of the soil samp'les show the

presence of features 1 i kely to be caused by kaol i n and bauxi te

minerals. ThÍs finding ís significant from an exploration viewpoint,

because one would not necessarily expect to see signatures from these

minerals in what amounts to ore overburden.

Variations in the ore geochem'istry (from dril'ling data) also

confirm the qualitative observations on variation of ore qua'ìity, and

show similar trends to the soÍl geochemistry. Integration of the ore

geochemicaì and Landsat data allowed correlation coeffic'ients to be

calculated. Values as hÍgh as .69 (between 41203 and MSS band ratio

5/6) have been established.

Although the relationships outlined above do not allow formulatÍon

of a definitive model, it is clear that the Landsat MSS imagery provides

a useful i ncrement of knowl edge. Both Landsat imagery and hí gh-

resolution spectra'l measurements are therefore likely to be of some

assistance in exp'loration for further deposits, or the rapid evaluation

of known reserves. Landsat MSS imagery woul d al so be of use i n

monitoring the regeneration of mined-out areas.
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CHAPTER 5

QUEENSLAND

MT TURNER PORPHYRY COPPER SYSTEM, GEORGETOI.IN I NL I ER,

5.1 Introduction

To date, the maiority of remote sensi ng research has been

undertaken in the U.S. A good deal of this research has concentrated on

the porphyry copper deposits of the southwestern U.S., because of their

size and the nature of the associated alteration products providing

outstanding targets for both VNIR (iron oxide) and Sl.lIR (clay mineral)

remote sensing techniques.

The Mt Turner porphyry copper system has many characteristics

similar to equivalent systems in the U.S. In particular, its sÍze and

alteration mineralogy are comparable to those of the U.S. counterparts,

a'ìthough the copper grades are very much lower. Mt Turner was therefore

chosen as a test site to enabìe a comparison between its spectra'l

properties and the published descriptions of a U.S. equivalent, the

Silver Belì porphyry copper system.

Previous remote sensing investÍgation (Huntington, pers. comm. '
1933) has shown that the Mt Turner system is detectabìe on Landsat MSS

imagery because of anomalous iron (relative to the immediate environs)

and vegetation, over the main alteration zone. However, severa'l other,

more distal, areas on the Landsat image have similar signatures, yet are

not rel ated to a porphyry copper system.

Therefore, the specific aim of the study is to identify the mineral

assemblages due to aìteration, and to discriminate them from assemblages

due to weathering (which are widespread in the Australian environment).
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The i nvesti gation i ncl udes processi ng and i nterpretation of

ai rborne data, a fi el d i nvesti gati on, and 1 aboratory spectraì

measurement of samples coìlected in the field. Some XRD and microprobe

analyses were also obtained to aid the interpretation of the spectral

data.

5.2 Regionaì Geologicaì Setting

Immediately to the west of the Palaeozoic to early Mesozoic Tasman

grogeni c Zone I i es the Georgetown Inl i er, compri si ng Proterozoi c

metamorphics and granites, and Palaeozoic volcanics and intrusives. In

the north-western part of the Georgetown Inlier lies the Mt Turner

porphyry copper ProsPect.

5 .2.I Host geol ogY

The middle Proterozoic basement has been subdivided into Robertson

River Formation, Delaney Granite, Aurora Granite and Forsayth Granite

(Withnall, et al., 1980). The Robertson River Formation comprises mica

schists and micaceous quartzites intimately associated with meta-

dolerite, metagabbro, and amphibolites (mapped as dolerite). It has

undergone muìtip1e phases of deformation and metamorphism that have been

radiometrically dated at 1570my, 1470my and 970my (Black, 1973). This

work establishes a minimum age of 1570my for the Robertson River

Formation. gutcrop is poor, vegetation moderateìy abundant, and iron-

oxide staining widespread and severe. Minerals that produce absorption

features in the Sl¡lIR are muscovite from the schists and quartzites,

chlorite from the schists (and some basic rocks), and amphiboles from

the basic rocks. Kaolin is sometimes present as a weathering product of

feldspars, and is found both in schists and basic rocks.
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The predominant basement rock in the survey area is the Delaney

Granite - a medium-grained, porphyritic, muscovite-biotite granite. The

Aurora Granite is a coarse to medium-grained, equigranular, leucocratic,

muscovite-bìotite granite-granodiorite, while the Forsayth Granite is a

medi um to coarse-grai ned, generaì ly strongìy porphyri ti c, bioti te

granite, that has been radiometricaìly dated at 1040my (Richards et al.,

1966). The unaltered granitic terrain is topographically very subdued,

outcrop generaìly beÍng found only in creeks, or as groups of large,

rounded boulders. Vegetation is sparse, with onìy scattered trees and

light grass. By far the greatest contribution to the spectral response

of these areas is from the ground surface, which is covered by a'lag'

of sand-sized grains derived from weathering of the granites. The maior

components of this lag are quartz, feìdspar, and muscovite, quite a

range of soil colours being produced by variabìe amounts of iron oxide

staining (almost white in some areas, to very red in extreme cases).

The fe'ldspar grains often have a cloudy appearance due to breakdown to

cìay minerals during weathering. Muscovite flakes tend to lie flat on

the surface, hence contribute a much larger portion of the total surface

area than their true volume would suggest. Ctays from the breakdown of

feìdspar and muscovite are the only components of the lag that will

produce spectral features in the SÌ,lIR, while iron oxide staining wi'll

produce absorption at longer wavelengths in the VNIR.

Post-Proterozoic igneous activity is represented by the Mt Darcy

Microgranodiorite - a strongly porphyritic biotite microgranodiorite

contani ng e'l I i psoi da'l quartz phenocrysts. Associ ated wi th the

microgranodiorite is a series of rhyol ite p'lugs and dykes, most'ly

porphyritic, with feldspar and eììipsoidal quartz phenocrysts. The

rhyolite often exhibits flow banding. Mapping by Bureau of Mineral
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Resources (BMR) and Geological Survey of Queensìand (GSQ) geologists has

shown that the Post-Proterozoic intrusive history is complex at both Mt

Turner and Mt Darcy. Severa'l phases of intrusion have been recognised,

with rhyoì ite stocks, associated breccia bodies, and north-south

trending dyke swarms being interpreted as an early event. Several

pul ses of microgranodiorite, with associated breccias, followed.

Detailed descriptions of these rocks, aìong with an interpretation of

the sequence of events in the intrusive history, appear in Publication

37g of the Queensìand Department of Mines (Baker and Horton, 1982).

Where unaltered (only in the Mt Darcy area), these rocks occur in

terrain very similar to the Proterozoic granites, and produce similar

mineral assemblages from weathering.

Also occurring in the survey area are the remnants of Mesozoic

sediments. They are commonly conglomeratic, and lie unconformabìy on

older rocks. In some places they are associated with an underìying

pallid zone, that largely comprises kaolin.

A simpìified version of the geology at Mt Turner, derived from BMR

1:25,000 compilation sheets, appears as Fi9. 5.1.

5.2.2. Alteration and mineral isation

Accompanying the Mt Darcy microgranodiorite and rhyolite igneous

events was an extensive system of alteration and weak mineralisation.

Two separate phases have been interpreted (Baker and Horton, 1982), the

first and most extensive consistÍng of three concentric alteration zones

centred on the maìn m'icrogranodiorite stock.

The arrangement of these alteration zones is shown in over'lay (A)

to Fig. S.Z. The central area consists of biotite alteration, which

86



grades outwards onto a silicified and sericitised zone with disseminated

and vei n-control I ed pyri te. Al though f i ssure-contro'l'led, for remote

sensing purposes this zone can be considered as pervasive'ly altered.

The silicification has resulted in a series of low hills rising steepìy

more than 100m above the surrounding, fair'ly subdued, Proterozoic

terrai n.

A large percentage of these hills is covered by outcrop, fìoat, or

weathering products from the altered rocks. Every samp'le examined

wi thi n thi s zone appeared to have been affected by the al teration

processes to some extent. In addition, the presence of suìphides in the

ori gi nal rock has resul ted i n wi despread i ron stai ni ng, and the

vegetation over this area is considerably thicker than over the low-

ìying areas. The rhyolite dykes, in particularo have a dense coverage

of small, dark trees, making their presence obvious on aerial

photography (fi9. 5.21.

The periphera'l zone is arbitrariìy defined as being outside the low

hills of the silicified zone, and comprises a less dense distribution of

quartz-fiì'led fissures controlling sericite-chlorite-kaoìinite-calcite,

and epidote-chlorite-sericite alteration. The alteration is generally

restricted to an envelope a few metres each side of the vertical

fi ssures.

The second phase of alteration recognised by Baker and Horton

(1982) is sericite-chlorite-kaol inite similar to the sil icified-zone

alteration. It is mainly recognised where it overprints the earlier

biotite alteration (see over'lay A to FÍ9.5.2).
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Late-stage sulphide veins up to lm wide occur in the silicified and

.its peripheral zones. In the peripheral alteration zone the veins

contain predominantly galena and sphalerite. Several of them have been

mined for silver and ìead, and Table 5.1 (after Baker and Horton,1982)

shows the recorded mine production.

Table 5.1 Recorded production from mines in the vicinity of Mt Turner

(after Baker and Horton, 1982)

Mi ne 0re

( tonnes)

Gol d

(tg)

Si I ver

(Lg)

Lead

( tonnes )

Copper

( tonnes )

Aspasi a

L9r6-29, 1936-37,

1947 -52

716.0 1.168 457.064 285.4 0.8

Cobar Li ne of Reef

1911-29, 1937 ,

I 947 -50

879.5 0.862 447.795 332.2 0.2

Three Musketeers

1925 65.0 0.003 29 .540 25 .r

Morning Light

1904-10 498.4 ?L.2L9

No recorded productionDrurffner Hi I I
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The overall suìphÍde content of the Mt Turner porphyry deposit has

been estimated at less than 0.5%, with copper and molybdenum content

estimated to be .0t% (Baker and Horton, 1982). Present indications are

therefore that the deposit is uneconomic.

Tabìe 5.2 summarises the geoìogicaì characteristics of Mt Turner

and compares them to the Silver Bell porphyry copper deposit in Arízona,

i n the southwestern U. S. Si I ver Bel I has been the subi ect of

considerable remote sensing research, in particular as a test site Ín

the Joint NASA/Geosat Test Case Study (Abrams et al., 1984).

5.3 Previous Remote Sensing Investigation

previous work by the CSIRO/MXY Remote Sensing Group (J. Huntington,

pers. comm., 1983) on Landsat imagery of the Mt Turner scene shows that

the silicified alteration zone can be detected on a standard colour

composite (fig. 5.3). The topographic high, and presence of vegetation

denser than the surrounding area, make this possible. A colour density-

sliced ratio image (fig. 5.4), depicting denser vegetation in blue

tones, enhances the alteration zone quite effectively. In addition, a

technique, similar to that of Segal (1983), for enhancement of limonitic

zones in vegetated areas, u,as used to produce the colour ratio composite

i n Fi g. 5.5 . It depi cts I imoni ti c areas i n shades of green, and

vegetated areas in shades of red. This presentation discriminates Mt

Turner from its immediate surrounds, but not significantìy from some

other iron-rich areas, such as mafic intrusives in the Robertson River

Formation.
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Table 5.2 Comparison of Mt Turner with the Silver Bell porphyry copper deposit (using data from Baker and Horton,
1982 and Abrams and Brown, 1984)

(o

Feature Silver Bell, USA Mt Turner, Queensland

1. Iqneous Host Rock:

Shape E1 ongate, i rregul ar Elongate muìtiple pìugs, circular with radiating
dykes

None (?)

Rhyol i te-granodi ori te

Pre-ore and host rock

Control l i ng structures

Sequence of intrusion

Rock types mi neral i sed

0rebody

Shape

Dimens i ons

Hypogene grade

Peripheral Zone:

Faul ts

Qtz monzoni te-rhyodaci te

Pre-ore and host rock

0val , pì pel i ke

2500 x 2000m

0.4% Cu

0val, pipelike

2400 x 4000 m (to edge silìcification)

0.01% Cu and Mo

3

Al terati on

M i neral i sati on

Epidote, chlorìte, caìcÍte, sericite

py ri te
(veins)

Serìcite, chlorite, epidote, kaolin

Galena, sphalerìte, Ag (veins)

4. Intermediate Zone

Al terati on

14i neral i sati on

Quartz, sericite, cìays Quartz, sericite, kaol in, chlorite

Pyrite, chalcopyrite, sphalerite
(veinlet disseminated)

Pyrite, chalcopyrite
(veinlet disseminated)

5. Innermost Zone

Al terati on Quartz, K-feìdspar, biotite,
anhydrite, sericite

Quartz, sericite, K feldspar, biotite,
andalusite

Mi neraì i sati on Pyrite, chaìcopyrite, nolbydenite,
(veinlet disseminated)

Pyrite, chalcopyrite, moìybdenite,
bornite (veinlet disseminated)

Present and mi neral i sed

None

Breccia Pioes Present and mineral ised

SuDerqene sul ohi de Cha l coci te



However, in the case of the Phyllis Mae prospect (arrowed in Fig.

S.5, to the west of Mt Turner) the distinct topographic and vegetation

anomalies do not exist. The limited spectral capabiìity of Landsat MSS

i s therefore unabl e to provi de any i ndi cati on of a mi neral i sed

environment in this area.

In addition to the CSIR0's work, and at the same time that the

author was interpreting the high-resolution airborne data from Mt

Turner, the Survey contractor (GER Inc of New York) undertook a

preliminary interpretatìon of the same data set. This was done without

the benefit of ground-truth information. In their report (GER, 1983),

they make some general observations that are duplicated in this thesis,

but which bear repetition. Firstìy, GER observed that all Australian

mineral absorption features are weak in comparison to those detected in

US surveys. This can be attributed to differences in the weathering

histories of the two continents, with Australia's more severe weathering

masking many of the spectraì variations which would be seen in fresh

rocks (see chapter 2, this thesis). Secondly, the presence of an

ubiquitous phyìlosilicate assemblage at Mt Turner was noted by GER, and

illustrated in a "stacked profiìe" (GeR, 1983, Fig. 3-8). They ascribed

this to kaoìin, whereas field checking, laboratory measurement of

samples, and XRD analyses show that a mixture of nuscovite/sericite and

kaolin is responsible.

GER al so uti I i sed a waveform analysi s techni que (Tchebychev

Analysis) for treatment of the Mt Turner data. Section 5.5.5.1 details

the author's results using the same procedure. GER's resuìts cìosely

match the author's interpretation of the 'second-order effects' present

in log residuaì images (see section 5.5.3). The maior conclusion of
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GER's report was that the area of greatest spectral absorption,

attributed largely to muscovite, occurs outside the boundary of the main

alteration zone (the author has pointed out that this is due to the

i ncreased vegetation density over the al teration zone, see section

5.5.3). GER made no distinction between the mineralogy over, and

outside, the main alteration zone.

5.4 Laboratory Spectral Measurements

A fai r'ly detai I ed f i el d sampl i ng program t'Jas compl eted, most

sampling points being predetermined by examination of the airborne data

(section 5.5.4). This was an attempt to expìain some of the more subtle

spectral variations present in the data. Samples of aìl maior rock types

and soils were collected, and more than 450 spectra were measured from

the resulting collection. For many hand specimens, mu'ltiple spectra

tJere recorded from weathered and 'fresh' (broken) surfaces. The

spectral collection produced is too voluminous to reproduce here in its

entirety, so only a few representatives of the major spectraì types wil'l

be presented in the text. Spectra of those sampì es that have

accompanying XRD anaìyses are presented in Appendix IV.

5.4.1 Weathering effects

Qne si gni fi cant feature of the spectraì col I ecti on i s the

relationship between weathered and 'fresh' surfaces. (For most samples

from Mt Turner, fresh i s a rel ati ve term, si nce sampl es i n hand-

specimens are usuaìly pervasively altered or affected to some extent by

weathering.) Almost without exception, absorption features present for

fresh surfaces can also be seen from weathered surfaces, albeit as more
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subdued effects. This rule holds even when a significant surface rind

is present (Figs. 5.6a&b). The onìy cases from Mt Turner where it does

not apply seem to be samples influenced by lichen on their outer

surfaces ( Fi gs . 5.7 a&b) . Lichen tends to fl atten the spectrum,

especiaìly noticeable between 1.9pm and 2.2pm. In addjtion, the slope

from 1.9pm to shorter wavelengths can be increased quite dramaticaì'ly.

At Mt Turner, though, the lichen is not ìikely to affect airborne survey

results drastically, because it tends to gather most densely directly

under heavy vegetation-cover - for instance on rhyolite dykes. In such

cases the vegetation will probably provide the strongest response from

its particular Pixel.

5.4.2 Vegetation effects

Fi gure 5.9 shows the respecti ve spectra of heal thy ' green

vegetation, and of dry grass. Healthy vegetation will affect the 'log-

residual spectra in two vúays. First'ly, its presence means that less of

the geology in a given pixel will be 'seen' , thereby reducing the

influence of mineralogical absorption-features. Secondly, absorption by

moisture in the p'lant will cause a fall-off towards the water bands at

1.9 and 2.5pm. Hea'lthy vegetation (although not as healthy as the

sample shown in Fig. 5.9) is most corrmon within the silicified

alteration zone, and so has its greatest influence there.

The dry grass measured shows strong, broad absorption features at

Z.L and Z.3pm, due to cellulose. The loss of moisture in the foliage

lessens the absorption by water, and the spectral features of cellulose

can subsequently be seen. This leads to difficulties in differentiating
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the effects due to vegetation from those of mafi c mi neral s wi th

ab sorpti on f eatures i n the same (2 .3r-um) regi on ( see Secti on 5 .5 .6 ) .

5.4.3 Laboratory sPectral tYPes

The 450 rock and soil samples measured can be divided into four

main classes, aìthough there are many cases where absorption features

are intermediate between these 'end-members'. These four classes, which

have been called Kaoìin-, Sericite-, Muscovite- and Mafic-type spectra,

are shown in Figures 5.9a-d.

5.4.3.1 Kaolin-type sePctra

The Kaoì i n- type spectra ( ri 9. 5.9a) have the fami I i ar

characteristics of kaoìin, with a maior absorption feature near 2.2pm,

and a doubl et ( seen here as a subtl e shoul der) near 2.I7pn. XRD

analysis shows that, in most cases, the kaolin is present in proportions

ranging from less than 5% and up to 20%. Quartz and feldspar are

general'ly the dominant minerals (but have no SWIR spectral properties),

and muscovite is almost invariably present, albeit in amounts similar

to, or snaller than, kaolin. Exceptions are the sampìes from Cretaceous

conglomerates and their associated pallid zones from MT5 and MTPM. Here

the proportion of kaolin in the samples is greater than 20%- The

Kaolin-type sampìes are almost invariably from outside the silicified

zone, and represent the surface residuum from weathered (but unaltered)

granites, or the granites themselves.
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5.4.3.2 Muscovite-tyPe sPectra

Muscovite-type spectra (fig. 5.9b) exhibit a single, strong

absorption feature near 2.2pfi, and can be produced by the same surface

residuum as the Kaolin-type spectra where its muscovite content is

hi gher, or from the weatheri ng products of the Robertson RÍver

Formation. This type of spectrum has been produced by less-altered

samples and soils from within the alteration zone, but is much more

common outside it.

5.4.3.3 Sericite-type spectra

Sericite-type spectra (fig. 5.9c) are always derived from altered

rocks. XRD anaìysis shows quartz and 'muscovite' only in the most-

alterecl rocks, and various other minerals in less-altered samples. XRD

has been unable to differentiate between the'muscovite'(actuaì'ly

sericite) of the altered rocks, and that of the unaltered suite. The

major difference between the Sericite-type and Muscovite-type spectra is

the presence of secondary absorption features near 2.35 and 2.45pm. An

examination of the CSIRO/MXY collection of spectra yields several of

muscovite. The secondary wings are present in them, but vary quite

widely in strength. Because sericite (from within the alteration zone)

and muscovite (outside it) have formed by different processes, it is not

unreasonable to expect that their trace-element composition might be

different. Th'is hypothesis was checked by ion-microprobe analysis, but

the resul ts showed that there was no si gni fi cant di fference i n

composition between the samples examined (0. Cousens, pers. comm.,

1e84).
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To investigate the phenomenon further, all altered-rock (sericitic)

I aboratory spectra were Í sol ated from the background ( muscovi ti c )

spectra in a computer file. The two sets of spectra were then averaged

to produce Figs. 5.10a&b. The background slope was removed from the

averaged spectra using the "hull quotient" technique (Green and Craig,

1985), which has the effect of isoìating the absorption features,

enabìing determination of their true shape. This process showed that

the two groups of samples in fact have almost identical absorption

features (fi gs. 5.11a&b) . The untreated refl ectance spectra look

different only because the Sericite-type spectra have much stronger

absorption in aìl bands.

This process was carried further by sub dividing the spectra into

smaller groups based on their nature (rock versus soil), and the rock

type from which the sample was derived (Robertson River Formation,

granite, etc.). Again, the results show that most spectra have a

similar structure (see Appendix V).

5.4.3.4 Mafic-type spectra

Mafic-type spectra (fig. 5.9d) contain absorption features in the

2 .3pm, and 'longer, regi on due to the presence of amphi bo'l e, chì ori te,

cìinozoisite or epidote. These minerals are present in two different

environments. Amphibole and minor chlorite can occur as components of

the mafic intrusives associated with the Robertson River Formation, or

in the schists themselves. Chlorite, cìinozoisite, and epidote can also

occur as propyl itic alteration-products in both the Mt Turner and

Phyllis Mae reg'ions.
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5.5 Airborne SPectrometer Data

5.5.1 Acqui si tion

gverlay (B) to Figure 5.3 shows the location of the nine flight-

lines flown over Mt Turner. In addition, a single line, MT5, was flown

to the northwest, largely covering Robertson River Formation schists and

dolerite. The data vrere acquired on the 27th September, L982. Unfort-

unateìy the inverter supplying por{er to the spectrometer system over-

heated and fai'led several times during data acquisition. There was thus

a significant time-difference between coverage of some flight 'lines.

Lines MT4, MT7 and MT6 were flown between L2226 pm and L2:45 pm, MT2 at

1:43 pm, and the remaining lines between 2:Q5 pm and 4:18 pm. The

resultant variations in sun angle and shadowing, combined with shadowing

caused by low-level cloud late in the afternoon, make the data set

somewhat I ess than optimal . Some attempts to correct for these effects

were made during data-analysis, as discussed below.

5.5.? Analysis of radiance data - 'first-order' effects

The shape of the Mt Turner SWIR radiance curves Ís dominated by

atmosp heric features (compare Figs. 5.12a-k to Fig. 5.13). Figure 5.13

depicts the radiance of a 100% reflector at sea leveì, caìculated using

the L9¡,¡TRAN model (Kneizy et al ., 1980) . The overall bel ì-shape of the

curve is produced by water absorption in the 1.9 and 2.5pm regions,

while the sharp features at 2.01 and 2.035pm are due to absorption by

atrnospheric COZ. Absorption features in luhe 2.2pm region due to water

vapour are coffinon to this spectrum and Figs.5.12a-k. It is also in

this wavelength region that dioctahedral phyl losil icates absorb

energy. Close examination of Figs. 5.12a-k shows that the different
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flight-line mean radiance curves exhibit variation in the depth of these

absorption features. The relative intensity of absorption in the 2.L7

and Z.Zp.n regions also varies. This variation is indicative of the

presence of dioctahedral phyìlosilÍcate mineraì(s), although the effects

are too weak to alìow an identification of the species. This can be

considered a 'first-order' effect, but due to lithosoheric influences.

Another notabìe point comes from the comparison of the Mt Turner

rad.iance data with that from previous U.S. surveys documented by Collins

et al. (1981, see Figs. 5.14a&b, this thesis). It can be seen from this

comparison that the strength of the lithospheric first-order absorption

features from Mt Turner is considerably less than in the published

American data. Examination of radiance data from other Australian test

sites flown in the same survey establishes that this is not a local

phenomenon, but a widespread trend. Chapter 2 and previous studies by

CSIRS/MXY workers (Gabell and Green,1982,1983) have examined the

weathering histories of Austral ia and the U.S., and their re'lative

effects on remote sensing.

These studies have shown that the spectral response of a target is

likely to be affected to a large extent by the weathering history of the

area. Australia's much longer weathering cycìes, and the widespread

occurrence of Tertiary lateritic weathering, mean that the contribution

to refl ectance by weatheri ng products ( i ncl udi ng ' ski ns' on i ndi vi dual

rocks) is likeìy to be marked. The muted nature of the absorption

features that occur at Mt Turner is consistent with this expectation.

It is further supported by the many ìaboratory measurements of field

samp'les (section 5.4). For many of these sampìes, reflectances of both

weathered and 'fresh' (broken) surfaces have been measured. In genera'|,
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spectraì features prove to be the same, or similar, but are more subdued

on weathered surfaces.

5.5.3 Analysis of log residual images - 'second-order' effects

The ìog residual technique is described in Chapter 3. It is

designed to eliminate the unknown influences of albedo and incident

illumination. However, it aìso removes the average mineralogicaì

response of the whole flight line. In the case of data from Mt Turner

i t fol I ows that the average spectral feature at 2.2¡n, due to the

ubiquitous phyllosiìicate minerals, is removed. This fact must be

considered when interpreting the log residual spectra. However, there

is the advantage that the nx¡re subtle spectral variations (which prove

to be important at Mt Turner) are emphasised. Because there Ís no

absolute reflectance standard in the airborne data, it is impossible to

calculate true reflectance values. As a result, we cannot come to any

definÍte conclusion about the 'average mineralogy' of the fìight-line.

As previously stated, the impìication of different relative depths

of absorption features at 2.I7 and 2.2p"n is that there is a contribution

by one or several minerals at one or both of these wavelengths.

Knowìedge of the geology of the area suggests that muscovite/sericite

(with a major absorption feature at 2.2¡n) and kaol in are the most

probable candidates. Therefore, the average flight-line reflectance is

'l i ke'ly to be determi ned by the rel ati ve proporti ons of these two

minerals. Their reìative importance can reaìly be established with

confidence onìy by the examination of fie'ld-sample spectra (see section

5.4), which give true refìectance vaìues.
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A second problem arises because the log residuals were calculated

separately for each flight-line. Log residua'ls derived from two

different ftight lines (with different illumination conditions and

different atmospheric effects - see chapter 3) will not be dÍrectly

comparable, although at Mt Turner in most cases this problem is not too

severe.

Nevertheless, an attempt was made to rectify the probìem by using a

correction technique based on radiance data from points where flight

I i nes intersect. Mul tipl icative correction factors (Gabel I et al . ,

1983, see Appendix VI) were derived for each flight-line using MT9 as a

'base' line. Radiance data for all lines were then corrected, and log

resi dual s for each I i ne produced usi ng al I data from i ntersecti ng

lines. Unfortunately, to date it has not been possible to correct for

more than 60-70% of the radiance differences (due to sun angìe, etc.)

between f'light lines. This shortcoming has introduced atmospheric noise

in the log residuals, which in turn means that the data from different

flight lines can not be directly compared. For this reason, the

interpretation presented here has been derived from log residua'l data

cal cul ated from i nvi di dual f] i qht-'l i ne means .

tlhen ìog residuals are displayed in image format it is possible to

view portions of a flight-line, or even an entire line, of spectral data

on an image processing system or as hard copy. Figure 5.15 depicts all

flight-ìine data from the Mt Turner area as log residuals calculated

using individual flight-line means. It shows that the data exhibit some

obvious trends, oF 'second-order' effects.

These can be subdi vi ded i nto three categori es. Type A i s

represented by an absorption feature (different shades of blue) at 2.Zp'n
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0.7pmin the SI,IIR data, and absorption at wavelengths longer than

in the vNIR data. In this type, albedos are generally hi9h,

vegetation index low. Type B SIIIR spectra generalìy show a minimal

absorption (yellows and reds) at 2.2pm, but more significant absorption

features at longer tJavelengths. The VNIR spectra show a ref'lectance

maximum at wavelengths ìonger than 0.7pm, and exhibit some of the

features of a vegetation spectrum. Not surpri si ng'ly, then, the

vegetat'ion i ndex tends to be hi gh , and al bedos 'low. Type C spectra do

not occur as extensively as the others. They exhibit absorption minima

both at 2.2p.n and at ìonger wavelengths Ín the SWIR. The VNIR spectrum

is genera'lly not as cìearly defined, and the albedo and vegetation

indices tend to have intermediate values. A fourth type of spectrum'

which 1,{e can refer to as 'background', can also be defined. It is seen

in Figure 5.15 as greens and yeìlows in both VNIR and STJIR data. These

areas differ lÍttìe from their flight-ìine means. The overlay to Fig.

5.15 shows typical examples of these'type' spectra for line MT9.

The cìassification of spectraì data into these main types has been

pìotted and overlain on a geology map (flg. 5.16). Although there are

variations, type A spectra are most often found outside the major part

of the alteration zone, on weathered but unaltered granites. Photo

interpretation and field checking have shown that these are generally

areas of barer soÍì, with only Sparse vegetation. Type B spectra fall

mainly in, or close to, the alteration zone. The silicified portion of

the alteration zone consists of rocky hills rising steepìy from the

surrounding plains, with a cover of moderateìy dense vegetation. In

addition, there are quite extensive areas of type B spectra outside the

alteration zone. Many of them are found over areas mapped as Robertson

River Formation and/or dolerite, where there is little outcrop, but
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often a moderate vegetation cover.

areas mapped as grani te where tYPe

conditions are Present.

Fi el d traverses

B spectra occur,

showed that, in

simil ar surface

Type C spectra occur iñ, or near, the northern portion of the

silification zone, where the topography is not so rugged, and vegetation

less dense than in the central zone.

Thus the nature of the surface (e.g. bare soil, heavy vegetation,

rocky slopes, etc.) tends to determine the log residual spectra and, to

a ìarge extent, these'second-order' effects are due to this type of

geomorphoìogical variation. These effects are outlined in Table 5.3.

To summarise so far, then, lithospheric 'first-order' effects can

be seen in the radiance data, which is dominated by absorption features

due to the minerals muscovite or sericite, and kaoìin, over much of the

survey area. 'second-order' effects are obvious in the log residual

data, and represent variations in the nature of the surface targeted.

There is, however, also a third level of information availabìe in

the log residual data. Subtle variations in the shape of the spectra

are not immediate'ly obvious in Fig. 5.15, but can be seen in individual

spectral plots. These 'thi rd-order' effects are dj scussed in the

fo'l'lowing section, a'long with various methods attempted to characterise

them.

5.5.4 Classification of 'log residuaì data - 'third-order' effects

Detailed study of one of the flight lines (MT4) was undertaken to

determi ne the number of di f f erent Sl,¡I R spectraì types present i n the

data. Boundaries were drawn on the log residua'l image, thirty-four
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Table 5.3 Second-order effects interpreted from ìmages of Mt Turner airborne log residual data

OqJ

Average val ues

Average val ues

Intermedi ate

Intermedi ate

Va ri es

Vari es

Una'ltered rocks

featu res

omorpho l ogy

ìon

ì bedo

type

x

I ntermedi ate

I ntermedi ate

Moderately vegetated,
gentìer hills, rockY

Altered granite and
rhyolite dykes

Low

Hi gh

Subdued topography
bare soi l s, sparse
vegetation, onìy
scattered outcrop

Hi gh

Low

Average or lower
val ues

Abs. min. beyond 0.7pm
( vegeta ti o n )

2.2pm abs. min.,
abs. nax. beyond 2.2¡rm

Altered rocks, pìus
Robertson River
Formation pìus sone granite

Steep, heavily vegetated
slopes, rocky in
aìteration zone. Moderate
to heavy vegetation,
weathered soils outside

Abs. max. beyond 0.7pm
(ìess vegetation)

IR features 2.2¡rm abs. max. abs. at and beyond
2.Zpn

BackgroundType CType BType A



coherent blocks being outlined a'long the flight line. These blocks were

then averaged, and the 1og residual spectra pìotted and examined. Very

close matches were discarded, and a group of thirteen'standard' spectra

were retained. These spectra apPear in Figs. 5.17a-n, which show that

there are still fundamental similarities between some standards. For

instance standards 9, 10 and 12 all show an absorption feature near

2.35pm. In some cases, variation between spectral types (for instance,

standards 2,3 and 14) seems to be due mainly to the relatÍve depth of

features present. However, at this stage of the anaìysis all thirteen

standards were retained because it Ì'Jas not known which spectra would

prove to be typical of a particular rock-type or mineraìogy.

Each flight-line $,as then processed by comparing all of its log

residual spectra to each of the standard spectra in turn, using a'least-

squares method (Craig et al., 1984). The best match was recorded in an

output file, a'long with a measure of the similarity. Thus every flight-

line was classified, samp'le by sample, into one of thirteen groups.

Comparison of the results with log residual images (fig. 5.15) showed

that major boundaries in the log residuals match perfect'ly with the

major changes in the classification.

Figure 5.18 depicts the classification output from pixeìs 524 to

5g7 on line MT8. The solid lÍnes indicate major changes that are also

easily seen on the image log residual presentation. Broken I ines

represent boundaries that still exist, but are more subtle on the image,

and were drawn on the basi s of the classification. aìone. Pixels 539 to

545 contain 3 pixels most similar to standard #11,3 pixels most similar

to standard #4, and one other. Pixels 555 to 578 contain 7 pixels most

simiìar to standard #4,11 pixels most similar to standard #11, and 6
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other pixeìs. It is obviously difficult to classify either of these

regions into a single existing category (aìthough there are easier areas

- pixeì 529 to 535 are mainly classified as similar to standard #71.

There are many areas in the outputs where a portion of a flight lÍne is

cl assi fied consi stentìy i nto 2 or 3 categories. An attempt was

therefore made to simp'l i fy the groupi ngs to al I ow a coherent

presentation of the classification results. This task was performed by

examining the classification outputs and Figs. 5.17a-n. It was found

that, in genera'|, where the classification within one of the coherent

blocks on the log residual image varied significantìy, the spectral

standards showed some similarities. For instance, standards #4 and #11

both have a'ramp' shape, with negative log residual values at shorter

wavelengths and positive values at longer wavelengths. Both curves also

have a locaì minimum near 2.?pn. Ih. standards were therefore grouped

to minimise the number of classes, as follows:

' Standards'

2, 3, 14

4, 11

6, I
9, 10, t2

5

13

Grouped i nto

Each'type' spectrum according to the classification was then

colour-coded, and the result overlain on the geoìo$/ map to produce Fig.

5.19. tlhere the classification u,as too variable to alIow a reasonable

grouping into a'type'spectrum, a blank area vJas left, although this

+

+

+

+

+

+

'Type'spectra

Type I spectra

Type 2 spectra

Type 3 spectra

Type 4 spectra

Type 5 spectra

Type 6 spectra
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was not a common occurrence.The characteristics and distribution of the

type spectra are outlined in the following sections.

5.5.4.1 Types 1 and 2 spectra

Type I spectra contain a single absorption feature of varying

strength near 2.2p"n, and appear to be indicative of the presence of

muscovite. Type 2 spectra are not as easiìy interpreted by examination

of the standard spectra in Figs. 5.19d&k, but areas classified as type 2

tend to exhibit a weak-to-moderate absorption feature near 2.2pm, and a

shoulder near 2.L7p,n, suggesting kaolin. Field-checking showed that

both spectral types tend to occur together over poorly vegetated areas,

where the soil is welì exposed, and generaìly ref'lect the presence of a

surface lag of sand-sized quartz, feldspar and muscovite fragments.

This lag is mostly the result of weathering of fresh granites, but

weathered muscovite schists and quartzites from the Robertson River

Formation Can al so cOntribute to, or even dominate, the resul tant

spectra. Although any quantitative measurement has not been undertaken,

it would be fair to observe that, firstìy, the classification into type

I or type 2 is dependent on the relative muscovite content of the soil,

and secondly, that the classification is a more accurate representation

of these mineral assemblages than is the geo'logical mapping - which is,

after all, an interpretation of the bedrock geology.

5 .5.4.2 Type 3 sPectra

These spectra, with a log residual maximum near 2.2¡rm and minima to

either side, are more difficult to explain. Field work has shown that

muscovite/sericite js almos! ub'iquìtous in the Mt Turner region. The
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ìog residual calcuìation removes not only albedo and illumination

factors, but also the average mineralogicaì signature over a fìight

line. The maximum at 2.2p,n must therefore be interpreted as a relative

absence of muscovite/sericite, which is quite often indicative of the

presence of vegetation, reduci ng any mi neralogical signal . The

absorption features at either side of the maximum are related to a

combination of vegetation and mineraì effects. The ninerals amphibole,

clinozoisite, epidote, talc and chlorite all have absorption features in

the 2.3pm region, and alì occur to some extent at Mt Turner. As the

occurrence of more mafic mineral assembìages tends to coincide with a

denser vegetation cover, the task of satisfactorily separating their

spectral effects is made more difficult.

In general, though, occurrences of type 3 spectra over areas

consisting of Robertson River Formation and dolerite (specifically much

of the northern portion of MTS and the end of MT9) are probabìy a result

of the combination of mafic mineral, and vegetation, spectral features.

The large area of type 3 classifications to the south of the

silicification zone is also interesting in this respect. The alteration

overlay to Fig. 5.2 shows that this area contains a large number of

altered, quartz-filled fissures, but is outside the Ínfluence of the

silicification. The spectral classification indicates that alteration

here is sìightìy different to that within the silicified zone. This

findÍng is supported to soie degree by the'laboratory spectra of sampìes

taken from the area, where there are i ndi cati ons of propyì i ti c

alteration minerals (see Figs. 5.20a&b). This alteration produces

spectraì effects similar to those of the mafic mineraìs of the Robertson

Ri ver Formation.
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5.5.4.3 Type 4 spectra

Type 4 spectra show weak absorption minima at 2.35pm, and most aìso

have a mi nimum at 2.2p"n. These features are i nterpreted as resul tÍ ng

from the combination of the effects of vegetation and strongly absorbÍng

serici ti c al teration ( di scussed further i n Section 5.6 ) . l,li th the

exception of a portion of fìight-line MT2, and some other small areas,

the silicified alteration-zone spectra have been classified as type 4.

Outside this central zone are several smaller areas that have been given

the same classification. Many of them (for instance the area one-fourth

the way along MT8) are miscìassifications in areas affected by cloud

shadow. However, at some others there is evidence of alteration. Near

the start (western end) of MT8, a si gni fÍcant concentration of

sericitised, quartz-filled fissures corresponds with the type 4

spectra. Also of particular significance are the smaìl zones near

sampìe 80 on line MT9, and between samp'les 170 and 180 on line MT7. In

both cases these areas consist of outcrops of sericitised (and

propyliticaìly altered ?) veins peripheral to the porphyry system. The

area on l'ine MT7 lies just to the north of the Three Musketeers line of

lode and, in fact, the flight line passes between two costeans. The

small area on MT9 passes directìy over some minor workings, where no

more than a few tonnes of rock have been removed from a shallow pit.

These workings have not been incorporated in any geoìogy map.

There are also five small areas on flight'line MT5 to the northwest

of Mt Turner that have been misclassified as type 4. The three areas at

the southern end of the line are over kaolinitic Cretaceous conglomerate

and its weathering products. Figs. 5.21a&b respectively show an average
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spectrum from MTS, and a kaolin spectrum measured in the laboratory. It
is not entireìy clear why the misclassification should occur in this

case, although the significant'ly different geology aìong line MT5 would

almost certainly result in an anomalous flight-line mean.

The two areas in the northern portion of MTS occur over unusua'lly

'large and well exposed outcrops of metagabbro. The mafic minerals

present produce weak, noisy absorption features at 2.26,2.3 and 2.4pm

(flg. 5.22). The spectra indicate a mineraìogy of chlorite and

amphibole, so these spectra should have been classified as type 5.

The 'l east-squares compari son, as wel I as bei ng i nfl uenced by

mineral absorption features, is also affected by the overall shape of

the log-residua'l curve. The shape of the curve wilì, in turn, be

infìuenced by a number of factors. This may be another reason for the

consi stent mi scl assi fications on I ine MTs. Further work woul d be

required to refine the classification procedure and overcome these

probl ems.

The other notable aspect of the classification is the areas within

the silicified zone that have not been classified as type 4. As yet,

there is no explanation for the portion of fìight line MT2 that appears

as type 3. The other main area, though, where parts of fìíght lines

MTl, MT6 and MTl0 are classified as type 1, is consistent with the

mineralo$/ on the ground. This area is over a creek, where the aìluvium

is derived from a much wider area than just the alteration zone.

5.5.4.4. Type 5 spectra

Type 5 spectra show a maximum at 2.2p.n, and weak minima at 2.3 and
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2.4pm. As previously di scussed, the 2.2¡:"n maximum i s i nterpreted as an

absence of muscovite/sericite relative to the rest of the fìight line.

The features at 2.3 and 2.4pm, though, c'loseìy match those of amphiboìe

(compare Fig. 5.17e to FÍg. 2.6). However, the distribution of type 5

spectra is extremeìy limited, with small areas on flight'lines MT3, MT5

and MT10 being placed in this class.

5.5.4.5 Type 6 spectra

Type 6 spectra have an unusual shape that i s di fficu'l t to

interpret. The minimum near 2.1pm is similar to that of dry grass, but

at 2.3pm there is onìy a local minimum rather than a deeper absorption

feature (compare Fig. 5.17m to Fig.5.8). Field checking in the few

areas classified as type 6 showed patchy areas of dry grass, in amounts

greater than usual for Mt Turner.

The third-order effects are summarised in Table 5.4.

5.5.4.6 Assessment of significance of classification scheme

The results of this scheme are obviousìy not perfect. Misclass-

ifications are evident in a number of areas, but are particu'larly

prevalent in line MT5. This is most ìikeìy to be due to the

significantly different geoìogy in this area, which results in an

anomalous fl ight-l ine mean. In addition, the spectraì effects of

vegetation and propyìitic alteration proved impossible to separate.

Nevertheless, there are a number of poìnts that, in the author's

opinion, make the overall result a qualified success. Firstly, the main

alteration zone is better defined using this technique. Second'ly, a
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Tabìe 5.4. Third-order effects interpreted from Mt Turner airborne log residual data

lr

Type 1 Type 2 Type 3 Type 4 Type 5 Type 6

S!,IIR 'standard' 2, 3, L4
spectra

4, 11 6 7 ,8 9, 10, 12 5 13

or spectral Single 2.2pm
absorpti on

2.2pn
absorpti on,
shoul der near
2 ,l7¡rm

2.2pn abs. min.
2.lpm and/or
2.3pm
abs. max.

}leak
2.Z¡tn
absorpti on .
2.3Spm and
someti mes
2.45pm abs.

Altered zone,
heavi ly
vegetated

Ab sorpti on
near 2.3pm
and 2.4pm

Strong 2.1p.m
absorpti onri sti cs

rain type & Mainly granìtic
terrain, little
vegetati on

Mai nly
terrai
vegeta

grani ti c Aìmost any
terrain. Moderate
vegetation - dry
vegetation a
major factor

Amphi boì e,
chl ori te,
epi dote,
cl i nozoi si te
(combined with
vegetation effect)

Altered terrain,
or over basic
rocks

Mainly dry
vegetati on?egetati on lì'

ti
little

0n

omi nant Mu scov i te
( kaol i n)

Kaol i n
( muscov i te )

Seri ci te Mai n ly
amph i bol e?neral s

contributing to
spectral effects



number of smaller areas of sericitic a'lteration, perípheral to the main

alteration zone, r,Jere correctìy identified. Third'ly, examination of the

spectraì pìots points to a greater mineralogical i nput to the discrimin-

ation of alteration than any other technique. Thus, a significant

increment of knowledge was gained by use of the scheme. Further

development of the techniques, or related procedures, flây result in the

solution of some of the remaining probìems.

5.5.5 Other ana]ysis-techniques

Several other techniques to analyse the spectrometer data have been

appl ied. Tchebychev analysi s ( see below) was attempted on both

corrected radiance data and 'log residual spectra. The technique proved

to be too unstable, in the form used, for the analysis of log residual

data, but it was from this approach that the classification technique

described in section 5.5.4 was developed.

In addition, severaì different band-ratio techniques have been

tried, as discussed below.

5.5.5.1 Tchebychev ana'lysis

Figure 5.23a depicts the Tchebychev coefficient ratio C4/C5 aìong

flight line MT9. The silicified alteration zone lies between samples 280

and 450. Comparison with the classification (whose boundaries are

marked on the p'lot) shows that there is some agreement between the two

techniques. Type I and type 2 spectra have the highest C4/C5 va]ues,

with type 3 1ower, and type 4 (alteration) tending to have the lowest

values. However, there is some difficuìty in separating some type 3 and

4 spectra, and it would be very difficult to interpret the subtle
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changes present without considerable prior knowìedge of the types of

spectra present in the data.

5.5.5.2 Band ratios

Examination of the fl ight-l íne log residual images (fig. 5.15)

shows that the data fall naturally into a number of reasonably well-

defined spectral bands. Table 5.5 summarises the boundaries used to

create a series of narrow bands.

Radiance data were averaged over these intervals and stored in an

output file. Figure 5.23b is a plot of the ratio of the 2.2pn to 2.3pm

bands. Where muscovite/kaoìin absorption is strongest (as over granitic

terrain), the ratios are low. Conversely, where the 2.3pm absorption

features are strongest (over al teration and more vegetated areas) , the

ratios are high. Comparison to the Tchebychev-coefficient pìot shows

that the two are i nverse'ly rel ated, and that there i s a simi I ar

information content in both. As with the Tchebychev p'lots, not alì of

the classification types consistently exhibit the same ratio values, but

the important boundaries are reflected as noticeable changes in the

data.

5.6 Correlation between Airborne and Laboratory Data

Preci se compari son of ai rborne and 1 aboratory spectra i s, of

course, impossibìe. The different units (radiance for airborne data,

reflectance in the laboratory), and the vast'ly different fields of view,

precì ude such compari son. However, some i nteresti ng general

observations are stilì possible, particularìy if the 'laboratory data are
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Table 5.5 Bands simulated after examination of Mt Turner airborne

log residual data in image format.

Channel sWavel ength (rrm)
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2
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4
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6

0 .35-0 .45
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0.52-0 .60
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0.76-0.90
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9
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P
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converted to a form of log residuaìs. This was done, using two

different approaches.

Fi rst'ly, âl I of the ì aboratory spectra from Mt Turner were

transferred into an XPUT file, and their log residuals calculated. It

should be noted that these data are dominated by altered specimens, as

the largest number of sampìes $,as collected from within the silicified

zone. The airborne data, on the other hand, cover more unaltered

(mainly granitic) terrain. Figure 5.24 is the mean of the laboratory

spectra (in log form, and over the wavelengths covered by the GtR

i nstrument) , and shows the absorption features of muscovite. The

influence of kaolin is not apparent, although some subtle effects beyond

the resolution capabilities of the instrument may be present. Figures

5.25a-c are the respect'ive reflectance spectra (over the same wavelength

'interval), of dry grass, a Sericite-type spectrum, and a Mafic-type

spectrum. Figures 5.25d-f are their log residuals.

The Sericite-type log residual shows the characteristic secondary

absorption wings at 2.35 and 2.45pm, aìthough the major absorption

feature is much stronger than in the corresponding airborne data. This

is due partly to the presence of healthy vegetation over the silicified

zone, where the 2.2pm peak of vegetation tends to reduce the strength of

the corresponding mineral absorption (see beìow).

Figures 5.25d&f are simil ar log residual s produced from very

different materials. The similarity of both spectra to standards 5 and

6, in particular (Figs. 5.17e&f), is quite marked. It underlines the

problem of differentiating spectraì effects due to dry vegetation from

those caused by minerals with 2.3pm absorption features.
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The second approach involved modelling a'typicaì' Mt Turner flight

line. Th1s was acheived by adding laboratory reflectance spectra in

different proportions, then storing the resuìts in a single XPUT fiìe.

The contents of the file were as follows;

Vegetation (moderatelY heal thY)

Average Sericite

Average unaltered granite soil (Muscovite)

Average unaltered granite soil (Muscovíte)

Vegetation + Sericite (2:1)

Vegetation + Sericite (1:1)

Vegetation + Sericite (1:1.5)

Vegetat'ion + Sericite (1:2)

Vegetation + Muscovite (1:1)

Vegetation + Muscovite (1:1.5)

Mean of the above spectra

Note that the higher proportions of vegetation were not added to

the Muscovite spectrum because the unaltered granite terrain is rarely

heavily vegetated. The average unaltered granite spectrum was included

twice because, on most I ines, unaltered material forms a larger

proportion of the line than altered material.

Once the data were in this format, the equivalent of log residuals

were calculated. All plots of the input reflectance spectra, and their

' 
'log resi dual s' , appear i n Appendi x VI I .

Two notable points arose from this exercise. Firstly, many of the

shapes of airborne log residuals (figs.5.17a-n) are similar to the
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shapes of the laboratory 'log residuals'. secondly, laboratory 'log

residuals' of Muscovite, or Vegetation + Muscovite, only produce a local

minimum at 2.35 and 2.45pm, whilst Vegetation + Sericite mixtures tend

to retain more of the spectraì shape of sericite, resulting in much

stronger features at these waveìengths (see Figs. 5'26a-d) ' This

property is also seen in the airborne log residuaìs, and is a maior

factor in the identification of alteration using the classification

scheme.

5.7 Si gn'i f i cant Indi vi dual Spectra

gne of the interesting developments from this study has been the

identification, on the basis of their spectral properties, of two

minerals whose presence in the survey area has not previously been

documented. Fi gures 5.27 a&b are, respectiveìy, the ai rborne and

laboratory spectra of an unusual mineral assembìage. The spectra are

dominated by the absorption features of talc, and XRD analys'is confirms

that talc comprises greater than 20% of the sample. The soil sampìe was

coìlected from a zone some tens of metres wide on flight-line MT8, and

is thought to represent the weathering products of a mafic intrusive

that has reacted with its granitic host-rock'

The second, and perhaps more significant mineral , ìs topaz. lrlithin

the silicified alteration-zone, a few pixe]s on flight line MT10 were

classified as having type 6 spectra. The average airborne signaì from

this area is noisy, and difficult to interpret (see Fig. 5'28 and

compare to Fi g. 5.17m) . As most of the surrounding pixel s were

classifíed as type 4, the area was visited and a number of sampìes

collected. gne of these sampìes produced the laboratory spectra shown
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in Figs.5.29a&b, with the unusual, sharp absorption feature at 2.lpm,

as well as the more corffnon 2.2¡n (sericitic) feature. The 2.lpm

absorption feature is characteristic of topaz (Hunt et al., 1973a),

which XRD anaìysis has shown comprises between 5% and 20% of the rock.

Examination of the airborne spectra over the area shows that the sharp

topaz feature is not recognisable (fig. 5.28). Field checking of this,

and other, type 6 areas depicted in Fi9.5.19 indicates that they are

generally related to dry vegetation rather than to a specific mineral

assembì age.

5.8 Comparison with Silver Bell Porphyry Copper Deposit, Arizona, U.S.

The Silver Belì porphyry copper deposit in Arizona has been the

subject of considerable remote sensing research, most recent'ly as a test

site in the Joint NASA/Geosat Test Case Study (Abrams et aì., 1984).

At this test site the rocks range from Precambrian to Tertiary in

ôgê, with the great maiority of exposures being Mesozoic and younger.

Volcanic and plutonic rocks dominate with compositions ranging from

basaltic to granodioritic. Mt Turner, on the other hand, is dominated

by Precambrian granite and (to a lesser extent) metamorphic terrain,

with some Carboniferous, granodioritic intrusives.

At Silver Beìl the amount of outcrop exposure averages 30 to 40

percent, but a ìarge amount of the remaining area is colluvium and talus

on ridges and hilì slopes. The composition of this material cìose1y

reflects the adjacent and subiacent geoìogy, since the fragments are

deri ved by essenti a'l ly i n-p'l ace weatheri ng (Abrams and Brown , 1984 ) .

Because weathering is mechanical rather than chemica'|, sojl profiles are

poor or absent. However, at Mt Turner the silcified zone is the only
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area v,,here outcrop is substantiaì, with well-developed soil profi'les

predominatÍng elsewhere. In these areas, indications of the underìying

geology are given by surface lag deposits and soil colour.

The vegetation cover at Silver Bell is sparse, varying from 10 to

t5% in lower elevations to as much as 20 to 25% in higher elevations.

This range is in contrast to Mt Turner, where vegetation is variable and

sparse only over unaltered granitic terrain. 0ver the silicified zone

and areas of Robertson River Formation, vegetation generaì'ly ranges from

30% up to a maximum of about 60%.

The most extensive areas of al teration at Si I ver Bel I are

phyì'l iclargil'l ic in nature - dominated by quartz-sericite-l Ímonite

assembìages. Other alteration products identified in thin section are

kaolinite, montmorillonite, illite, chlorite, alunite and iarosite.

Peripherat propylitic alteration comprises chlorite, epidote and minor

vein calcite. These assemblages are remarkab'ly similar to those found

at Mt Turner, a'lthough propyl itic a'lteration is more evident, and

widespread, at Silver Bell. Both deposits have central zones of

potassic aìteration, comprising K-feldspar and biotite alteratíon that

are difficult to recognise on the surface and have largely have been

documented from examination of drill core.

In summary, the major differences between the two areas are 1) tt¡e

more varied host rocks at Silver Beì1, 2l the sparser and more even

vegetation cover at Silver Bell, 3) the younger age of the Silver Bell

region, leading to more prominent topography and hence better exposure

and 4) the vastly different weathering regimes.

Figure 5.30 reproduces some of the fieìd spectra of Abrams and

Brown (1984). In direct contrast to Mt Turner, where unaltered but
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!,leathered materi al has been shown to have essenti al ìy the same Sl,lIR

si gnatures as al tered rocks ( di fferi ng onìy i n the strength of

absorpti on) , the unal tered materi al at Si I ver Beì I i s essenti a'l ly

spectraì'ly flat. Only the altered material (except carbonate, with

features at 2.35pm) has strong SlrllR absorption features. The same

generally applies to the VNIR, because of iron-oxlde signatures, thus

enabìing the accurate detection of alteration zones using enhanced

imagery from a broad-band (t'lSOOf ) scanner. However, at Mt Turner the

increased vegetation cover over the alteration zone means that the

strongest hydroxyl absorption features actualìy appear outside the main

alteration zone. Therefore, only extensive anaìysis of high-resoìution

data i s abl e to di fferenti ate al terati on based on mi neral ogi cal

features.

5 .9 Surnrnary

The aìm of the study at Mt Turner was to

assemblages related to, firstìy, alteration and,

and to discriminate between these assemblages.

identify the mineral

secondly, weathering,

An earlier Landsat MSS study discriminates Mt Turner from the iron

and vegetation poor, unaltered granite terrain immediately surrounding

it, but not from the areas underlain by Robertson River Formation. The

soil in these areas contains s'ignificant amounts of iron, and vegetation

is denser than over unaltered granite terrain.

Sl,tIR spectra measured i n the 'laboratory fal I i nto four groups

Sericite-type, Muscovite-type, Kaolin-type, and Mafic-type. Detailed

ana'lysis shows that the differences between Sericite-type and Muscovite-

type spectra are due sole'ly to variations in the strength of absorption
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features. There is no detectable compositional difference, but

Sericite-type spectra tend to occur within the main alteration zone, and

Muscovite-type spectra, more randomly, outside it. Kaolin-type spectra

are characteristic of weathering products. Mafic-type spectra are

obtained from doleritic material associated with the Robertson River

Formation, or from propyl iticaì'ly al tered rocks. Dry vegetation

produces absorption features in the same waveìength region as the Mafic-

type spectra (2.3pm).

Vari ati ons i n the ai rborne radi ance-data produce ì i thospheric

first-order effects that could delineate the alteration zones around

most U.S. porphyry copper systems. However, this is not the case at Mt

Turner, where the spectraì response of weatherÍ ng products from

unaltered terrain (dominated by muscovite) and the alteration minerals

(dominated by sericite) are similar.

A logarithmic procedure has been used to correct the radiance data

for albedo and atmospheric variations, ìeaving reflectance information

in the residual data (tog residuals). These data are presented in an

image format, where obvious variations represent second-order effects.

The second-order effects are influenced mainly by geomorphologica'l

factors, and can be used to differentiate the limits of the alteratÍon

zone around Mt Turner. Such differentiation results from the presence

of topographic and vegetation anomaìies, and is approximately the same

level of discrimination as available from the interpretation of Landsat

MSS data.

Third-order effects are subtle variations within the log residual

data that are most easily seen in detai'led spectraì pìots. Six maior

spectral types have been i nterpreted from thi rd-order vari ations,
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refìecting a combination of mÍneralogicaì and vegetation influences.

Classification of the data into one of the six third-order spectral

groups is imperfect, but has resul ted in differentiation between

sericÍte (due to alteration) and muscovite (from the background

areas). The major sericitic alteration zone has been more successfully

outlined by this technique than any other, and a number of altered veins

peripheral to the porphyry system have been correctìy classified.

However, a more propylitic style of alteration is difficult to

discriminate, with this cìassification procedure, from dry vegetation.

Analysis of the airborne data, and follow-up 'laboratory spectral

measurements, have also resulted in the detection of two minerals

previousìy unreported in the Mt Turner area. Talc was found outside the

aìteration zone, topaz near Mt Turner itself.

Broad-band scanner systems will not differentiate alteration at Mt

Turner, as at Silver Bell, on the basis of increased absorption over the

alteration zone. In fact, because of the vegetation anomaly over Mt

Turner, the absorption features are stronger outside the alteration

zone. Even in the absence of such a vegetation anomaly, the markedly

weaker absorption features found in the Australian environment, and the

presence of similar absorption by weathering products, makes success

with these systems much less likely.

The study does confirm the ability of high resolution spectrometer

data to map successful'ly significant alteration mineralogies. However,

high signa'l-to-noi se ratios and very careful processi ng and

interpretation techniques are required to elucidate these effects in the

Austral i an weatheri ng envi ronment.
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CHAPTER 6

AUSTRAL IA

KAMBALDA NICKEL PROVINCE, EASTERN GOLDFIELDS ' WESTERN

6.1 Introduct'ion

This thesis deals with the analysis of remote sensing data from

test sites affected by weathering to various degrees. Kambalda is an

extreme case characterised by poor outcrop and deep weathering.

The spec'ific aim of this study is the use of high-resolution

spectraì data to differentiate spectra'l effects due to weathering from

those due to the primary mineralogical features of the Archaean rocks.

l,Jhere resi dual mi neral ogy i s detectabì e, i t i s al so important to extract

the maximum mineralogical information. Sub-division of residuaì

materi al i s vi tal , because ni ckel mi neraì i sati on i s spati al 'ly re'l ated to

contacts between mafÍc and ultramafic rocks. Any technique that assists

in making distinctions between the two rock types wilì provide a useful

exploration tool.

The study includes processing and interpretation of airborne and

'laboratory spectra, and field investigation. Some XRD analyses were

also obtained to assìst interpretation of the spectraì data.

6 .2 Reg'ionaì Geol ogi ca'l Setti ng

Western Australia is the worìd's third'largest producer of sulphide

nickel, after Canada and the USSR (Ross and Travis, 1981). The Archaean

yilgarn Block contajns the bulk of this resource, hosted Ín volcanic and

intrusive olivine-rich ultramafics. The linear, NNl'l-trending Norseman-

I.liluna belt in the Eastern Goldfields contains all of the important
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volcanic peridotite-associated deposits. The Kambal da deposits are

easiìy the most significant of these, 70% of Western Austraìia's pre-

mining nickel resource of grades greater than l% concentrated in the

Kambalda-St Ives regìon (Marston et al., 1981).

Apart from the mafic-ultramafic volcanic successions that host the

nickel orebodies, the Norseman-Wiluna belt also contains other major

components including a felsic volcanic-volcaniclastic suite, typicaììy

comprising dacitic to rhyodacitic lavas and fragmenta'ls, bedded tuffs,

conglomerate and chert. The vo'lcanogenic rocks are also intruded by a

suite of pìutonic rocks consisting of quartz diorite, tonalite,

granodiorite, adamel'lite, granite and syenite (Gemuts and Theron, 1975).

The Norseman-'yüiluna belt is broken into a number of blocks by NNW-

trend'i ng faul ts. Wi thi n each bl ock , conti nui ty of I i thol ogi cal

sequences can be recognised over distances of greater than 100 km, but

between blocks it is often difficult, or impossib'le, to correlate

1 i thol ogi es ( Gresham and Loftus-Hi I ì s, 1981 ) .

6.3 Detailed Geology

The Kambalda nickel field comprises two sequences of uìtramafic,

mafic and fel sic volcanics, and sedimentary rocks, with the lower

(Kambalda) sequence containing the bulk of the nickel ore. Figure 6.1

depicts the interpreted geology, and the location of the survey lines.

The Kambal da sequence consi sts of the footwal'l basal t, the

ultramafic suite, the hangìngwall basalts and associated sedimentary and

intrusive rock-types (Gresham and Loftus-Hi1ìs, 1981). The footwal'l

basalt is tholeiitic, and a generalìy fine-to medium-grained, dark
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green, massive basalt. The hangingwaìì basalt formation consists of

upper and lower members separated by a thin zone of sediments. The

mineralogy of the basalts is variable, but is dominated by amphibole and

chl ori te.

The ultramafic suite has been sub-divided into three types, based

on the rock's volatile-free MgO content, as follows:

pi cri tes

peri doti tes

ol i vi ne peri doti tes

15-28% MgO

28-36% MgO

>36% MgO

These rocks origi nal ìy compri sed vanyi ng proportions of cumul ate

olivines and magnesium-rich liquid (Gresham and Loftus-Hills, 1981), but

have undergone varying degrees of hydration, carbonatisation, and late-

stage potassi um metasomati sm.

Where the rocks are hydrated, glass and pyroxenes are altered to

tremolite and chìorite, while olivines are altered to serpentine (mainly

var. antì gori te ) . Carbonati sati on resul ted i n the breakdown of

tremol i te and anti gori te to tal c-dol omi te and ta'l c-magnesi te

assembl ages. It i s aì so 'l i keìy that both serpenti ni sation and

carbonatisation upgraded pre-existing nickel su'lphide accumulations

( Donal dson, 1981 ) .

The occurrence of bioti te, repl aci ng chl ori te i n mafic and

ultramafic rocks, reflects a potassium metasomatic event. In areas of

more intense a'lteration, vermiculite and montmorillonite are considered

to have replaced biotite (Gresham and Loftus-Hills, 1981).
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Sediments associ ated wi th the Kambal da ul tramafi c rocks are

generally thin and discontinuous. Pale (cherty) and dark (carbonaceous)

varieties are both common with chloritic or amphibole-rich varieties

occurring ìess commonìy. Argillaceous sediments also occur frequent'ly.

Archaean granitoids, felsic and intermediate porphyries, and

Proterozoic, diopside-rich dolerite dykes intrude the Kambalda sequence.

Figure 6.1 shows a sequence of felsic volcanic and sedimentary

rocks overlying the Kambalda Sequence. These rocks do not crop out in

the study area, being covered either by the remnants of lateritic

duricrust, or by aeolian sands.

Eighty percent of the ore at Kambalda occurs at the base of the

lowest ul tramafic flow unit in the Kambal da Sequence - general ìy

occupyi ng el ongate troughs i n the footwal I basal t/ul tramafic contact

(Gresham and Loftus-HÍlls, 1981). The remainder is hanging walì ore

that usuaì ly occurs d'i rectly above contact ore at the base of the second

or third ultramafic flow units.

6.4 Factors Affecting Remote Sensing at Kambalda

6.4.1 Heatheri ng Ef fects on Primary Mi nera'logy

The Kambalda region has been subiected to two wideìy differing

weathering regimes. Deep lateritic weathering processes were operative

duri ng the genera'l 'ly 
humi d condi ti ons that persi sted unti I the ear'ly-

middle Tertiary. The resultant weathered mantle has subsequent'ly been

altered and/or dissected during succeeding arid and semi-arid periods.

The most obvious effects of the more recent arid conditions are the

devel opment of sal t I akes and cì ay pans, cal crete, and I arge
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accumulations of aeolian sands. Thus, in mapping the region, the first
distinction one must make is between (a) residual materiaì, represented

by primary (Archaean) mineralogical components and their ìarge'ly in situ

weathering products, and (b) transported material (resulting mainìy from

processes operating during the arid periods).

0nce this distinction has been made, the residual materials need

further differentiaton, based on their position in the profile.

Division will generaìly be into one of two groups: (1) lateritic

duricrust (either intact or as float), and (2) weathered rocks and soils

that retain a part of their originaì mineralogical character. 0bvious'ly

i t i s the I atter group that i s the most important for nickeì

expl orati on.

Where relief is at a maximum (i.e. Kambalda Dome), outcrop of

relatively fresh material Ís at its best, with the least residual and

lateritic material present. As one moves to the south, outcrop of

Kambaìda sequence rocks becomes progressÍveìy rarer. Basalts form low

hilìs in the St. Ives region, but commonìy produce only accumulations of

fìoat in the Trannvays area. Outcrop of Bluebush-sequence rocks Ín the

Democrat area is variabìe, but often good.

There are several factors that might be expected to affect the

remote sensing of areas of outcrop in the Kambalda region. Basalts, for

instance, commonìy form rounded cobbles, and often have a weathered

skin, that varies in thickness at different locations. These skins

appear to be composed mai n'ly of i ron oxi des, but thei r preci se

mi nera'l ogy has yet to be establ i shed. Li chens are al so commonìy

developed on basalt cobbles, and it has previously been shown that they

can have a profound effect on the spectrum of a sample (see chapter 5).
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Ultramafic rocks (or, more preciseìy, their altered products) can

be affected by case-hardening, with some surface iron oxide staining.

Serpent'i ni tes have simi I ar surface-weatheri ng characteri stics as

basalts, but when carbonatised, the effect is general]y not as obvious

or well developed. The carbonatised ultramafics are softer than the

other rocks, hence less resistant to weathering. As a resu'lt, true

outcrop is rare, and only subcrop or heavy accumulations of float are

present in the best^exposed areas.

XRD anaìyses of weathered, carbonatised ultramafic rocks show that

the most common assembì age j s taì c, i ron oxi des and chl ori te.

Montmoril lonite (after biotitised chlorite?) and kaol in sometimes occur

as we'lì, but carbonates (magnesite and dolomite) are rare. Ì,lhere

carbonateS are found in the weathered rocks, they occur (except for a

single samp'le) in minor quantities. The most diagnostic mineral for

weathered, carbonatised ultramafics is therefore talc. It is resistant

enough to occur in residual soils as well as'in float, and has an very

strong 2.32p.n absorption band, maki ng it extreme'ly amenabl e to detection

by remote sensìng.

Argi'l I aceous sediments do not general 1y crop out over I arge

areas. These sed'iments, and felsic intrusives, may both contain kaolin

from the weathering of fe'ldspars.

Table 6.1 summarises the results of all XRD analyses of Kambalda

samples, including data from fresh core, as well as weathered samp'les

collected in the field. The data have been subdiv'ided into a number of

groups. Minerals in the left-hand column have VNIR or SI,IIR spectral

signatures, and are theoreticaìly capabìe of detection by remote^sensing

techniques. The minerals 'in the ¡ight-hand column have no such
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Table 6.1 Minerals identified by XRD anaìysis of samples from Kambalda.

KEY

x = strong VNIR onìy
* = found in both weathered and core sampìes

+ = found i n core sampì es onìy

No VNIR, Sl.lIR signature(VNIR or) Sl,lIR signatures

, often
or comp-

onents.

Rare, but can

be major

components

ere present.

Tal c*

Chl ori tes*
Amphibole (var. Tremol ite)*
SerpentÍne (var. Antigorite)*
Kaol i ni te

Haemati tex

Goethi tex
Magnesi te*
Dol omi te*
Cal ci te*

EP'idote*

Di opsi de

Natroj aros i te
Montmorillonite
Muscovi te

Gypsum

Vermi cul i te
Chì ori te-vermi cul i te

Chl ori te-montmori I I oni te

Tourmal i ne

J aros i te

Pl agi ocl ase*

Quartz*

Magneti te*

Maghemi te
Pyri te+

Pyrrhot'ite+

Pentl andi te+

Rare, onìy

trace comp-

onents where

present
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signatures. The list of minerals has also been divided verticalìy.

Conrmonly occurring, major components (such as one might expect to detect

from the air) occur in the top row. Those minerals that occur less

frequently, but can comprise a major proportion of the rock in which

they are present, are listed next. One might expect to detect these

minerals when measuring individual sampìes in the laboratory, or perhaps

occasiona'l'ly from the air. The ìast group comprises minerals that occur

in quantities ì ikely to be too small for detection, even under

ì aboratory condi tions.

6.4.2 Cultural and Vegetation Effects

As remote-sensing techniques integrate the reflected radiation from

all objects within a pixel, the effects due to cultural features and

vegetation must be considered, in addition to those of the target

mi neral ogi es.

As one might expect, the amount of disturbance produced by mining

and related activity is at a maximum around Kambalda Dome. For this

reason, only a single fìight line is located in this area. Further to

the south the amount of cultural disturbance decreases, although the

operating Jan, Foster and Victory mines mean that there is still

significant disturbance in the St Ives area. At Trarnvays and Democrat,

cultural features are mostìy 'limited to driìling tracks and pads.

The smalì pixel size of the airborne instrument (20 m square) means

that a cultural feature (for instance a road) will generally dominate

the spectral response of the pixel in which it occurs. The result is
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usually an albedo higher than normal. Pixels affected in this way can,

for the most part, easiìy be recognised, and ignored.

Vegetation in the Kambalda area tends to be moderate'ly dense,

averaging perhaps 25 to 30% cover and reìatively uniform. The

exceptions are over clay pans and salt lakes (zero vegetation) and

isolated cìumps of trees (up to about 60% cover in some small areas).

It is domÍnated by eucalyptus, acacìas, saltbush and bluebush. Its

distribution is not uniform, but the heterogeneity seems to be related

to geomorphoìogy (e.g. no vegetation in clay pans) rather than the

Archaean geoìogy. This characteristic is in contrast to Mt Turner,

where vegetation density is generalìy directly related to the underìying

geoìogy. It also means that some of the vegetation's spectraì effects

are removed in the data processing (see Section 8.3). Those remaining

are general'ly weaker than effects produced by spectraì absorption of

minerals, hence are noticeable onìy outside the areas of significant

residuaì mineraì accumulations. In addition, at Mt Turner the

absorption features of:lf:V vegetation caused maior probìems. In

partiCular, extensive areas that have a sparse tree cover' but are

heavily covered by dry grasses, produce the rnost extreme spectraì

features at Mt Turner. There are no similar areas on the flight lines

in the Kambalda area. For these reasons, vegetation at Kambalda poses

fewer probl ems.

6.5 Prev'ious Remote Sensing Investigation

As was the case with the data set from Mt Turner, the Kambalda

airborne data was also analysed by GER, and a pre'liminary interpretation

submitted to csIRO (GER, 1983). Like the Mt Turner data, the Kambalda
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data were interpreted without the benefit of any supporting ground-truth

information. The same techniques were used for the analysis of both

data sets, including the calculation of "residual" spectra'l information

using a technique similar to that of Marsh and McKeon (1981). The

absorption features evident in this residual data were assigned by GER

to',chlorite, Mg-carbonate or talc" (for 2.3pm features) and "kaolin"

(for Z.2pm features). Tchebychev Analysis was used to outline the zones

of significant mineralogicaì absorption, but no attempt was made to sub-

divide the zones of 2.3pm absorption other than by the depth of the

spectral features.

6.6 Laboratory Spectraì Measurements

The data analysed in this section are derived from the field

samp'les col I ected duri ng 0ctober, 1983, sampì i ng poi nts bei ng I arge'ly

predetermìned by interpretation of the airborne spectraì data set. Rock

and soil sampìes from aìl maior spectraì regions and soil types were

collected. Most samples subsequently had their spectra measured in the

ìaboratory, and some of them had XRD anaìyses provided by Western Mining

Corporation (lllM0). The minerals detected by XRD fall into two groups -

those capabìe of being semi-quantitatively analysed, and those capabìe

only of qual i tati ve ana'lysi s . The resul ts of these anaìyses are

presented, wherever possib'le, with the spectra- Where minerals are

present in non-quantifiabìe amounts, they are listed last, with a stroke

separati ng thern f rom the other mi neral s. Mi ner^al s for whi ch semi -

quantitative values are availabìe are listed as percentages of the

remaining portion of the rock.

The spectral collection produced is too voluminous to reproduce
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here in its entirety, So on'ly a few representatives of the major

spectral types wil'l be presented with the text. Spectra of al'l sampìes

that have accompanying XRD analyses are presented in Appendix VIII.

One si gni ficant feature of the spectral col I ection i s the

relationship between weathered and 'fresh' surfaces. As for Mt Turner,

fresh is a relative term, since all samples have undergone some degree

of weathering. Again like Mt Turner sampìes (see p. 92, chapter 5),

absorption features that are present on fresh surfaces are almost

invariably seen on corresponding weathered surfaces, a'lbeit as more

subdued effects. This trend persists even in the case of basaltic and

serpentine-rich rocks, which have commonly deveìoped the significant

surface-weathering rind (Fig. 6.2a,b&c).

The onìy cases where thi s rul e does not seem to apply are for

sampìes with a significant amount of lichen covering their weathered

surfaces. This effect was also documented in the previous chapter on Mt

Turner. At Kambalda, however, there is cornmonly also a lichen crust

deveìoped on the soil (fig. 6.3a). The spectral effects of this type of

lichen are similar to the'rock lichens', with absorption features in

the 2.t and 2.3pm regions. But, there i s often an associ ated

mineralogical signature (fig.6.3b), in contrast to the rock lichens,

which tend to suppress all mineral effects when they cover the entire

rock surface.

6.6.1 Laboratory spectral types

The laboratory data can be divided into a number of spectral types,

based on the positìons and shapes of the mineral absorption bands
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present. Not unexpectedly, there is some overlap between these groups,

due to the different m'ixtures of components.

Comparison between these data and airborne data 'is not directly

possib'le for reasons outlÍned ín the previous chapter. To repeat, the

major difference is that ìaboratory spectra are'true'reflectance

spectra, whereas log residuals do not retain any specifÍc spectral

component present in the flight line mean. UbiquÍtous minerals (for

instance, resuìt'ing from weathering processes) will therefore not affect

the I og resi dual data, but wi I I produce features i n many of the

1 aboratory spectra.

The laboratory reflectance spectra are categorised in the foììowing

sections.

6.6.1.1 F'lat spectra

The first spectra'l group contains samples that show no absorption

features'in their reflectance measurements. Dark, cherty sediments

(with XRD analyses of up to L00% quartz) are the most common rock type

in this group (fig. 6.4).

6.6.1.2 Variable absorption by water

The depth of the 1.9pm water absorption feature varies in this

class of spectra (Figs. 6.5a-c). Strong 1.9urm absorption is invariabìy

associated wjth high quartz-content of the soi1, fluid inclusions in the

quartz being the probable cause of these features.
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6.6.1.3 2.Zp.n absorption features

The strength of absorption features in the 2.2¡n region is highìy

variabìe. l,Jhere strong, these features usual]y show the diagnostic

structure of kaolin, with a major absorption minimum at 2.208pm, and a

shoulder near 2.17pm (fig. 6.6a). Weaker absorption features are more

difficult to assign (fig.6.6b), but are also likeìy to be caused by

kaol i n. An i nteresti ng phenomenon from the Kambal da area i s the

occurrence of kaolin-type absorption features associated with calcrete,

but, at the same time, the absence of characteristic 2.34pm calcite

absorption features. This is best illustrated by a sing'le exampìe,

Kl4l31/S, a sample collected from an area with moderate absorption in

the 2.2¡n region of the ai rborne spectrum. The 'laboratory spectrum of

the soi I s shows an asymmetri c 2.Z¡t"n absorption feature, but nothi ng i n

the 2.3¡rm region (f ig. 6.7a). However, XRD ana'lysis shows a composition

of 75% ca'lci te, 20% quartz and 5Á tal c, whi I e aci d app'l i ed to a hand

specimen causes effervescence. Moreover, spectral measurement of the

XRD powder shows the presence of both the 2.2p,n feature and a broad

2.34pm (calcite) absorption feature (Fig.6.7b). It therefore seems that

the 2.34¡rm calcite absorption feature is being suppressed in the

unground hand specimen. The most likely explanation for this phenomenon

is that fine-grained (crypto-crystalline?) kaolin is coating individual

calcrete nodules. Phillips (1984) has reported such a phenomenon from

an electronmicroprobe study of calcareous earths near Adel aide.

Bal asubramani an and Gopi nath ( 1979 ) , whi I e studyi ng bauxi te mi neral s

(including kaolin-group minerals), noted that the characterjstic

vibrations of these minerals in the IR (4000 to 625cm-1, or 2'5 to 16pm)

can be detected in the early stages of crysta'llisation, even though the

short range orderis not detected by X-ray di f fractÍon techni ques.
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Detailed mineralogical work would be required to confirm this effect at

Kambal da.

6.6.1.4 2.3¡.rm absorption features

There are several 2.3pm absorption features generated in sampìes

from Kambaìda, as one might expect from examination of Table 6.1. In

the laboratory data, some of these features are obviousìy the result of

domi nance of the spectrum by a si ng'l e mi neral , but others are generated

as a resul t of mixtures of spectral properties of two or more

mi neral s. The 2.3um region is the most important spectral reqr on

contri buti nq to knowl edqe of the mineraloqy at Kambalda. Individual

2.3pm absorption features are discussed Ín the followÍng sections.

6.6.1.4.1 Tal c

The spectrum of pure talc has a hÍgh reflectance, and reìativeìy

flat background slope, with an extremely strong, deep absorption feature

at 2.3?p"n associated with weaker features centred on 2.39 and 2'47¡:'n

(fig. 2.61 . There is also a smaìl shouìder on the 2.32¡n absorption

feature near 2.30pm, but the 'laboratory instrument used for measurement

of the Kambalda samples lacks the resolution to detect it.

A number of spectra, with absorption features of quite variable

strength, can be ascribed to the presence of talc. As the strength of

talc absorptìon diminishes, the first noticeable effect on the shape of

the absorption features is the di sappearance of the 2.47pn mi n'imum.

However, the characteristic shapes at other wavelengths are retained

over a much wider range of taìc concentrations. Figures 6.8a,b&c depict

the'laboratory spectra of sampìes Kl}/304/F2/w ß6% taìc' 3% chlorite'
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/L% magnetite, < 5% haematite) , KII/W/67 /S (65% quartz, l97o talc, l0/"

albjte, 6% chlorite), and K3/88/S 08% quarlz, 8oL ta]c, 6% albite' 4%

amphibole, 3% chlorite, <57o kaol inite, <5% haemat'ite), respectively.

Even at the low concentrations exhibited by K3/88/S, talc features can

sometimes be seen. A further point of Ínterest is that talc seems to

have the strongest SI^lIR si gna'l of al I the mÍ neral s encountered at

Kambalda. The strength of talc absorption features often dom'inate the

spectra of samples that contajn higher proportions of other minerals.

6.6.I.4.2 Chl ori te

The spectrum of pure chlorite shows a lower reflectance than taìc,

and its background s'lope is curved, with lower values towards 1-4 and

2.Spm (fig. 2.6), It has a maior absorption feature near 2.34pm that is

shallower and broader than for taìc, and a weaker, but diagnostìc,

absorption feature at 2.Opm. This feature, combìned with the 1'9pm

water absorption band, results in a characteristic asymmetric feature 'in

many samples. chlorjte also has a very sharp absorption near 2.26vn

that can also be diagnostic ; talc and ep'idote have similar, but much

weaker, absorptìon at this wavelength, So a prominent feature here

indicates chlorite. The spectrum of sampì e K4/I23/F/W (42"/" chlorite,

34"/" quartz , 23oL p'lagioclase) Ís typicaì of chlorite (fig. 6.9a). For

many of the samples measured, chlorite shows the second strongest

influence on the spectrum (after talc). Even where chlorite forms onìy

a mi nor porti on of the sampl e, 'i ts presence i s of ten 'i ndi cated by the

2.gpm absorptìon feature, because no other mineral found at Kambalda

absorbs at this wavelength.
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6.6.1.4.3 Amphibole

Like ch]orite, amphibole has lower reflectance than taìc, giving a

curved background sìope. Its domi nant absorption feature I ies at

2.32¡tn, is narrower and deeper than chlorite's, but broader and

shallower than talc's. It also has a secondary 2.4¡fi absorption that

can appear either as a shoulder, or as a distinct minimum. In most

cases the amphibole spectrum is affected to some extent by the spectraì

shape of other minerals, even when the percentage of those minerals is

relativeìy low. Note that the spectrum in Fig. 6.9b (of KL/74/FL/Wl

contains only 7% chìorite, yet the 2.Opm absorption feature is still

recognì sabl e.

6 .6 .1 .4.4 Mi xtures

As noted above, in most cases where amphibole features are present,

the amphibole spectrum is modified to some degree. Often this effect

takes the form of a change in the shape or position of the amphibole

absorpt'ion feature, but the proportions of different minerals required

to effect those changes, and the severity of the effects' are quite

variable. The nature of the surface (t,J or F) undergoing measurement may

sometimes al so 'i nfì uence the spectrum. Carbonate mi neraì s, for

instance, are conspicuousìy absent from weathered, surface samples (also

confirmed by XRD analysis).

Figures 6.10a&b depict, respectively, spectra of K7 /266/F/W G4%

amphiboìe, 32% chlorite, 23% talc) and K7 /L80/FlW rcL% talc and 337'

chlorite), and show that talc need not be the most abundant mineral in

order to dominate the spectrum. Hence there are relative'ly few cases

where amphibole (confirmed by XRD analysis) dominates the laboratory
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Spectrum, and no examples yet are found among the airborne data. In

most cases, therefore, the presence of a 2.32¡n minimum has been

attributed to talc unless other features of the spectrum are also

consistent with amphibole. In all cases the mineralogy interpreted from

airborne data needs to be checked against ground truth for unambiguous

resul ts.

Sampl e KL/3L/F lP contai ns 501" amphi bol e and 43"/" chì ori te, and

spectral measurements of rock sampìes suggest that chlorite should

dominate the spectrum. However, Fig.6.10c is a spectrum of the XRD

powder showi ng that it does not. Amphibol e features are cì ear'ly

dominant and on'ly the 2.Opm absorption feature indicates the presence of

chl ori te.

Sampì e K6/448/F2/V¿? compri ses 42% amphiboìe, 25% chlorite and 5-10%

epidote (onìy qua'l itative). This sample has a spectrum that

superficia'lìy resembles amphibole, but has several important differences

(ftg. 6.10d). The major absorption feature has migrated to a s'lightly

longer wavelength (2.34pm), a shoulder has appeared al 2.26pm, and the

Z.4p,n absorption has disappeared. Chlorite and epidote have features

that could explain these modifications. The presence of chlorite is

indicated by the 2.Opm absorption, but the shift of the major absorption

lo 2.34¡.rm'is more likely to result from the influence of epidote, which

has a spectraì shape similar to amphibole.

Several sampìes (particularly soils) comprise small amounts of a

number of mi neral s. sampì e K10/376ls, for i nstance, has mi nor

quantitìes of caìcite, amphÍboìe, talc, kaol inite and montmoril lonite

recorded from XRD analysis. Its resultant spectrum (fi9.6.11a) is

difficult to interpret because of the shallow nature of the absorption
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features. However, because one Of the minima occurs at 2.32p'n, it can

be jnferred that talc (or talc and amphibole) is responsible.

Another sampìe that produces a shalìow, broad absorption feature in

the 2.3Spm region is KIO/273lF/W (fig. 6.11b). Its XRD analysis has

shown 40-50% diopside (non-quantitative). This spectrum is obviousìy

difficult to differentiate from others with vreak features produced by

mixtures. However, as diopside is derived from Proterozoic dykes rather

than Archaean rocks, fai'lure to recognise Íts spectrum could prove

significant. The sampìe was collected from an area mapped as basalt,

and the airborne spectra in this region show onìy chlorite absorption

features. It is therefore possibìe that the samp'le collected is not

representative of the whole area.

6.7 Spectral Variation of Chìorites

During ana'lysis of airborne SWIR spectra some variation was noted

in the position of the sharp 2.26¡m absorption feature of chlorite (fi9.

6.LZ). Variatìon in the position of the 2.34pm absorption minimum also

occurs, but is easi'ly accounted for by the influence of other minerals

with spectraì features in the same region.

As the CSIR0/MXY spectral reference collection includes chlorites

of varying composition (main'ly Fe and Mg contents), they were examined

for any systematic trends i n the wavel engths of thei r absorption

features. No obvious trends were evident.

Hayashi and 0i numa (1967) reported resul ts from a study of

chlorìtes using absorption spectroscopy in the 3pm region. Thein data

show up to a 0.015pm (15nm) shift of Fe-chlorite absorption features to
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horter wavel enqths wi th i ncreasi ng Mq-content. This finding iss

consistent with theoretical considerations of bond lengths (and

therefore vibration frequencies), relative to atomic weights of the

elements involved. It is not unreasonable to expect a similar trend in

the 2.0 to 2.5pm region with reflectance spectroscopy. Indeed, similar

effects are seen in this region with, for instance, the carbonates.

So far there has not been a systematic study of the positions of

absorption features of chlorites from Kamba'lda, or any other region,

relative to their magnesium contents. Such a study could provide some

extremeìy subtle mineralogical information from remotely sensed data.*

6.8

6 .8.1

Ai rborne Spectrometer Data

Acquisition

A total of eighteen lines was flown on 30 September, 1982 in the

Kambalda region. 0f these lines, two were located on Lake Lefroy, and

could be used in the future for modeìling of reflectance. Two more

flight lines, including one in the Bìuebush area, did not pass over

their respective target zones, and will not be considered here.0f the

remaining fourteen lÍnes, one (K1) is located over the southern portion

of Kambalda Dome, seven K2-K7 and K14) were flown over the St Ives

region, five (f8-ftO, KllWest and KllEast) are located over the Trarnvlays

region, and one (K13) was flown over the Democrat area (see Fig. 6.1).

All lines were flown between L:20 pm and 3:00 Pffi, with zero cloud cover

giving near perfect conditions.

* 
Recent work by the author in collaboratio

Darl'ing Downs College of Advanced Education
a systematic migration to shorter wavelength
features in the 2.26 and Zl55-micrometre reg
magnesium content.

n with Dr. R. McLeod of the
has confi rmed that there i s
s of chlorite absorption
ions with increasing
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6.8.2 Analysis of radiance data - 'first-order' effects

Each flight ìine mean radiance spectrum is depicted in Figs. 6.13a-

n. Like the Mt Turner airborne radiance spectra, they are dominated by

atmospheric features. Unl ike Mt Turner, however, there are no

noticeable differences in the depth of the absorption in the 2.Zp,n

region.

Exam'ination of radiance data for effects due to absorption by

mi neral s 'i n the 2 .3pm regi on ( important at Kambal da, w'i th ta'l c ,

chlorite, amphibole, epidote, diopside and antigorite falling into this

category) shows that the effects are very subtle. Figure 6.14a depicts

an averaged radiance spectrum from an area with no significant

mineralogy to produce absorption features, while a similar'ly derived

radiance spectrum from a talc-rich zone is plotted below'it (flg.

6.14b). The absorption effects due to talc are subtle, and certain'ly

much weaker than many examples of 2.3pm absorption reported in the

literature (Collins et ôì., 1981). It is only when the log residual

technique (chapter 3) is applied that talc features become apparent

(ris. 6.14d).

6.8.3 Ana'lysis of log residua'l images -'second-' and'third-order'

effects

Log residuals remove ubiquitous spectra'l features from the data.

Hence, extensive mineralogical features and some of the effects due to

widespread vegetation cover are effectiveìy excluded.

Figures 6.15a-d depict the log residua'ls, in image format, from

flight line K2. As with Mt Turner, there are some obvious trends, or
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second-order effects present in the data. Interpretation at this stage

involved the deìineation, along a flight line, of boundaries between

bl ocks, whi ch appeared to be coherent. The data between these

boundaries were averaged, and the bìock averages plotted. Visual

examination of these pìots aided the interpretation, which proceeded by

alìocating the blocks into one of a number of types, based on their

spectral properties. Third-order effects are determined by interpreting

a plot of the average spectrum for each block.

6.8.3.1. Type l sPectra

The spectrally most distinct areas are those over salt lakes, cìay

pans, and highly disturbed areas (such as mullock heaps). During the

survey there was considerabìe moisture in the salt lakes, with inches of

water standing in some areas. The combination of very bright halite

with water produces some unusual spectral effects. In the visible

region (up to 0.7pm) the halite produces extremely high radiance va'lues,

which at times saturated the instrument's detectors. The resultant

large log residual values appear as bright red patches in the image

presentation. In contrast, the near-infrared wavelengths (0.7 to 1.lpm)

are almost totaìly absorbed by the water, producing extremeìy low log

residual values, and dark blue patches in the image presentation (fig.

6.15d, blocks 20, 22 and 26\. Very wet areas affect the SWIR similarly,

extremeìy low radiance values, caused by broadening of the 1.9 and 2.Spm

water absorption bands, lowering the radiance over the entire portion of

the SWIR spectrum recorded. However, in some places, where the moisture

content is lower, there is sufficient energy available between the two

nrajor water absorption mi nima to generate moderate to hi gh 'log resi dua'l

values in the 2.2¡n region. Figure 6.16b depicts the ìaboratory
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reflectance spectrum of a halite sample collected from Lake Lefroy. The

moisture content is low, resulting in s'ignificant reflectance in the

Z.Zp"n region. Over some sections of salt ìake, a shallow absorption

feature at 2.25p,n was detected in airborne data Fig. 6.16a). An

identical structure has been noted by Hunt et al. 0972)' and is

attributed to water absorption by fluid inclusions within the halite.

At Kambalda, sìmilar features are present in the airborne data acquired

over mullock heaps at mine workings, and in some areas where transported

dune sands predominate. 0f five XRD analyses of dune sands, one showed

an appreciable halite content. ldMC personneì (0. Quick' pers. comm.,

1983) have noted that extremely saline groundwater in the mines often

results in a coating of salts on excavated rocks dumped on mullock

heaps. It therefore seems reasonable that halite ís responsible for

many of these shallow 2.25¡n absorption features. Type 1 spectra make

an insignificant contribution to knowledge of the residual geo'logy.

6.8.3.2 Type 2 spectra

The most obvious characteristic of type 2 spectra is the absence of

strong absorpt'ion features'in the SWIR data. Subsequent fie'ld checking

has estabìished that this characteristic genera'lly reflects one of the

fundamental sub-divisions discussed in Section 6.4. Ívlost of the

transported material in the area comprises aeolian sands, whose XRD

ana'lyses have shown quartz to be the overwhe'lmi ng component. Mí nor

albite, ca'lcite, haematite, hal ite and kaol in are the other mineral s

that may be present. However, of these components, onìy calcite and

kaol i n are capab'le of produc'ing strong absorption features i n the SWIR

region (calcite, as calcrete, produces unusual absonption features at

Kambaìda - see Sections 6.7.2 and 6.9.3.4). Thus, transported material
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generaìly lacks strong absorption features in the SWIR, and this is

mirrored in the airborne data.

6.8.3.3 Type 3 spectra

In contrast to Type 2 spectra, areas exhibiting significant

absorption features in the Sl.lIR are generaìly related to residual

material. Remnants of lateritic duricrusts, for instance, tend to

exhibit strong doubl et absorption features in the 2.L7 and 2.22¡n

regions, the shapes of which indicate the presence of kao'lin (Fig.

6.17). The residuaì weathered material derived from mafic and

ultramafic rocks tends to produce absorption features'in the region from

2.3pm to ìonger wavelengths. In the Kambalda area this iS, therefore,

by far the most 'important region of the spectrum. From the log residual

images, spectra with these 2.3pm features can be further sub divided

into two groups.

The fi rst group compri ses spectra wi th a qu'i te sharp, deep

absorption f eature at 2.32pn, and a second, weaker feature at 2 .39¡rm.

These features are al so vi si bl e on the I og resi dual images

(fig.6.15b). Figure 6.18 is the plot of a block mean from run Kz

(sampìes 455 to 496). The spectral structure cìoseìy matches that of

talc (see Fig. 2.6\.

The second group contai ns more vari abl e spectra, which makes

interpretat'ion more difficult. Examination of all of the block means

from this group indicates that the absorption features are often similar

to those of chlorite (refer agaìn to Fig. 2.6\, but other minerals

( certai nly amphi bo'l e and tal c, and probably epi dote) are al so

contributing to the spectral response. However, at this level of
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interpretation (examination of log residual images), these effects are

not aìways separable. Hence, this group is treated as a single entity

for the moment, and these effects are attributed to'mafic'minerals.

Separation i nto component mi neral s (by exami nation of i ndividual

spectra) can be regarded as utilisation of 'third-order' variations (see

6.e.3.4).

Apart from one major exception, areas with stronq SI,rlIR absorption

features are therefore indicative of the presence of residual material

in the Kambalda region.

6.8.3.4 Type 4 Spectra

The major exception to the categorisation described above is due to

the pattern exhibited by calcrete. The calcretes encountered in the

Kambalda area are often most prominent in borrow pits, and other

disturbed areas. XRD anaìyses indicate caìcite, and hand specimens

readiìy effervesce when acid is applied. However, airborne data, like

laboratory spectra of the hand specimens, usuaìly show calcrete-rich

areas as havìng a 2.I7 and 2.2¡:"n doublet, characteristic of kaoìin,

rather than the 2.34pm absorption feature of calcite'

Table 6.2 summarises second-order effects interpretab'le from log

residuaì image data.

6.8.4 Interpretation of data from flight line K2

The interpretatjons of the different spectra generated by averaging

coherent blocks of data from fìight line KZ are presented in Appendix

IX, enabling an evaluation of the amount of spectral information (and
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Tabìe 6.2 Second-order effects interpreted from images of Kambalda airborne log resÍdual data.

Þ
Ol

Type t Type 2 Type 3 Type 3 (Taìc) Type 3 (Mafic) Type 3 (Kaolin) Type 4 (Kaoìin)

VNIR Response Extremeìy high values

to 0.7¡rm, extremeìy

ìow vaìues beyond

0 . 7¡rm ( due to water )

Lower values in the

0.4 to 0.7pm range

than the 0.7 to 1.1

pm regron

Generally lower values

in the 0.7 to 1.l¡rm

region than in the 0.4

to 0.7pm range

General ly hi gher

values in the

0.7 to 1.1¡rm

region than in
0 . 7¡rm ra nge

Sl,/lR Response Generaììy ìow. May

have subtle 2.25pm

ab sorpti on

Absence of strong

absorption features
Strong absorption

feature s

2.32¡rm absorption,
strong and narrorv.

2.38pn secondary

featu re

Absorption in the

region ìonger than

2.3pm

2.L7 & 2.2pn

absorption doublet

Strong 2.16 to
2.2pm absorption

doubl et

Al bedo VNIR high, SWIR low Moderate Moderate to ìow l'loderate to hi gh

Veg. Index Very 1ow Moderate to high Moderate to low I'loderate to hi gh

Cause of
spectral
effects

Salt lakes, generaììy

wet halite. Halite
in drier areas, and in
dune sands, on mullock

heaps

Generaì ìy transported
material, dominated

by quartz sands.

Vegetati on

Residual material,
outcrop, float and

residual soils derived

from Archaean precursors

Talc, derived from

weatheri ng of
al tered ul tramafics

Contributions by

chìorite, amphibole

tal c, epi dote

(antigorite ? and

di opsi de? ) . Deri ved

from ultramafic and

mafic precursors.

Can be sub-divided.

Kaol in, associated

with lateritic
i ronstone remnants

Kaolin (?), as

fineìy crystaììine
coati ng on

ca l c rete nodul es?



variation) present within a typica'l fìight line. It also gives an

appreciation of some of the difficulties inherent in the interpretation

of log residual spectra. l,Jhat, for instance, does a 'ramp' spectrum

(increasing log residual values from shorter to ìonger wavelengths)

represent? The answer lies in identification of the spectraì content of

the flight line mean, a task beyond the capabilities of available

software.

For many of the blocks discussed in Appendix IX there are three

separate spectral graphs. The first graph plots the log residual data

over a minimum range on the y-axis, a'l'lowing the most accurate

determination of the shape of individual spectra, hence the best chance

of assigning the correct mineralogy. The second set of plots presents

the same information on a constant y-axis sca'le, thus facil itating

assessment of the relative strength of absorption features a'long a

flight line. Finaì'ly, laboratory spectra of samples collected from each

block, and thei r XRD anaìyses, are al so presented for compari son

wherever they are available.

6.8.5 Significant airborne spectra

Some aspects of the more important spectraì types are discussed in

the fol'lowing sections, with particular reference to their correlation

with ground truth.

6.8.5.1. Talc spectra

¡¡ith very few exceptions the ultramafic units are identified by the

presence of talc spectra. It is especiaì1y notable that many of the

tal c-ri ch areas def i ned by the spectraì data agree weì I wi th the

t47



interpreted boundaries. These areas are generally much more extensjve

than the accumul ations of float or outcrop that can be mapped,

suggesting extens'ive areas of residual soiìs developed from ultramafics

in the areas covered. XRD analyses, and laboratory reflectance spectra

of soil samples (see Section 6.7) support this interpretation.

gne example of such a talc-rich soil comes from fìight line K9.

Here the soil is partia'lly covered by lichen (fig. 6.19a), but XRD

anaìysi s of exposed portions of the soil (at pixel 202) gave the

composition: 447" quartz, 25% ta'lc, 15% albite, I47o chlorite, 2%

dolomite, and l% calcite. The averaged 1og residua'l spectrum of pixels

201 to 203 shows a strong tal c si gna'l (f i g. 6.19b) .

6.8.5.2'Mafic' Spectra

A good agreement between spectral properties and geoìogy is also

evident with mafic spectra. The footwa'lI and hangingwaì1 basalts, with

an amphibole/chlorite mineralogy, comprise the majority of the rocks ìn

this category.

In most instances mafiC signatures occur over, or between, mapped

outcrops, but, in contrast to talc signatures, they are genera'lly not

recorded over much of the other ground between interpreted boundaries.

In many cases the presence of transported sands or lateritic material

effectively obscures any residual mafic minerals that may be present.

However, there are a few instances where this ìs not the case.

6.8.5.3 Kaolin SPectra

Kaolin spectra are difficult to separate from some type 2 spectra
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( an absence of strong features) because the two groups tend to

overìap. For this reason on'ly the strongest kaolin spectra have been

i ncl uded 'i n the i nterpreti ve f i gures.

The most common cause of thi s spectra'l response i s 'l ateri te, wi th

duricrust or significant accumulations of ironstone float both producìng

kaolin features (see again F'ig. 6.17).

6.8.6 Distribution of mineralogy interpreted from 'second- and third-

order'effects

Interpretation of second- and third-order effects from all flìght

lines being considered at Kambalda is presented as overìays to Figs.

6 ,20 & 6.21, and j n Fi gs. 6.22a&b. The sol i d boundari es on Fi gs. 6.20

and 6.21, compi'led from 1:7500 map sheets by l^lMC' represent areas with

significant accumulations of float or outcrop. The low percentage of

mappable material is evjdent on this presentation. The dashed lines are

interpreted boundaries, determined by I^IMC using considerable dril'ling

and geophysica'l data acquired over a period of 15 years, in addition to

the outcrop mapS.

6.8.6.1. St. Ives

0f the seven f'l ight I ines in the St Ives area, six intersect

ul tramafic units (fig. 6.20).

At first sight there are two notable exceptions (on flight lines K5

and K6) to the extremely good definit'ion of ultramafic units by the

di str.ibuti on of tal c. Fi gure 6.20 shows that kaol i n s'i gnal s have been

detected i n the ai rborne data where the fl i ght I i nes cross the
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ultramafic horizon near Foster Mine. However, field checking revealed

that the flight lines pass over lateritic float rather than talc-rich

ultramafic rocks in this area. Laboratory reflectance measurements

produce characteristic kaolin features, in agreement with the airborne

measurements.

0f the remaining flight lines, a1l except line K3 show a better

correlation with the interpreted ultramafic boundaries than with the

ma d areas of outcro float. Thus, even in the St lves area, where

outcrop is reasonab'ly good, there are still additional indications of

talc in residual soils. Along line K3 the distribution of taìc spectra

matches the mapp ed outcroo fairly well.

The resuìt is almost as impressive for the distribution of mafic

spectra. These spectra are aìways obtained over mapped areas of

outcrop, and, 'in a few areas, there are indications of mafic minerals

elsewhere (around pixel 300 on line K2, pixeìs 150-190 on line K14, and

several areas on I ines K4, K7 and K5) . In addition, there are

indications of variations in the mineralogy of the basalts, with

diagnostic spectral features for various comb'inations of the minerals

chìorite, amphibole and epidote in evidence (fi9. 6.20).

There is one area where the intersection of flight lines K2 and K4

produces s'l ightly different spectral features (chlorite-amphibole versus

amphiboìe-epidote). This effect may be because the signature

interpreted is the average of an entire block of spectra. It i s

conceivable that d'ifferent minerals could dominate the spectra of each

of the bìocks.
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6.8.6.? Tramways

gutcrop at Tramways is minimal, and there are on'ly minor basalt

occurrences, and scattered accumulations of ultramafic float (Fi9.

6.2I1. There are, not surprisingly, few indications of mafic

mineralogy, those that do exist occurring over known outcrop, with the

exception of a few pixels around 270 on line K9. However, the

occurrence of talc in the soil is detected extremeìy wel'1, with

extens'i ve areas mapped oVer I i nes K11t^l and K9 , i n parti cul ar. Mi nor

occurrences are also evident on lines K8 and K10. The result is an

indication of talc distribution dramatically better than given by

mapping a1one.

The other common mi neral detected i s kaol i n, due to numerous

accumulations of lateritic float in the area.

6.8.6.3 Kambaìda Dome

The i nterpretation of resul ts from the si ngl e I i ne fl own over

Kambal da Dome i s depi cted i n Fi g. 6.22a. The mi nera'logy i nterpreted

from airborne data appears on the top segment of both Figs. 6.22a&b.

The geo'logy as mapped by IrJMC appears i n the mi dd'l e, and the bottom

segment indicates the percentage of outcrop or float present. The

results from Kambalda Dome are good, despite significant cultural

disturbance in the area. The spectra are, however, displaced relative

to the geology. At the eastern end of the line this shift is primarily

a funct'ion of the instrument to camera aìignment, but at the western end

it is a geomorphoìogicaì effect, movement of the surface material

downslope obsuring the outcrop below oñ, which the geological map is

based. Note that the footwall basalf (90% outcrop) is sub-divided by
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the spectral signatures into a chlorite zone and an amphibole/chlorite

zone, separated by a small region of 'background' spectra. Strong ta]c

and talc/chlorite signatures are in evidence on both sides of the

'Domg' .

6.8.6.4 Democrat

The single line over the Democrat region traverses ultramafics,

acid intrusive, basaìts, sedinents, and the mafic intrusions. Surface

expression is generalìy poor to very poor, with only mafic intrusives

having appreciabìe outcrop. Nevertheless, talc signatures from residual

soìls are in evidence near the start of the line (fig. 6.22b). Kaolin

s.ignatures are common over the weathered acid intrusive, and a small

ultramafjc unit between pixe'ls 240 and 260 is also detected, again due

to talc in residual soils. A variety of minera'log¡t is interpreted from

the areas of mafic intrusive, including amphibole/chlorite, chlorite,

and amphi bol e/epi dote.

6 .8.7 0ther anaìysi s techni ques

Several other techniques have been applied to ana'lyse the airborne

spectrometer data. Tchebychev ana'lysis ís the technique favoured by

Collins (Collins et aì., 1981, GER, 1983) ¡ut it suffers from the

disadvantage that the effects of a particular mineral assemblage on the

Tchebychev coefficients are not easily determined. As a technique for

separating areas with 2.?¡ñ absorption features from 2.3pm absorption

features it is relative'ly useful, but the same goal is achieved by

examination of log residual images. For the separation of subtle

spectraì differences, classification techniques (as used for Mt Turner),
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and a combination of carefully chosen narrotJ band data, are often more

successfu'|, and always easier to understand.

Figures 6.23a&b depict the resuìts of ratioing a number of narrotr

bands and pìotting their variation a'long flight line K2. The wavelength

intervals for these data were chosen by examination of the log residual

images (fig. 6.15a-d), but the values themselves were calculated from

radiance data. The various combinations of bands were designed to

maximise the information in the 2.3pm regìon, the most important

spectraì interval at Kambalda.

Figure 6.23a is the ratio of the integrated interval from 2.3018 to

2.3276¡n with a 2.2L58 to 2.3018pm band. The first interval is centred

on talc's major absorption feature, whiìst the second lies in an area

where few minerals absorb energy. Any mineral with absorption features

in the 2.3pm region should therefore give low values for this ratio.

Four such areas are evident on the p'lot. It should be noted that these

areas agree very well with the boundaries superimposed on all figures.

(These are the boundaries interpreted from the log residual image, and

the p'lots of their mean spectraì response appear in Appendix VIII.) As

one might expect, the two areas known to contain talc have the lowest

ratio values, whiìe the values from the chlorÍte and amphibole-rich

areas are closer to background.

The second plot (fig.6.23b) is a ratio of the same narrow'talc'

band wjth a thi rd band immed j ateìy adiacent to i t, on the 'long

wavelength side. The purpose of this ratio is to differentiate the

extremely narrow tal c absorpti on feature from broader absorption

features, or features that are centred on ìonger wavelengths due to

other minerals. In this presentation, the area containing most talc

153



(pixels 456-495) differs most from background. The second area (pÍxels

366-398) containing talc, as part of a talc-chlorite mixture, is still
outlined, but is closer to background values than the first area. This

change is due to the greater breadth of its maior absorption feature,

and the fact that it is centred on 2.33pm. A small part of a third

block (near pixe'l 300 of the 278-328 region) also exhibits lower-than-

background vaìues, indicating that there may be some contribution from a

mineral with narrow 2.32¡n absorption features (amphibole?) in this

area.

Figure 6.24a is a p'lot of the log residual values in the 2.3018 to

2.3276p,n (talc) band. Because the log residuaì process has been applied

to these data, the values in this band reflect the relative depths of

absorption features a'long a flight line. Again, as one might expect,

the talc-rich areas exhibit the deepest absorption features.

From the 'information contained in these p'lots, the value of narrow-

band scanner imagery can be inferred. With carefuìly chosen bands there

should be no prob'lem differentiating talc from mafic mineraìs, and, to

some extent, separating areas dominated by different mafic assemblages.

In contrast

system (such as

6.24b) .

information available from

thematic mapper) is much

a broad-band scanner

less definitive (fig.
the

the

6.9 Comparison of Airborne and Laboratory Spectra

At thi s stage, preci se compari son of ai rborne and 1 aboratory

spectra is impossible. The different units (radiance for airborne data,
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reflectance in the laboratory) and the vastìy different fieìds-of-view,

prec'l ude such comPari son.

However the data have shown in the case of fìight line K2, that

many laboratory spectraì features are duplicated in the airborne data

(see Appendix IX), particular'ly where the airborne log residuals show

strong spectraì features over talc-rich ultramafic terrain. There are

minor problems in matching some of the 2.2p"n absorption features which

are in the airborne data because they are sometimes disp'laced to either

side relative to laboratory spectra. This effect is attributed to the

presence of materi al ( hal i te, vegetation, etc. ) that has not been

included in the samp'les for laboratory measurement. Field spectral

measurement is required to pin-point the source of some of these

vari ati o ns .

There are al so probl ems i n compari ng two data sets wi th very

different noise levels. The laboratory data have high signal-to-noise

ratios, while the'log residuals (being residuals) are very noisy in many

cases. However, it is notable that some very minor features (for

instance the shoulder at 2.30pm on talc's maior absorption feature)

consistently appear in association with other diagnostic features - even

thouqh they often appear to be below the noi se ìevel s. Future

instruments shouìd, therefore, be as sensitive as possible in order to

maximise the detection of subtle, but significant, residual features,

and at the same time minimise channel-to-channel variations.
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6.10 Summary

The aim of the project at Kambalda was to differentiate spectral

effects due to weatheri ng and so'i I transport from the primary

mineralogical effects due to Archaean rocks, and to identify the latter.

Variations in corrected Sl,lIR airborne radiance data produce first-

order effects, but this form of the data is dominated by atmospheric

absorption features. In a similar - but unweathered - geoìogical

environment, first-order variations may be sufficient to delineate much

of the mineraìogy. However, at Kambalda (as with Mt Turner), this is

not the case, ubiquitous weathering products tending to suppress mineral

absorption features. Laboratory measurement of individual weathered

samp'les shows that characteristic spectra'l features are still present in

many cases, but too weak to over-ride the atmospheric effects found in

radiance data.

The ìogarithmic procedure was used to correct radiance data

albedo and atmospheric variations. The resultant'log residuaìs'

presented in an image format. In this form coherent blocks of

(with a similar spectral response) can be easily delineated.

for

were

data

Transported material (mainly quartz as dune sand) generaì1y has a

subdued spectral response, vegetation often contribut'ing much of the

si gna'l . It i s therefore the absence of strong mi neral absorption

features that tends to characterise this material. In future studies

MIR data should provide more direct information about the mineralogy of

the transported material.

Various materia'ls produce moderate to strong absorption features in

the sl,llR. In the 2.2¡ñ region kaol in features are common at Kambalda,
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but particu'larìy strong over laterite and calcrete accumulations. Both

laboratory and a'irborne data show that calcrete does not have the

expected absorption features of calcite, and this is attributed to the

presence of kaol'in coating individuaì calcrete nodules, which suppresses

the calcite spectral features.

Mafic and ultramafic rocks of the Kambalda sequence are easily

differentiated from other material by the presence of strong log-

residual absorption features in the 2.3þrm region. Several techniques,

inc'luding log residual images, band ratios and Tchebychev analysis, are

capabì e of hì ghì i ght'i ng thi s di stÍ nction. However, di scrimi nation of

spectraì effects due to i ndi vi dual mi neral s requi res much cl oser

scrutiny of the data. Detailed examination of ìog residual images, and

pìots of block means derived from them, alìow sub-division of the data

on the basis of spectral shape and the precise location of absorption

mi nima.

Talc-carbonate altered ultramafics are dominated by taìc, which has

a very characteristic spectrum. Examination of spectra'l pìots from

airborne data allows the discrimination of talc-rich areas from

assemblages of other 'mafic' mineraìs. Furthermore, the influence of a

number of different mafic minerals can be seen in the block means. The

detection of taìc, in particul ar, is significant in the context of

regionaì expìoration. The distribution of talc as determined from

airborne data js much more extensive than mapped outcrop, indicating a

significant component of talc in residual soils. In general, the talc

di stri but ion matches i nterPreted I i thol ogic boundari es better than

outcrop distribution, with one area of talc-chlorite outlined beyond the
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area of mapped ultramafics. Mineral assemblages more characteristic of

mafic rocks are usualìy easiìy differentiated from talc, although there

is some overìap. Variations in the minera'logy of basalts are also

detectable Ín the airborne data, with amphiboìe, chlorite and epidote

all producing noticeable spectral features.

The importance of ground-truth, i n the form of spectral

measurements i n ei ther the fi el d or the 'l aboratory, cannot be

overemphasised - especiaìly given the current paucity of knowledge of

the spectral properties of Australian terrain. The interpretation of

the Kambalda airborne data set would inevitab'ly have been much less

detailed without the laboratory spectra.

Laboratory spectra measured from samples collected along the flight

I i nes agree cì osely wi th ai rborne data i n most cases, âl though

additional information is often available from these data. Laboratory

spectra may a'lso provide information on the composition of chlorites.

From the limited data presented, it seems that a reduction in

spectral resolution (for instance as required for many scanners) will

inevitably result in the loss of some subtle mineralogical information,

even i f the i nstrument has very narrow bandS. However, careful

sel ection of bands based on detai I ed spectral measurements shoul d

minimise this loss. The advantages of a two-dimensional coverage of

spectraì data at Kambalda may outweigh this disadvantage.

0f more concern is the level of information that could be extracted

from Landsat D, TM imagery (or data from similar broad-band airborne

instuments). The differentiation of kaolin-rich areas from Archaean
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rocks would be difficult with the broad-band information available Ín

the SI,JI R. The di f ferenti ati on of more subtl e mi neral ogi cal vari ati ons

(such as ultramafic from mafic rocks) will be correspondingly rnore

difficult. However, this assessment does not take into account the

amount of information availabìe from other portions of the spectrum, and

the advantages of an imaging system. In many cases Landsat MSS data,

for instance, have surpassed expectations based on known spectra'l

properties of the area under study.

As with Mt Turner, the Kambalda study confirms the ability of high-

resol utíon spectrometer data to map si gni fi cant mi neral ogi es i n

economica'lìy important terrain. The detection of talc-rich zones

characteri stic of tal c-carbonate al tered ul tramafÍcs woul d be

particuìarly significant in the context of a regional exp'loration

program. However, the effects of weatheri ng mean that careful

processing and interpretation techniques are necessary to maximise the

utility of the data.

¡lith careful positioning of bandpasses, and use of the correct

processing techniques, the identification of ul tramafic, mafic and

f el si c I i thol ogi es shoul d al so be possi b'l e usi ng hi gh qual i ty narrour-

band scanner imagery. Broad-band systems (such as the Thematic Mapper)

will not achieve the same level of discrimination.
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CHAPTER 7 FORTESCUE GROUP BASIC VOLCANICS, HAMERSLEY BASIN, WESTERN

AUSTRAL IA

7.t Introduction

This chapter describes a pilot study evaluating the potentia'l of

high-resolution spectral data for discriminating and identifying

mineralogical variation within a basic volcanic rock suite. The samp'les

studied come from the Fortescue Group of the Hamers'ley Basin, which

falls between latitudes 2I" to 23o30'S, and ìongÍtudes 116"30'to

120'30' E.

Previous Landsat MSS investigation has discriminated ìarge areas of

metasomatic, hydrothermal al teration in some areas of the basic

volcanics (Smith et al., 1978). The present study has two specific

aims. The first is to examine high-resolution VNIR spectra of rock

sampìes from the area, aììowing an assessment of the contributíon by

outcrop to the Landsat MSS response. Secondly, high-resolution Sl,lIR and

MIR reflectance spectra are interpreted to identify spectral responses

i n other wavel ength regi ons. These responses may assi st i n

discriminating and identifying metasomatic alteration mineraìs, and

mi neral ogi cal vari ati ons due to varyi ng grades of regi onal buri al

metamorphi sm.

The study incìudes laboratory measurement, and interpretation, of

VNIR and StllIR reflectance spectra of samples whose minera'logy has been

determined by thin section examination. MIR laser reflectance

measurements were also obtained, and interpreted.
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7 .? Regi ona'l Geol ogi ca'l Setti ng

With an area exceeding 100,000 km2, the Archaean* Hamersley Basin

forms one of the major geologicaì features of Western Australia. The

stratigraphy is summarised by Trendall (1975, L979). The Mount Bruce

Supergroup is the major component of the basin, and comprises the

Fortescue, Hamersley and Turee Creek Groups.

The Fortescue Group, the subiect of this study, is the o'ldest of

the three groups. The main constituents are basic to intermediate

volcanics, with some quartz sandstone and arkose at the base, and shale,

minor fels'ic volcanics and iaspilite near the top. It reaches a maximum

thíckness of 4500m in the southern portion of the basin, but Ís much

thinner (360m) in the north, near Nullagine (de la Hunty,1963).

The Hamersl ey Group, whi ch succeeds the Fortescue Group, i s

dominated by chemical sediments (iaspilites and dolomites) accumulated

under very stable condítions. There are three major Iron Formations

(mainly jaspilite) which form a major reserve of iron ore.

The youngest conformable group in the Hamersley Basin is the Turee

Creek Group. It is present only in the southern port'ion of the basín.

Figure 7.L shows the distribution of these major components of the

Hamersìey Basin.

The overall structure of the basin is that of an asymmetric

sync'line. Dips are gent'le (5" to 10" southwards) in the north, becoming

progressively steeper to the south. DÍps of 45'to 60" (to the north)

*Once considered a typical Proterozoic basin, recent geochrono'lo-
gicaì work has shown a preferred age for inÍtiation of the basin of
ábout 275}ny, making it Archaean (Trendalì, 1983).
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are common near the basin axis, and on the southern margin of the basin,

near vertical and ìocally overturned limbs are present (Smith et al.,

1982 ) .

7.2.t The Fortescue GrouP

Deposition of the Fortescue Group vras initiated around 2750 my ago

(Trendalì, 1983). There trere four main eruptive phases, separated by

periods of volcanic quiescence when sediments accumulated. The eight

recognised formations are in Table 7.1 (after Hickman,19B3) below:

Tabìe 7.1 Formations of the Fortescue Group

7.3 Metamorphic Setting

Smith et al. (1982) showed that the Hamersley Basin has

subjected to regional metamorphism due to subsidence and burial.

been

Thi s

Formation Name Consti tuti on

Top

Bottom

Jerrinah FormatÍon

Maddí na Basal t
Kuruna Si I tstone

Nymeri na Basal t
Tumbi ana Formati on

Ky1 ena Basal t
Hardey Sandstone

Mount Roe Basal t

sandstones, siìtstones, shales, cherts

basal ts and andesi tes

sandstones, si I tstones, shal e ( I ocal )

basal ts, mi nor pyroc'lasti cs, sediments

tuffs and carbonates

basalts and andesites

sandstones, conglomerates, minor shale

basalts and andesites

r62



metamorphism describes a process whereby water-laden sequences are

buried and heated. An increase in burial depth leads to a progression

in metamorphic grade from prehnite-pumpellyite, through pumpellyite-

actinolite and to greenschist facies as a function of associated thermal

effects. Because of the role of expelled water, metasomatic alteration

can also result, particu'larly in permeable parts of the sequence. Smith

et al. (1978) have shown that, during regional burial metamorphÍsm,

extensive metasomatism has affected the volcanic pile in the Hamersley

Basin. Thi s process is conspicuously expressed in mineralogicaì

variations mainly within the volcanic rocks of the Fortescue Group.

Smith et al. (1982) have shown that individual, relative'ly

homogeneous lava flows have subsequently become markedly heterogeneous

due to changes in rock chemistry and concomittant metamorphic minera'l

associations. This heterogeneity is most marked in, and adiacent to,

the scoriaceous flow tops and volcanic breccÍa horizons (fig. 7.2).

These rocks had suffi ci ent permeabi 1 i ty to al I ow the passage of

metamorphogenic fluids. In contrast, the central' more massive, parts

of individual flows are the least altered. Figure 7.3 (after Smith et

ô1., I}BZ) illustrates the amount of variation in silica and iron for

two typical flows. Whjle the massive, central parts of flows are

relatively uniform, f'low tops show a scatter of rock composition, a

marked loss of Fê, Mg, Nô, K, Mrì, Rb, Bâ, SF, Pb and Rare Earth

Elements, and a gain in Si, Ca and, in some samples,41.

Smith _e!__g]_. (1982) have also shown that the depth of burial has

varied significantly across the Hamersley Basin, leading to the

formation of four reasonably well-defined metamorphic zones Q't to Z'

IV). Zones Z-I and Z-II fall within the prehnite-pumpe'llyite facies, Z-
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III within the pumpeìlyite-actinolite facies and Z-IV in the greenschist

facies. The boundaries of these metamorphic zones are shown on Fig.

7.4, along with the location of sampìes used for this study.

The mineralogy of basic volcanic samples from the area will thus

depend on both metasomatic effects and metamorphic effects, ìeading to

some quite complex mineralogica'l variations. In an attempt to simpìify

description of these effects Smith et al. (1982) introduced a

termi no'logy that will also be used here. Relict domain is used for

those massive parts of flows in which the origÍnal magmatic minera'logy

dominates, and the effects of rnetamorphic/metasomatic alteration are

smaìlest. Beyond about late Z-IIL, this is no longer an appropriate

term because of metamorphic equilibration. Uniform metadomain (denoting

a relative'ly uniform bulk mineralogy and, where tested, rock composition

, and therefore minimal metasomatism) is then used instead. The hetero-

geneous metasomaticalìy altered portions of flows are comprised of

various types of metadomai ns that are named from the domi nant

metasomatic mineral species (e.g.pumpellyite-rich metadomain, epidote-

ri ch metadomai n, etc . ) .

The mineralogical varÍation found by Smith et al. (1982) in each of

the metamorphic zones Z-I to Z-IV is described in sections 7.3.1 to

7.3.4 respectiveìy, with emphasis on the mineralogy of the samples used

for this study. Table 7.2 summarises the mineralogy and includes a key

to the abbreviations of mineral names used below.

7 .3.L Zone I - prehnite-pumpe'l'lyite zone

In flow tops a complete range exists between pumpel'lyite-rìch'

albitised rocks and silicified metasomaticalìy aìtered rocks. Prehnite
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Table 7.2 Summary of mineraìogic variation nith metamorphìc grade in Fortescue Goup rocks (based on

datô from Snith et al', 1982).

Ot('l

Abbreviation Mi neral name

pu pumpel lyi te

Formul a

ca4(Mg,Fe2+,Mn) (Al,Fe3+, Ti )50(0H)3.-

ISi020712 [si04J2.2H2o
si 02

ca2Al2(Si20is)(0H)2

Na(Alsi30s)

Mg¡ ( si¿oro) (oH)2 Ms3(oH)6

CaTi0 (Si04)

Ca(Ms,Fe,Aì )(Si,Al )2 06

CaAl 2Si 209

CaC03

ca2Fe3+At zo. oHIsi 207] t si 04l

Ca2(Ms,Fe)5 ( sis022) (0H)2

Unique Spectraì ResPonse
VNIR SWIR MIR

x/?

qtz

pr

ab

chì

sph

cpx

ca plag

cc

epl

act

qua rtz
prehni te

albite
chl ori te

sphene

cl i nopyroxene

caìcic pl agiocl ase

calcite
epi dote

acti nol i te

?

x

x

x

x

X

X

x

X

x

x

x

x

x

x

x

x

Relict domainTrans i ti onMeta domai n

ab+epi+act+sph common

As above

pr+pu+chì t I cpxJ

c omm0n

Z-III

-II

-I

IV epi+act+chl+access cc

domai nUni form

As above, but with act'
Becomes Uniform Metadomain

Ica pì ag+gp¡]+chl+sphtcc

t trace Pu

lca pìag+qtzJ+chl+sph

As above, but with act.

Epidote assemglages more common

epi+qtz+trace sph

pu+qtz

ab+qtz+ch'l

ab+qtz+pu+chl +sph

As above, but with ePi

epi+qtz+trace pu+sph

ab+[ c px] +qtz+ch l +ac t+tr. epi +pr

ab+chl +acttprtepiisph



is widespread as a minor or trace phase, but epidote is entireìy absent

from Z-I. Assemblages present in the suite of rocks used for this study

are pu + gtz, ab + qtz + pu + chl + sph, ab + qtz + chl (see Table

7.2). Rocks from the transition between the flow top and the massive

central part of a fl ow contai n the assembl age pr + pu + chl t lcpx]

(nelict phases are enclosed [ ]). In the more massive, centraì parts of

flows relict phases dominate, with the assemb'lages [ca plag + cpx]+ chl

+ sph + cc + trace pu and lca p'l ag + qtzJ + chl + sph.

7 .3 .2 Zone I I - prehni te-pumpel 'lyi te-epi dote zone

At the commencement of this zone, trace amounts of epidote occur

either in the groundmass or in part'ly a'ltered pìagioclase grains. About

half-way through the zone, epidote-rich metadomaÍns become particular'ly

conspicuous. The single Z-ÍI sample used in this study is from one of

these metadomains, and contains epi + qtz + trace pu + sph. However,

the flow tops still contain similar assembìages to 7-I, and pumpellyite

is abundant, being the most conspicuous phase in the Z-II flow top

outcrops. The variety of assemb'lages is increased by the presence of

epidote in varying proportions. Relict domain assemblages are similar

to those of Z-I.

7.3.3 Zone III - prehnite-pumpeì1yite-epidote-actinolite zone

The fírst appearance of actinolite marks the start of Z-III. Where

pumpeì1yite or epidote is abundant, actinolite occurs only in trace

quantities, but it is more common in albitised rocks and relict

domains. An epidote-rich metadomain sample was used in this study, with

an epi + qtz + trace sph mineraìogY.
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Relict domains are replaced by uniform metadomains towards the end

of Z-III. An ab + epi + act + sph mineralogy is most common, but the Z-

II sampìe used here contains some relict pyroxene.

7.3.4 Zone IV - actinolite zone (greenschist facies)

The begi nni ng of Z-IU i s marked by the di sappearance of

pumpelìyite. As for lower grades, f'low tops are heterogeneous and have

abundant metamorphic phases, but epidote-rich metadomains are most

corrmon (ep + act + chl + acces. cc). Central parts of flows are almost

comp'l ete'ly adi usted by metamorphi sm and are nou, termed uni f orm

metadomai ns. They have I i ttl e rel i ct materi al , as evi denced by the

samp'les used for this study containing ab + [cpx] + qtz + chl + act +

trace epi + trace pr, or ab + chl + act t pr t epi t sph.

In summary, diagnostic minerals indicating changes in regionaì

metamorphic grade are pumpeltyite, prehnite, epidote and actinolite.

Es senti aì 'ly ubi qui tous mi neral s are quartz, âl bi te, chl ori te and

sphene. However, the presence of large amounts of albite and/or quartz

i s i ndi cati ve of metasomati c al terati on, as i s the presence of

pumpeììyite, prehnite and epidote in quantity.

7.4 Previous Remote Sensing Investigatíon

Smith _e!_-g]_. (1978) reported a study based on the use of Landsat 1

imagery covering a large area in the Z-I facies of the Fortescue

Group. In particuìar, the study covered part of the Maddina Basalt.

Metasomati c al terati on i n the Maddi na Basal t shows some

similarities to the hydrothermally altered Keweenawan flood lavas of
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Michigan (U.S.). In this area stratabound native copper deposits, wÍth

ore shoots ranging from 20 million tons to greater than 100 million

tons, occur intimately associated with hydrothermal alteration in the

Keweenawan lavas. Smith et al were investigating parallels between the

two sequences in an attempt to assess the potential for similar mineral

deposits in the Fortescue Group. They used Landsat imagery in an

attempt to detect the extent of alteration in the Maddina Basalt. The

study was very successful, for it $ras through interpretation of the

Landsat data that the true lateral extent of the flow units and their

associated metasomatism vrere recognised. Collectively a stratigraphic

unit of altered lava flows has been mapped over a strike'length of 350

km (Smith et al., 1978), whilst individual altered flows have been

mapped over strike 'lengths exceeding 100 km.

In areas of fl at or gentìy undul ati ng terrai n hydrothermal ìy

aì tered 'lavas have a thi n, 'l i ght-col oured, dusty soi I . There are

abundant fl oat and sub-crop whi ch exhi bi t thi n, brown, oxi dati on

coatings. Approximateìy ?0% to 40% of the ground is covered by clumps

of spi ni fex grass.

In contrast, the soils in similar topography over unaltered basalts

are brown cracki ng cl ays. They are al so strewn wi th cobbl es and

boul ders, but spi ni fex covers only about I0% of the ground surfaces.

Annuaì grasses and small, brown, herbal pìants are in evidence. These

differences are inferred to be the result of the disparity in total iron

content between altered and unaltered materiaì (Smith et al., 1978).

In some parts of the originaì study area, headward stream erosion

has resulted in a hilly terrain. Soil has largely been stripped, and

vegetation comprises a uniform cover of spinifex grass. In these areas
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there v{as no detectable difference on the Landsat Ímagery between

altered and unaltered lavas.

In those 'areas where lava alteration could be discriminated, the

spectral responses of the different soil types and vegetation were thus

hel d responsi bl e for the di fferenti ati on by MSS, rather than the

outcroppi ng rock i tsel f.

Laboratory VNIR spectra of representative rock sampìes from the

reg.ion might therefore be expected to check this interpretation. In

add'ition, 'laboratory measurements in the SWIR and MIR should establish

whether there are detectabl e spectraì di fferences Í n the other

wavelength regions of interest for remote sensing.

7 .5 Laboratory Spectra'l Measurements

Table 7.3 summarises the interpretations made from the Fortescue

Group rock spectra. The spectra appear Índividua'lly in Appendices X

(VNIR), XI (Sl^lIR) and XII (MIR).

7.5.1 VNIR l.l (weathered) surface spectra

In generaì the VNIR spectra of weathered surfaces are interpreted

as being Ínfluenced by the presence of haematite. The samples from the

same metamorphic zone (Z-l) as the Landsat study of Smith et al. (1978)

show no significant difference in the position of their major absorption

features. The absorption due to crystal field effects has a mean

position of .866r.rm with a variance of .00013 (10 spectra) for rocks from

metadomains. The mean value is .858pm with a variance of .0001 (O

spectra) for rocks from the relict domain. lrlith the exception of
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METADOMAIN - Z-I

RELICT DOMAIN - Z-I

METADOMAIN - Z-II

METADOMAIN - Z-III

RELICT DOMAIN - Z-III

UNIFORMLY ALTERED

DOMAIN. Z-IV

Table 7.3 Summary of the interpretation of laboratory spectra of sampìes from the Fortescue Group

KEY

Pu
ab
chl
pr
cc
act

pumpel ly i te
alblte
chlorite
prehni te
cal ci te
acti nol i te

qtz
cPx
sph
pl?
ePt
he
kao

s

qua rtz
cì i nopyroxene
sphene
calcium plagioclase
epi dote
haemati te
kaol i n

goeth i te
undifferentiated claY
trace
unce rta i n
mt nor
strong
no absorption

goeth
cì ay
tr
?

mtn
str

qtz+he?.856 ePihe 2.9 epi+qtz 2.3epi (Fe3+) epi10863 epi+qtz+tr sPh

chìkao heFe2+he mafic 1.81.610864-8 pl ag+cpx+chl+sph+epi .862

ab+cpx+qtz+chl
+act+tr epi,pr
ab+ch l+act+pr
ab+c hl +act+epi+sph

cl ay+chì ?

chl
act+chl ?

+act?

he
he
hehe

0.8

trs

àto

10843 1.6
1.4

fl at
mafic
mafic

2.O
1.5
1.5

chl+epi ?

chl +pr?
chl +ep ii."ii

10848
12 958

10100
10102
10090
10105
1 1 158-A
101 lB

p1 ag+cp¡+çþl+5P¡
pl ag+cPx+ç¡l+5P¡
pl ag+cpx+chl+sPh
pì ag+c px+s þl + 5p¡
pl ag+cp¡+çþl+5P¡
p1 ag+çpx+çþl+5pþ+çç

.851

.850

.854

.879

.B58

.857

he
he
he
he
he
he

iiii
i.l:
Fe2+

cl ay
cl ay
cl ay+chl ?

kao?+ch l ?
cl aY+chl ?

kao

chl
chl
chl
chl
chl
chl

he ( str)
he
he
he (str)
he
he (str)

1.9
2.1
2.5
2.4
2.4
1.9

Pl ag+sP¡r
Pl ag+sP¡2
Pì ag+cPx?
pl ag+cpx?
p l ag+cpx?
pl ag+cpx?

2.4
2.3
2.6
1.9
1.9
2.0

qtz+heepi 3.0 epi+qtz 2.Lepi (Fe3+) epi10045 epi+qtz+tr Pu+sph

MIR FMIR l,llSWIR FSlrlIR lrJVNIR FVNIR I,I

Mi ne ra l ogyle I Interp. Ratio InterP. RatioI nterp. InterP.Interp. Interp.

10093
101 10
10109
10109
101 15
101 12

10112
10 103

.864

.866 l'Jl

.867 W?

.864

.867 !\ll

.849 W2

.853

.868

.894

.869

he
he
he
he
he
he
he
he
goeth
he

pu"1Fe3+ )
Fe''

i.i:
pu (rell)
pu (FeJ')

pu
clay t,Jl

pu+clay t.J2

ch l +pu?
pu+chl ? tJl
pu+ch1 ? W2

cì ay
c1 ay
cì ay+pu?
min clay,chì?

pu
chl

ch I +pu
pu+c hl

pu
pu

chlFe2+

B8

he+?ab+qtz+chl

3.5
2.5

5.0
3.1

5.2
4.6

3.5
3.1

2?

5.0

2.8
4.0

qtz
qtz+a b?

pr?+qtz
pr?+qtz

qtz
qtz+?

2.6 ab+qtz 2.5

qtz+he
qtz+he

he
qtz?+he ?

he+qtz?
he

pu+qtz
ab+qtz+cpx+c hl +sph

pr+pu+c hl
pÊ'pu+c hl +c px

pu+qtz
pu+qtz



spectrum 10112 lr¿2 (probably goethitic), the rest of the spectra appear

to be haematitic - jncluding spectrum 10112 Wl (figs. 7.5a-c).

It Ís therefore not surprising that the study by Smith et al.

failed to separate altered and unaltered material in hilly terrain,

where outcrop is at a maximum. These results show that there is

essentia'lly no difference between the VNIR reflectances of the natural

surfaces in the two groups of samples. This finding a'lso supports the

conclusion that the differences on Landsat imagery are due to the

differences in soil development and vegetative cover.

In the higher grade metamorphic zones, the l,rl surface spectra show

either similar results to the Z-I rocks (haematitic characteristics,

with absorption in the .856 to .974pm range, see Fig.7.6a), or else a

lack of absorption F'i9.7.6b). For the samples falling into the latter

category (10045, 10843 and 10848), the hand specimens have less

weathered surfaces. This characteristic can scarcely be due to a lower

whole-rock iron content, as the altered Z-I rocks are iron deficient,

yet have VNIR properties identical with the unaltered samp'les.

7.5.2 VNIR F (fresh) surface spectra

The VNIR F surface spectra fall into two categories. Most spectra

have a concave shape, with a major absorption feature at a wavelength

between.899 and.923¡rm, and sometimes a secondary feature at shorter

wavelengths (Figs. 7.7a&b). Both features are interpreted as absorption

due to the Fe2+ in the fresh rocks. The overal'l shape of the spectrum

is also consistent w1th FeZ+ (fig. 7.7c, after Burns, 1970). These

spectra al'low no separation of altered and unaltered samples.
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The second type of spectrum appears to be restricted to samples

with a pumpe'llyite + quartz or an epidote + quartz composition. Every

one of these samples has a similar spectrum, with a minimum near.49pm,

a minimum or a shoulder near .65pm and (with the exception of 10112F) a

minimum between .89 and .949¡im. These spectra (Figs. 7.8a&b) bear a

marked resemblance to that of goethite. However, there is no indication

of goethite in thin section.

Burns (1970) presents a polarised absorption spectrum of an epidote

containing 0.864 ¡e3+ ions per formula unit (Fig.7.8c). There is a

strong absorption doublet at .445 and .474pm, with weaker, broader

f eatures at .606 and 1 .06¡r,m. An ab sorpti on spectrum of Fe3+ i n f erri c

ammonium sulphate solution shows similar structure (Burns, 1970,

p.66). It is ìikely that these features in the Fortescue Group spectra

are due to the Fe3+ in epidote and pumpellyite (which have similar

structure - see Table 7.2). The sìight variations in wavelength

compared to Burns' spectra are likeìy to be due to differences in

composition, resulting in different crystal fields.

7.5.3 Some comments on SWIR spectra

For rocks from thi s test si te the SIdIR spectra'l regi on can be

expected to contain more mineralogical information than the VNIR. The

key metamorphic minerals pumpellyite, epidote and actinolite all have

characteristic SWIR signatures, as does chlorite - one of the ubiquitous

phases.

Tradi ti ona'l methods of metamorphi c petroì ogy pl ace boundari es

between metamorphic zones at the 'first appearance' of characteristic

minerals (usually detected in thin section). It is obvious that a
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boundary drawn in this manner will be undetectable by remote sensing

techniques. Rather, the first appearance of a mineral's absorption

features in a spectrum will be the first detectable effect. In some

cases key metamorphic minerals will not be capable of detection at all,

either because they have no St.lIR absorption features, or because they

occur only as a minor phase. Table 7.4 lists those mÍnerals occurring

in the different metamorphic zones of the Fortescue Group that are

like'ly to produce noticeable spectral effects.

Table 7.4 Minerals likely to dominate the Sl,|IR spectrum for

different alteration and metamorphic zones

Altered flow tops have extensive areas of pumpeìlyite development

in Z-I. The pumpe'llyite spectrum is shown in Fig. 7.9, and is compared

to the radiance of a 100% reflector at sea-level. The overall shape of

the pumpe'llyite's spectral curve is quite distinctive, with a steep

Al tered fl ow tops Rel ict domai n

z-I pumpel lyi te chl ori te

7.TT, 1. pumpel'lyi te or

2. epÍdote
( transi ti onal to Z-I I I )

chl ori te

Z-III 1. pumpel lyi te or

2. epidote

chl ori te
chl+epi+act
(transitional to Z-IV)

7.-ru epi dote chl+epi+act
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fall-off from 2.lpm to the major absorption feature at 2.34pm. There

are al so several diagnostic, but minor, absorption features Ín the

spectrum, with the most useful of these being at the unusual wavelength

of 1.47urm. Comparison to the atmospheric absorption features ín Fig.

7.9 shows that this feature should be detectable in a remote sensing

mode, provided that atmospheric absorption does not vary significantly

a'long a flight 1Íne.

At the start of Z-Il, pumpellyite zones still predominate but,

further into Z-II, areas of epidote development become important. In Z-

III, pumpe'llyite and epidote are still both important but, in Z-IU,

ep'idote alone is the major indicator of altered fìow tops.

In relict domain rocks chlorite is spectrally the most important

mineral in Z-I, Z-Il and part of Z-III. For the higher-grade rocks of

Z-III and Z-IV, chlorite + epidote + actinolite combinations are likeìy

to produce the domi nant spectraì features.

Therefore, although it will be impossible to dup'licate the results

of Smith et al. (1982), it may be possible to use SWIR remote sensing to

produce offset metamorphic boundaries based on the 'spectraì dominance'

rather than the 'first appearance' of key minerals. It could also be

possibìe to differentiate the altered flow top material from relict

domai ns.

7.5.4. SWIR W surface spectra

Table 7.2 indicates those samples with diagnostic W surface

spectral features in the SI^IIR. In Z-I altered rocks there are clear

indications of the presence of pumpeìlyite in spectrum 8288W (see also
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Fig.7.10a). More subtle indications, as shown in Fi9.7.10b, appear in

the spectra 101lrll, 10109l^l1 , 101091'12, 10112l,J2 and 10093W2 (where a

pumpellyite-rich vesicle appears on the surface of the sample). The

remainder of the spectra, represented in Fig.7.10c, exhibit weak,

unidentifiable features near ?.2p"m (probabìy due to kaolin) and broad

features near 2.3pm that could be due to either chìorite or pumpellyite

(whose spectra are quite similar except for additional absorptions

between 1.4 and 1.9¡rm Ín the pumpe'l'lyite spectrum - compare Fig. 7.9 and

Fi g. 7 .t?a) .

The 7-IT and Z-III metadomain rocks (10045 and 10863) exhibit

strong absorpt'ion features characteristic of epidote (Fig. 7.10d).

The relict domain samples show some spectra almost certainly of

kaolin (101i81,1 in 7-I, 1086481'l in Z-III, see Fig.7.11a), and one that

coul d be kaol i n (101051.1 f rom Z-I\ . In most other sampì es,

unidentifiable, weak features near 2.2pm ôr€ nevertheless ìikeìy to be

kaoìin, while unidentifiable, weak features near 2.3rrm are probably

caused by chlorite (based on the known mineralogy determined from thin

section identification by R. Smith, wrÍtten comm., 1983).

These spectra cannot be differentiated from several of the Z-I

metadomai n spectra, i ndi cati ng that remote sensi ng wi I I not be

completely successful Ìn separating aìtered from unaltered rocks, or in

definition of metamorphic grade (compare Figs. 7.11b and 7.10c).

Nevertheìess, there are enough spectra containing diagnostic features to

make feasible the mapping of at least some pumpellyite-rich areas in Z-l

to 7-III. Epidote-rich areas in 7-II to Z-IV should be easily and

accurately mapped by means of their spectral properties.
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Qne Z-IV sample (10848W) has a strong chlorite spectrum (fig.

7.LZal. ¡¡here chlorite dominates the spectrum of an unknown, that

sample is most ìikeìy to originate from a relict domain, particularìy in

Z.I to Z.III.

Another Z-IV samp'le (12958W) exhibits actinolite features in its
spectrum (fig.7.LZb\. Where an unknown contaíns enough actinoìite to

dominate the spectrum it is likely to be from Z-IV, and from a uniform'ly

al tered metadomai n.

In summary, the indications are that a significant proportion

(almost half) of the weathered surface spectra have detectable features

indicative of either metamorphic grade or the presence of metasomatic

alteration, or both. Based on past experience, some of these features

are likely to be detectable from the air. It is also suggested that

regional metamorphic variations are more'likely to become clear as their

two dimensional distribution is mapped in a regional survey. For

instance, a remote sensing equivalent of the 7-I/Z-II boundary might be

delineated, based on the first detection of epidote metadomains. These

regions would become commoner towards higher grade areas. In addition,

the presence of distinguishing spectral features from a sample (10093W2,

see Fig. 7.10b) with a single pumpellyite-rich vesicle (occupying

perhaps L0% of the field-of-view) suggests that relativeìy tittìe of

this materiaì, scattered throughout a pixel, cou'ld produce noticeable

spectral effects. It was shown in the previous chapter that as little

as t0% talc effectively exposed in a residual soil resulted in quite

strong absorpt'ion features that were easily detected from the air. 0n

the basis of these observations it can be concluded that an airborne

survey utiìising Sl.lIR spectrometry stands a fair chance of success.
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Furthermore, and in contrast to the Landsat data, this success will be

greater in the hil1y terrain where outcrop is at a maximum and soil

development at a minimum.

7.5.5 SWIR F (fresh) surface spectra

The StdIR F surface spectra are remarkable for their consistency.

In every case the SWIR spectrum records the minera'logy that one would

expect from the list of contained minera'ls, given that not all of these

minerals produce SWIR spectral features. All of the Z-I relict domain

samples, for instance, have strong chlorite spectra (ftg. 7.13a).

Chìorite and calcite (a mínor mineral in 10118) are the only minerals in

this domain that produce SIrlIR absorption features. In the altered Z-I

rocks, silicified and albitised samp'les also contain chlorite, hence can

exhibit its spectral features (fig. 7.13b). In contrast, however, those

sampl es contai ni ng a si gni fi cant amount of pumpel'lyi te are easi ly

discernible (see Figs. 7.14a&b).

A similar story can be told for the higher grade zones, where the

mineraìogy can also be accurateìy Ínterpreted from the Sl,lIR spectrum

( see Fi gs. 7.1Sa-c ) .

In conclusion, it is obvious that there is a wealth of information

available in the F surface spectra. Although of limited use for remote

sensing (because of the prevalence of weathering rÍnds on outcropping

rock), this finding does mean that a proximal assessment could prove

invaluable in this environment for the identification of component

minerals. For instance, Smith et al. (1982) note that the heterogeneity

of the Z-IV flows is "harder to see in outcrop.... because ep'idote, for

example, in Z-IV is essential'ly colourless".
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7.5.6 MIR I.l (weathered) surface spectra

At first sight the MIR weathered surface laser reflectance spectra

look disappointing. Like their VNIR equivalents, all samples appear to

have a similar spectrum - that of haematite (Figs. 7.16a&c). There are,

however, severa'l exampì es where an addi ti onal peak near 9.3um i s evi dent

( figs.7.16b&d, and samples 8288lrl,10093lrJ,10109l.l,100451ll and 10863W in

Appendix XII). This is near the wavelength at which quartz reflects

most strongly (see Fig. 2.10). The sampìes listed are the most highly

altered and consequently have the highest free silica content. To

investigate further, a ratio was calculated between the reflectances at

9.3 and 11.2pm (close to the maximum and minimum reflectance of quartz)

for all l.l spectra (see Table 7.3). The results show that all hÍghly-

altered metadomain, and transition, samples have ratio values in the

range 2.6 to 5 (with a mean of 3.36 and a variance of .49 for 9

spectra). In contrast, relict domain and uniformly altered metadomaÍn

samp'les have val ues i n the range 1 .5 to 2 .5 (wi th a mean of 1 .97 and a

variance of .tZ for 10 spectra). Ratios derived from the two groups of

spectra do not even overìap. This is a clear indication that laser

reflectance remote sensing could accurateìy identify those metadomains

where quartz is a s'ignificant alteration product.

7.5.7 MIR F (fresh) surface spectra

Like the VNIR and Sl'lIR sPectra,

spectra show stronger and more varied

surface equivaìents.

in the MIR the fresh surface

structure than their weathered

Samples from relict domains in Z-I tend to show similar spectral

structure (fig. 7.L7a\. The reflectance of these samples shows some
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vari ati on i n the 9. 1 to 10pm regi on, then a fal I -off to I onger

wavelengths. The region of maximum ref'lectance seems to be at shorter

wavelengths than one might expect for mafic rocks. However, some of the

features can be exp'lained by a mixture of the spectraì effects of

pyroxene (a maximum at 9.3pÍì, and a shoulder at 10.Spm), and pìagioclase

(a maximum at 9.6pm, see Farmer, L974 fOr absorption spectra of these

minerals). The percentage reflectance differences in this group of

samples is quite variable $y" for Fig. 7.L7a, and up to 50% for spectra

in Append.ix XII). This is because some of the surfaces measured had

been sawn, resulting in a Specu'lar component to the reflectance.

Samples from Z-I metadomains have a more distinctive spectral

structure. Pumpe'llyite-rich, silicifíed rocks tend to exhibit strong

reflectance maxima, with the same characteristics as quartz. Note that

these maxima tend to occur c'loser to 9.2pm, the waveìength expected for

quartz, than those in the spectra of weathered surfaces (compare Fig.

7 .I7b to Fi gs. 7 .16b&d) . An al bi ti sed sampl e ( see Appendi x XI i )

exhibits an additíonal maximum at 9.7pm, which is consistent with its

high feldspar content. Samp'les from the transition to the relict domain

are prehnite-rich, and have strong reflectance maxima at 9.75 and

10.7pm, presumabìy attributable to the prehnite (see Appendix XII).

Relict domain and uniformly altered domain samples from Z-III and

Z-IV tend to have a convex shape, with maximum reflectance in the 10 to

10.2pm region (only weakly developed in Fig. 7.L7c). This structure is

consistent with that expected from a basic rock. Its shape is similar

to that of the intermediate rock spectrum displayed in Fig. z.IL, but

the posi ti on of the refl ectance maximum i s at a . sl i ghtly 'l onger

wavelength for the Fortescue Group sample.
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Z-II and Z-III metadomain samp'les (represented by Fig. 7.L7dl have

epidote + quartz compositions, and MIR reìectance curves that indicate a

mixture of the spectral features of these two minerals (see Farmer,1974

for a MIR absorption spectrum of epidote). Note that, like the Z-I

metadomain samp'les, Z-ll, and Z-III fresh surface spectra have quartz

maxima at 9.2¡rm.

Paradoxica'|1y, despite the prominence of the quartz reflectance

maxima of fresh surface altered sampìes, the discrimination of altered

and unaltered material by the 9.3pm/11.2pm ratio is not as good (see

Table 7.3). This is due to the increased complexity of these spectra,

which have a wider variety of reflectance features at all wavelengths.

7.6 Summary

Regionaì burial metamorphism and associated massive metasomatism

have affected the basic volcanic rocks of the Hamersley Basin. The

metamorphic grade varies systematically across the basin, four different

zones (Z-I to Z-IV) having been identified. Key metamorphic assembìages

in each metamorphic zone can be recognised using high-resolution

spectral data. However, remote sensing wil'l not detect the metamorphÍc

zone boundaries as mapped, these boundaries having been determined by

the 'first appearance', in thin section, of key minerals.

Previous remote sensi ng investigation has shown that

metasomati cal ly al tered areas can be di scrimi nated by Landsat MSS

imagery in flat and gent'ly undulating terrain. High-resolution, VNIR

1 aboratory spectra show that al tered and unal tered rocks produce

essentially the same spectraì patterns from weathered surfaces. This

result confirms the conclusions of Smith et al (1978), who attribute
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discrimination by Landsat to the influence of soil development and

vegetation cover, rather than outcropping rock.

Laboratory SlrJIR spectra allow identification of key alteration

minerals (pumpeì1yite and epidote), and background minerals (chlorite

and actinolite), from nearly 50% of the weathered surfaces measured.

Therefore, it may be possibìe to define 'remote sensing' metamorphic

zones, and ident'ify areas of alteration, in an airborne SWIR survey.

The spectral measurements from fresh surfaces have absorpti on

features that correl ate extremely wel I wi th the mi nera'l ogy of the

samp'les, as determined in thin section. Thus, a field-portable SÌ.lIR

spectrometer could provide extremely usefuì information on metamorphic

grade and the presence of hydrothermal alteration. This is true, in

particul ar, i n those cases where the grai nsi ze i s too fi ne for

mesoscopic recognition, and where microscopy would otherwise be required

for definitive identification. Examples of this from the Fortescue

Group i ncl ude epi dote (coì ourl ess i n Z-IV ) and pumpel 'lyi te .

Laboratory MIR laser reflectance measurements of weathered surfaces

are dominated by responses due to haematite and quartz. The calculation

of ratios at different wavelengths, designed to indicate the presence of

quartz, allows the samples to be separated into two distinct groups.

Altered (quartz-rich) samples have high 9.3pm/l1.2pm ratios, whiìst

unaltered (quartz-poor) samp'les have much lower ratio values. Thus a

remote sensing survey, utiìising simiìar data, is likely to allow

accurate identification of altered areas.

MIR measurements of fresh surfaces contain considerable variation

that can be linked to changes in mineralogy. However, at the present
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time the author knows of no operational laser MIR instrument that could

take advantage of this information in either a remote, or a proxima'|,

mode.
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CHAPTER 8 PEAK HILL EPITHERMAL GOLD PROSPECT, LACHLAN FOLD BELT, NEt.l

SOUTH WALES

8.1. Introduction

Chapter 8 descrjbes a pilot study evaluating the potentiaì of high-

resolution spectraì data for identifying mineralogical variation in

hydrothermally altered terrain. Peak Hill is included as a test site

because it exhìbits a wider range of alteration mineralogy, and is less

weathered, than Mt Turner, thus aìlowing a more comp'lete assessment of

high-resolution spectra'l techniques in Australia.

The investigation proceeds in two stages. The first stage consists

of an orientation study on the spectral properties of the alteration

assemblage. For this purpose a suite of powdered drill core samples was

supp'lied by Gold Fields Exp'loration Pty Ltd (eol¿ Fields). 0n

completion of the first stage, the author visited the area and collected

a sui te of samp'l es from surface outcrops.

Thus the study is mainly laboratory-based, ìargely consisting of

interpretation of VNIR and SI.lIR reflectance data. To aíd the spectral

i nterpretati on, XRD analyses of most sampì es $rere obtai ned. In

addition, Gold Fields provided the results of an extensive earlier

survey on XRD mineralogy of core sampìes.

8.2 Location and Regional GeologY

peak Hill lies immediateìy to the northeast of the township of the

same name, approximate'ly 43 km north of Parkes in central western NSW.

Figure 8.1 is a photocopy of a coloun aerial photograph of the area. It
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shows that Peak Hill is a moderately to heavily vegetated hill isolated

on a cultivated pìain. The amount of vegetation evident on Fig.8.1 is

typical of the foothills and mountainous terrain forming the uplands of

eastern Australia. The areas of disturbance evident on Fig. 8.1 have

been caused by mining, and a car body dump on the rtorthern sìopes of the

hiil.

The mineral i sation occurs wi thin a quartz-sericite-pyrophyl 1 íte-

pyrite aìteration zone, and it is presumabìy the silicification that has

made the hill more resistant to erosion than the surrounding rocks.

During the period 1889-1919, some 2.338 tons of gold.and 25.5 tons

of copper were produced from the Peak Hilì mines (Bowman,1974). The

mines consist of several open cuts as well as underground workings. The

area has been investigated by a number of companies for its copper and

gol d potenti a1 , and has recently been expl oi ted as a pyrophyl I í te

deposi t.

The disseminated gold-copper orebody occurs in (?) Late Silurian to

Ear'ly Devonian voìcanics and sediments of the Forbes Anticlinorial Zone,

which, in turn, forms part of the Lachlan Fold Belt.

8.3. Detailed Geology and Alteration

The host rocks are northerly striking, moderately to steepìy east

di ppi ng ( and faci ng) daci ti c tuffs, ì esser I avas and rel ated

intrusives. The under'lying rocks are ear'ly Ordovician andesitic

volcanics, while the dacite is overlain by (?) Early Devonian shales,

siltstones and fine sandstones (Bowman and Richardson, 1978 - see Fig.

8.21. The areas of relative'ly undisturbed outcrop comprise only 5 to
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10% of the hill, and are smal1 and wide'ly scattered. They vary in size

from a few square metres, to tens of square metres.

There have been two separate studies on the alteration minera'logy

of the area - one by the Nslll Geological Survey using XRD on surface

samples, the other by Gold Fields using XRD on core samples.

Both studi es del i neate a pyrophy'l I i te-pyri te al terati on zone

centred on the main workings, with indications of perÍpheral sericite

(muscovite) and kaolinite zones. An induced polarisation (IP) survey by

Anaconda outl i ned an anomal ous zone centred on the ol d worki ngs.

Anaconda dri'lììng confirmed that high IP response coincides with high

suì phi de content.

In addition, iarosite has been reported (Sìansky,1978) from the

region of the Bobby Burns workings on the southern s'lopes of Peak HÍll,

and topaz (N. Hutton, pers. comm., 1984) from an outcrop on the

periphery of the Great Eastern workings on the eastern side of the

hill. J. Angus (written comm., 1984) has also reported diaspore from

dri I I core.

Tabl e 8. 1 summari ses the al terati on mi neral s reported at Peak Hi I I ,

and i ndi cates ( for remote sensi ng purposes) whether each has a

detectable Sl{IR spectral response.The distribution of the alteration

minerals is discussed in some detail in Section 8.6.

8.4. Laboratory Spectral Measurements - Core Sampìes

8.4 .1 I ntroduct'i on

Twenty-one pu'lped drill core samples, and four spìit core samples

(from three different drill holes) were sent to the author for spectra'l
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Table 8.1 Minerals identified by XRD analysis in different studÍes at

Peak Hi I I

NSÌ,l Geol. Survey Gol d Fi el ds SWIR Response

Quartz

Pyrophyl I i te

Mi ca

Kaol i ni te

Fe'ldspar

Quartz

Pyrophyl I i te

Muscovi te

Kaol i ni te

Fel dspar

Al uni te

Bari te

Smecti te

J arosi te

Chl ori te

Topaz

Di aspore

No (MIR on'ly)

Yes

Yes

Yes

No

Yes

No

Yes

Yes

Yes

Yes

Yes
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measurement as an orientation study of Peak Hill. VNIR spectra and SWIR

spectra were recorded. All of these spectraì plots, along wíth any

other available mineralogicaì data, are included in Appendices XIII and

XIV. For simpl icity, the text i ncl udes only a summary of these

interpretations (see Table 8.2), and representative spectra'l plots.

8.4 .2 VN IR spectra

The VNIR spectra show features, due to iron, that fall into three

categories. The first group comprises samples with either no iron

absorption features, op weak features that appear to be due to Fe2+

(Fig.8.3a). This finding is not unexpected, because these samples were

invariabìy collected below the base of oxidation. Above this base,

absorption features appear indicating haematite (generally moderate to

strong) . These are wi despread, and form the second category

(ftg.A.3b). The third type of spectrum observed shows some of the

attributes of goethite (8.3c). These features are genera'lly onìy weak

to moderate in strength.

8.4.3 Sl,lIR spectra

There are clear indications of pyrophyì1ite, alunite and, in one

sample, jarosite features in the SWIR spectra (see Figs.8.4a-c, and

compare to spectra in Figs. 2.5 and 2.9). In adtìition, there are weak

indications of an und'ifferentiated dioctahedral phyììosilicate - denoted

U (this could be kaolin) - and sericite (Fi9s.8.Sa&b). Although quartz

does not have hydroxyl absorption features in the Sl,lIR, it often

contains fluid inclusions that cause broad absorption features in the

1.4 and 1.9pm regions (see Figs.6.5a-c). If enough quartz is present,
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Table g.2 Summary of the ìnterpretation of laboratory reflectance
spectra of core sampl es from Peak Hi I I

Split Core Samples from same intervals as PHDS puìps. All other

samples are pulPs.

:k=

F
F

KEY

VN IR

H = Haemati te
J = Jarosite
G = Goethite+ = Fez+* = tìno., undiff. Fe3+
- = No Fe features

= very
= ströng ÞtOZ" reflectance)
= medium (S-tOZ reflectance)
= weak (<5% reflectance)
= above base of oxidation
= below base of oxidation

Al uni te
Pyrophyl'l i te
Seri ci te
undi ff. dioctahedral
phyllosilicate
uncertai n

Quartz (see text)
Jarosi te

Sl¡lIR

Al=
Pyp =

$=
[J=

?

a
J

:3

v)
s)
m)

w)
A
V

Sl.lIRSample No. Hole No. VNIR

N33916 ^N33919 ^N33933 v
N33964v

PHDS/4Z =
PHDS/51 .6 =

PHDï/76.78 =

PHD5/138 =

s)

ltl*r*t) (vw)
+ 

1.'.3+? ) (vw)

s)

? very f 'lat
? very f'lat
Pyp? + Sl (V}.|)

Pyp?? + Se (vw)

Pyp? + Q? (vw)
J (s)
PYp? + 5s¡2 (vw)

Al (w)

Al + U? (m)

Al + Pyp + U? (s)
Al (vs)
u? + Al? (w)
? very f'lat
Pyp (w)

PHD5
PHD5
PHD5
PHD5

H(
H?

FeZ
Fe2

N33916 *
N33919 *
N33933 *
N33964 *

PHD5
PHD5

PHD5
PHDS

PHD6
PHD6
PHD6
PHD6

PHD6
PHD6
PHD6
PHD6

PHD6
PHD6

PHD17
PHDl7
PHDl7
PHDl7
PHDl7
PHD17

(

(s)
e2+?

"2*

H

H

F
F

F

H

G

G

2+
(vw)
(vw)

N33972^
N33977 I
N33984^
N33995^
N37803 ^N37808^
N37812 ^
N37818^
N37824^
N37831 v

e

H

H

H

H

H

H

G?

G?

?

)

)
)
)
)

)
m)
m)

s
s
S

S

m

s
(

(

w(

)
)
)

)

)

Pyp
Pyp
Pvp
Pyp?

Q?
Pyp
Pyp
Pyp
Pyp
Pvp

(m)
(s)
(s)
? (vw)

N46274^
N46279^
N46288^
N46296^
N46303 ^N46309v

w
m

w

lt,

(m)
(s)
(s)
(s)
(w)

+ J? (w)

:
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and contains fluid inclusions, then this spectral shape may be present,

as appears to be the case in samples PHD5/42, and N46274 (Figs 8.6a&b).

8.4.4 Conclusions on data from core sampìes

This work indicates that several important alteration minerals are

detectable from VNIR and SI,'lIR spectral measurements. Although there

were a number of samp'les that did not produce strong absorption features

as expected (see comments in Appendix XIV), the results were generally

encouraging. In particular, it should be noted that there are probabìy

more strong absorptÍon features in samp'l es from above the base of

oxidation than below it. The results were promisÍng enough to justify

the additional work described below.

8

8

5

5

. Laboratory Spectral Measurements - Surface Samp'les

.1 Introducti on

A fi el d tri p to Peak Hi I I was undertaken i n November, 1984.

Samples were collected onìy from relatively undisturbed outcrops, and

had their VNIR and Sl,lIR spectra measured Ín the same fashion as the core

sampìes. The interpretations are summarised in Table 8.3.

8.5.2 VNIR spectra

The VNIR plots of weathered surface spectra are dominated by the

spectral features of haematite (fig. 8.7a). Features caused either by

lichen (see chapters 5 and 6), or by goethite (or jarosite), occur less

contrnonìy (Figs 8.7b&c). The equivalent fresh surface spectra also tend

to be dominated by haematitic features.
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Table 8.3. Summary of the interpretatÍon of 'laboratory

refl ectance spectra of surface sampl es from Peak Hi I I

e as excep ona v epa sorP oñ, P a

due to iarosite. Goethite and jarosite can not be unequivoca
sep arated in the VNIR with th is instrument, so al'l spectra ha

bee n shown as goethite.

vllv
ve

J=
(=
D-
(¡-
J=
Q=

Topaz
Kaol i ni te
Di aspore
Goethi te
Jarosi te
Quartz

KEY

Mo = Moi6-orillonite
L = Lichen
P = Pyrophyì 'l i te
M = Muscôvite (sericite)
U = Undiff. dioct.

phyììosilicate

H = Haemati te
- = no features
? = uncertai n

nm = not measured
- = no features

vw = very weak

Sl,lIRVNIR
Locati on Ft.ll/l F

PHl
PH2
PH3
PH4 OCA

PH4 OCB

PH4 SZ
PH5
PH6
PH7
PH8
PH9
PHlO
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gne notable feature of a few of these spectra is the presence of

3vg¡1 absorption featues due to kaolinite and pyrophyllite in the 0.95pm

region (Figs. 8.8a&b). Onìy a few weathered-surface spectra show this

effect, consistent with previous studies (Appendix I, Gabell et al.,

1985). Al'l VNIR spectra of surface samples appear in Appendix XV with

their corresponding XRD data, where it is available.

8.5.3 Sl.lIR spectra

The Sl,lIR spectra of sampl es from Peak Hi I I are particu'larìy

i nformati ve. The spectral features of pyrophyl'l i te and kaol i ni te

(Figs.8.9a&b), and muscovite and iarosite (figs. 8.10a&b) occur most

cornmonly. In addition, ther are several samples which exhibit more

unusual spectra'l characteristics. Figures 8.11a&b depict photographs of

a representati ve sampì e, and spectra of í ts weathered and fresh

surfaces. These spectra have absorption features centred on 2.08 and

2.L7p,n. Because they occur in measurements of both weathered and fresh

surfaces, and because of their sharp nature, they cannot be attributed

to I ichen. The 2.L7pn mi nimum i s very simi I ar to pyrophy'lì i te

absorpt'ion features i nterpreted from samp'les el sewhere i n the area,

whilst the 2.08pm minimum occurs at the same $ravelength as that of topaz

(see Hunt et al., 1973a). It should also be pointed out that one of the

sampìes was collected from an area known to contain topaz (l't. Hutton,

pers. comm., 1,985) , speci ficaì ly to test the possibil ity of its

detection. The other samples þrere collected from areas away from this

sing1e, known occurrence. Holever, routine XRD analysis of several of

these samples showed only quartz. Examination of a thin section of one

samp'le showed that quartz is indeed the maior component, but that the

rock contains a small amount (a few %) of a phyllosilicate, with small
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inclusions of a second mineral. These minerals could not be confidently

identified from thin section, so the tentative assignment of the

spectral features was not confirmed. Neverthe'less, this example does

illustrate the capabiìity of the high-resolution spectral technique to

provide information not available from examination of hand specimens,

and, in some cases, information which requires sophistÍcated

mineralogica] techniques for any further indication of a sampìe's

composi ti on.

As with other case studies documented in this thesis (chapters 5, 6

and 7), the presence of significant mineralogica'l Ínformation in spectra

of samples with appreciable surface coatings of lichen or iron oxides is

a1 so parti cul ar'ly encouragi ng.

All SI^lIR spectra of surface samples measured and interpreted for

this report appear in Appendix XVI. The interpretations have also been

summarised in Table 8.3. Note that the ínterpretatÍons are summarised

for alì spectra from each location rather than individual'ly.

Spectraì features due to
j arosi te, montmori'l 1 oni te, I i chen

phy'l 'l osi I i cate were al I detected

pyrophyl 1 i te, seri c i te, kaol i ni te,

diaspore and also some effects due

tentati ve'ly i nterpreted.

Fresher, broken surfaces yielded spectraì features interpreted as

due to all of these materials except lichen and montmorillonite. As

expected, absorption features are better defined, and stronger, than on

weathered surfaces.

and an uni denti fabl e di octahedral

from weathered surfaces. Topaz,

to high quartz content þrere al so
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The onìy mineral with S}.lIR spectral properties reported from Peak

Hill (see Table 8.1), yet not detected in spectra of surface samp'les, is

alunite. This fact is somewhat surprising, particuìarly since alunite

was recognised from its absorption features in the spectra of the puìped

drill core samples. However, since alunite was nut detected in the XRD

analyses eìther, it is assumed that alunite-bearing rocks do not crop

out at the surface.

8.6. The Distribution of Alteration Minerals

It was possible to compare the mineralogy interpreted from spectra'l

data with existing information (from XRD studies) on the distribution of

al terati on mi neral s.

Fig. 8.LZ shows the location of the XRD samp'les (circles) on Gold

FÍeìds' grid over the area. The distribution of the outcrop samples

collected by the author for spectra'l measurement is shown on the same

plot (crosses). Note that, in the case of surface samp'les, the

mineralogy shown in the fol'lowing figures is a summary of all of the

spectral features interpreted from each location (includ'ing l,l and F

surface measurements of mu1 ti pl e hand specimens and ' uncertai n'

interpretations, where they occur).

Figures 8.13 to 8.17 depict, respectively, the distribution of

pyrophyì'lite, muscovite, kaolinite, pyrite and alunite as determined

from the XRD ana'lyses of core samples. As the XRD data are semi-

quantitative, they have been divided arbitrarily into three classes,

with less than 2O%, Z0% to 50% and greater than 50% indjcated by the

size of the circle used on aìl of the plots. In addition, boundaries

drawn around the circles represent the two classes containing more than
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20% of a particular mineral, and the enclosed area has been hatched.

Each of Figs.8.13 to 8.15 has an accompanying overlay, showing the

distribution of the same mineral interpreted from spectraì measurements

of surface samp'les. The overlay to Fig. 8.16 shows the distribution of

jarosjte (as interpreted from spectra) to enable a comparison of its
distributjon to that of pyrite in drill core. In the case of the

interpretations from spectral data, no distinctions have been made on

the basis of the strength of the absorption features present. However,

the comparison of the hatched areas to the spectraì data is probabìy

valid, because a significant percentage of an alteration mineral would

generaì1y be required to cause interpretable absorpt'ion features.

Figure 8.13 and its over'lay show a very good match between the

outcrop samp'les interpreted as having pyrophyllite spectral features,

and the >20% area defi ned by dri l'l core analysi s.

Figure 8.14 and its overlay show that sericite (muscovite) appears

to be concentrated in a zone peripheral to the central pyrophyllite zone

(also shown for comparison). The mismatch between the distribution of

muscovi te as determi ned from XRD and spectraì analysi s can be 'l argeìy

expìained by the differences in the location of the sampling points in

the two surveys (see Fig. 8.12).

Figure 8.15 shows that kaolinÍte in the subsurface tends to be

concentrated in areas peripheral to the central pyrophylìite zone, and

peripheral to, but overlapping, the muscovite zone. However, the

surface samp'les show a much ìess well-defined zonation. This could be

due to one of two factors. Firstly, kaolinite forms readi'ly in the

surface environment as a weathering product, so the distribution as
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determined by SWIR spectroscopy may be largely influenced by weathering

rather than hydrothermal alteration. The second possibility is that the

spectra are accurateìy refl ecti ng the di stri buti on of hydrothermaì

kaolinite at concentrations below the 20% cut-off used to define the

hatched area 'i n Fi g . 8. 15.

The author consi ders the former possibil ity the more ì ikely,

espec.ialìy when it is considered that the strongest kaolinite spectrum

measured in the survey was colìected from outside the known area of

alteration (see Fig. 8.9b).

Figure 8.16 shows that pyrite in core samples is widespread, but it

does occur at its highest concentrations in the central pyrophyìlite and

muscovite zones. In contrast, the overlay to Fig. 8.16 shows that

j arosi te appears to be preferenti al ly deveì oped i n the southern

(downsìope) portion of Peak Hill, aþ,ay from the sulphide-rich zone.

This observation 'indicates that an additioal geomorphoìogicaì process,

not the simpìe in situ weathering of pyrite, is controll'ing the iaros'ite

distribution at the surface.

Figure 8.17 shows that alunite (from driIl-core ana'lys'is) occurs in

an area closely related to muscovite (also determined by analysis of

core). However,no spectral features interpreted as being caused by

alunite were found in the surface sample spectra'

Figure 8.18 is a summary diagram comparing the all samp'les with

interpretable spectral features to the zones of >20% pyrophy'llite,

muscovite and kaoìinite derived from XRD data. Although the interpret-

ation of spectral features was based on [r| and F surfaces, i f I,l surf ace

d alone a similar distribution would result.spectra were to be considere
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Fi gure 8. 18 shows the I ocati ons of a few samp'l es wi th spectra'l

features tentativeìy interpreted as being due to diaspore and topaz.

The topaz? samples all lie on the notheastern margin of the pyrophy'llite

zone, while diaspore was found associated with pyrophyllÍte in a single

sample on the northern margin of the pyrophyllite zone. The presence of

spectral features attributable to those two minerals (ín both I^l and F

surface spectra), even if unconfirmed by other analysis techniques, is

still seen as being significant. Both are important minerals that

provide an insight into the style of alteration. Both are a'lso

oarti cuì arl y difficult mineraìs to recognise in the field. In addition,

a'lthough topaz was known to exist in the vicinity of location NT6, it

was not known from the other two locations where its presence has been

indicated. Diaspore has not previous'ly been reported irom surface

sampl es at Peak Hi I I .

Thus the spectral work has resul ted in a moderately accurate

rep roduction of known zonation of hydrothermal alteration minerals, and,

in addition, has indicated the existence of two previously undocumented

mineral zones. Jarosite forms one of these zones on the southern slopes

of Peak HÍll, whilst topaz is Ínterpreted to form a sub-zone in the

northeastern portion of the pyrophyllite zone. In addition, diaspore

has been interpreted from the spectrum of a singìe surface samp'le.

8.7 The Potential for use of Remote Sensing Techniques at Peak Hill

8.7.1 Proximal sensing

A field-portable spectrometer can be used in two different $rays.

First'ly, it can be used purely as an aid to mineral identification. In

this mode, the field-of-view (FOV) would probably be quite sma'll (of the
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order of 10.*2), and broken rock surfaces would attract at least as

much attention as undi sturbed, weathered surfaces. The type of

i nformati on from such usa.ge shoul d cl oseìy approximate the resul ts

reported here. Presuming that such an instrument is availabìe, a

relatively fast and cheap method of producing an alteration map would

resul t.

Alternativeìy, the field instrument can be used as a tool in

support of an airborne (or spaceborne) remote sensing effort. In this

case, the ideal FOV would be of the order of several square metres, and

ideaìly should be capable of taking measurements of tree crowns as well

as the ground surface. In this case weathered rock surfaces, soils,

grasses and leaf litter would all be measured in an attempt to

characterise the whole environment spectrally.

The 'l aboratory spectra presented here show that there i s

consi derabl e potenti a'l at Peak Hi I I for the extracti on of mi nera'l ogi cal

i nformati on 'i n both of these postul ated modes of operati on ( but

particularly in the first).

8.7.2 Remote sensing

The potentiaì for a successful space-borne remote sensing investig-

ation is not as good. Fig.8.1 shows that Peak Hill ís moderateìy- to

well- vegetated, and it has also been noted that the percentage of

outcrop is not large, and that the outcrops themselves are generally of

a size the order of which is only a few square metres. In addition,

outcrop is often lichen-covered.
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There is no doubt that mineralogica'l sÍgnatures would be obtaÍned

by an airborne instrument, but they would inevitably be dominated by the

areas disturbed by mining. If an area equivalent to an undisturbed Peak

Hill were to be'flown'as an airborne spectrometer target, a successful

eval uati on woul d requi re very accurate I ocati on, and a spati a'l

resolution of better than 5 metres to allow assessment of individual

outcrop si gnatures . AIS woul d ful I fi I these requi rements.

8.8 Surmary

Laboratory reflectance spectra of samples from Peak Hill exhibit

features characteristic of a number of alteration minerals. Aìunite,

pyrophyì I ite, muscovite, haematite, goethite and jarosite þrere

identified from the spectra of pulped and split core samp'les.

Pyrophy'llite, muscovite, kaolinite, montmoriììonite, jarosite,

haematite and goethite have all been detected from the spectra of

surface samples, and confirmed by XRD analysis. Topaz and diaspore have

been interpreted from the spectra of surface samp'les, but were not

confirmed by XRD anaìysis. The distributions of pyrophyì1ite, as

determined by XRD ana'lysis of drill core, and from interpretation of the

spectra of surface sampl es, match c1 osely . Both techni ques al so

identify a periphera'l muscovite zone, while XRD of fresh core shows a

kaolinite alteration zone outside this. Kaolinite is more widespread at

the surface, probabìy due to the effect of weathering. A peripheral

jarosite zone at the southern end of the central pyrophy'llite zone does

not match the distribution of pyrite in core. The location of iarosite

on the lower slopes of Peak Hill, and its absence in core samples from

below the base of oxidation, suggest that a geomorphologica'l process
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controìs its distribution. The spectra of surface samples also indicate

that topaz may be present in a number of locations in the northeast of

the pyrophyìlite zone. Only one of these occurrences uras previously

known. Diaspore has also been interpreted from the spectrum of a sing'le

sample ; its presence at the surface has not previously been noted.

Both of these significant minerals are very difficult to identify in

hand specimens.

Peak Hill, like most of the eastern uplands of Australia, would be

a difficult target for an airborne remote sensing survey because of the

amount of vegetation cover.
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CHAPTER 9 DISCUSSION OF RESULTS AND THEIR IMPLICATIONS FOR FUTURE

REMOTE SENSING APPLICATiONS IN AUSTRALIA

9.1 Introducti on

llhen the research documented in this thesis began, remote sensing

techniques were rapidly being developed to utilise wavelength regions

'longer than the visible and near infrared (VNIR). Preliminary

'laboratory, field and airborne data from the U.S. had already shown that

considerable useful information was available from the wavelength region

beyond that covered by the Landsat MSS (0.+ to 1.lpm). Diagnostic

information on hydroxyl-bearing minerals and carbonates in the short

wavelength infrared (S|llIR) region (1.1 to 2.5pm) $ras particularly

promi si ng for geol ogi ca1 appl i cati ons.

Aìthough considerable research had been undertaken ín Australia on

Landsat MSS data, there was a paucity of knowledge on the high-

resol uti on vNIR spectral properti es of Austral i an terrai n, and a

compìete lack of data in the Sl,lIR and middle infrared (MIR) spectraì

regions. It was also clear that Australia's extensive and deep

weathering and subdued topography vrere ìikeìy to result in mineral

assembìages different from those found over similar geology in the

southwestern U.S., where the bulk of remote sensing research has been

undertaken to date, and where aridity and iuvenile topography combine to

minjmise chemical weathering. The work documented here shows that the

degree of chemi cal weatheri ng i s i ndeed one of the keys to the

usefulness and type of information availab'le from remote sensing data.

To assess the

spectraì -resol uti on

uti I i ty of remote sensi ng

data have been Presented

1n hi gh-

si tes

Austra'l i a,

five test

20L
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situated in diverse geological environments' VNIR and Sll|IR data have

been included from all areas, but MIR data were presented for sampìes

from a single test site. Ana'lysis of the sl¡tIR data was the most

exhaustive, because it is in this region of the spectrum that the bulk

of the new mineralogical information has been identified.

9.2 The VNiR

The Weipa study shows that Landsat MSS data, despite its coarse

spatial and spectral resolutìon, can stilì provide useful geological

information. Colour variations in enhanced MSS imagery can be related

qua'l i tati vely to regi onal vari ati ons i n the nature of

bauxi tell ateri te. A more quantì tati ve rel ati onshi p has al so been

established, with a correlation coefficient of .69 calculated for ore

geochemistry and Landsat 5/6 band ratio values'

The vari ati ons i n the MSS data, a'l though correl atj ng wi th ore

geochemi stry, are I i kely to be caused by vegetati on di fferences,

vari ati on 'in pl ant vi gour bei ng the most 'l i kely cause. There are no

obvious changes in vegatation species distribution, tree density, crown

size or tree maturity detectable on colour IR photography, or in the

fiel d. Bushfi res are aì so unl ikeìy to account for the observed

vari ati ons .

High-spectral-resolution VNIR laboratory measurements of soils show

that, on r/ei pa peni nsuì a, they are un'l i kely to di rectly contri bute to

the observed Landsat MSS trends. Soils from other areas (e.g. Andoom)

may make a minor contribution to these trends'
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Although not anaìysed in detail, airborne VNIR data from Mt Turner

and Kambalda exhibit variations that often coincide with changes in the

Sl,lIR spectra'l data. Changes in vegetation cover and iron oxíde content

are the most likeìy cause of the observed effects. The high-resolution

VNIR data from Mt Turner do not al I ow si gni fi cant addi ti onal

(mineralogical ) ¿iscrimination over that provided by Landsat MSS

imagery.

Hi gh-resol uti on VNIR 'laboratory spectra of samp'les from the

Fortescue Group basic volcanics show that weathered surfaces have very

similar VNIR (haematitic) characteristics, regard'less of metasomatic

alteration, or variations in metamorphic grade. This finding supports

the conclusions of earìier workers (Smith et al., 1978), who suggested

that metasomaticaìly altered and unaltered rocks are discrimÍnated on

Landsat imagery because of differences in their soi'l and vegetation

cover. Measurements of fresh surfaces of the same rocks are dominated

by absorption due to F"2*, except for samples containing epidote and

pumpelly'ite, which exhibit Fe3+ absorption characteristics.

VNIR spectra of weathered surfaces of samples from Peak Hill are

also dominated by haematitic absorption features. Some samp'les also

exhibi t weak 3u0-H absorption features due to pyrophyì I ite and

kaolinite. It may be possible to utilise these features for the

i denti fi cati on of cì ay mi nera'l ogy usi ng I ow-cost ( si I j con detector

array ) ti el d 'i nstruments .

In summary, the VNIR region has provided useful information from

Weipa, but weathered samp'les from most other test sites primarily

exh.ibit haematitic absorption features. It may be that an appreciation

of the two-dimensional distribution of iron oxide mineraìogy (already
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provided by narrow-band

MEIS II scanner, Fraser

economic signi ficance.

imagery from instruments such as the Canadian

et al., 1934) will prove to be of greater

9.3 The Sl'lIR

Both airborne and Iaboratory StIIR measurements have provided a

wealth of mineralogical information, all test sites yielding significant

data. It has been shown that gibbsite/boehmite (ore minerals) are

present, and detectable, in soil samples overlying the bauxite at

ltlei pa. At Mt Turner, hi gh-resoì uti on ai rborne measurements

discriminated the sericitic alteration (on mineralogicaì grounds) much

better than simulated scanner data, and existing Landsat MSS imagery.

Talc was identified from airborne data, and topaz from its laboratory

spectrum, even though neither had previously been reported from the

area.

At Kambal da the resi dual Archaean mi neral ogy was easi]y

differentiated from widespread weathering products. Talc, a most

important mineral characterising ultramafics, was readi'ly identified

from its airborne spectral response (sharp 2.32¡n absorption), and its

distríbution accurately mapped. This work showed that talc is

widespread outside mapped occurrences of outcrop and float, thereby

establishing that it also forms a significant component of res'idual

soils. Several other minerals are also identified from airborne data.

The most extensi ve of these mi neraì s are amphi bol e and chl ori te

(associated with basic volcanics, and absorbing in the 2.32 to 2'3Spm

region) and kaolin (associated with calcrete and lateritic weathering

products, with 2.?pn absorption features). The existence of distinct'ive
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spectral features assocj ated wi th feì si c, mafi c and ul tramafi c

litholog'ies therefore provides a means of separation of these maior

rock-types. It should be possible to utilise this knowledge for remote

sensing surveys in other, geologically similar, areas'

The Sl,liR js also moderateìy successful in aiding the identification

of the mi neral s pumpe'l 'lyi te, acti nol i te and chl ori te, and very

successful in the identifícation of epidote, from the weathered surfaces

of samples from the Fortescue Group basic volcanics. This findíng

suggests that a SWIR airborne spectrometer survey would meet wjth some

success i n del i neati ng areas of metasomati c a'l terati on, and mapp'i ng

variation jn the grade of regional burial metamorphism. The 'information

available from measurements of fresh surfaces of the same sampìes'is

even more comprehensive, giving another indication of the potentia'l

value of a field-portab'le instrument. Such an instrument can be

expected to ai d i n the i denti fi cati on of the above-mentj oned key

metamorphic and alteration minerals in the field. Norma'|]y, only

laboratory-based XRD and microscopy provide this sort of detailed

informat'ion to the metamorphic petroìogist'

At peak Hi I I a number of hydrothermal al terati on mi neral s have been

readi ly i denti fi ed from measurements on both weathered and fresh

surf aces of samp'l es . Pyrophy'l 'l i te, seri ci te and kaol i n di stri buti ons

have been mapped on the basis of their spectra'l properties, the results

being in good agreement with a previous survey based on XRD ana'lysis of

core sampìes. In addition, a iarosite zone has been recognised, and

di aspore and topaz tentati veìy i nterpreted from spectra of surface

samp'les. Al I of these mi neral s provi de an important 'ins'ight i nto the

nature of the a'l terati on, and al ì are extreme'ly di f f icul t (sometimes
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impossib'le) to identify using only a hand lens. Peak Hill therefore

provides another exampìe of an environment where proximal sensing

techniques cou'ld be empìoyed to great advantage. Because of the amount

of vegetation covering Peak Hill, it would be a diffícult remote sensing

target. An airborne instrument, such as the AIS, with high spectra'l-

resolution, and capabìe of acquiring small 1- Sm) pixe'ls, may have some

success at Peak Hill and in other, similarly vegetated areas in eastern

Australia. The coarser resolution available from Landsat TÌ4 makes a

successful result less 'likeìy in these environments.

9.4 The MIR

Aìthough spectra have been measured for samples from only a sing'le

test site, this wavelength region looks particuìarìy promising. The

weathered-surface spectra from Fortescue Group sampìes were separated

into two distinct groups on the basis of a 9.3pm/11.2pm ratio. Qne of

these groups has high ratio values, indicative of increased quartz

content (silicified samp'les), whi'le the second group has lower ratio

values (unaltered samples). An airborne survey utiìising only the

wavelengths used for the ratio could be expected to delineate areas of

metasomatic alteration.

As with other wavelength regions, the MIR fresh surface measure-

ments show a greater number of spectraì features due to their mineral-

ogi ca1 composi ti on than do weathered surfaces. Thi s wi I I be an

advantage where hi gh- resol utÍ on measurements ( such as the I aser

refl ectance data presented i n thi s thesi s) can be made, but a

di sadvantage where an i nsuffi ci ent number of spectraì bands are

available to take advantage of this variation.
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9.5 The Effects of Weathering

The amount of chemical weathering in an area is directly related to

the amount of information available from remote sensing techniques. In

generaì, because of convergence of mineralogies as weathering proceeds,

the more complete the weathering process the'less representative of the

the under'lyi ng rocks i s the surface, and the I ess di verse the

information available from remote sensing. This remark applies both to

a comp'lete weathering profile, and to the development of surface'rinds'

on individual samp'les, where local surface depletion and enrichment

occurs. The exceptions will obviously be in cases where secondary

minerals, derived from weathering processes, are themselves indicators

of economic interest (e.g. gibbsite/boehmite in soils overlying bauxite

ore at VJeipa, and where alunite/iarosite are formed as weathering

products in acid, sul phide-rich, environments) .

Mt Turner and Kambalda provide good examples of the effect of

weathering in contrasting 'felsic' and 'ultramafic' environments. In

both cases, only the most resi stant primary mi neral s survi ve the

weatheri ng process, and are easi'ly detected usi ng Sl,lIR techni ques. In

the felsic terrain, where muscovite from weathering and sericite from

hydrotherma'l alteration predominate, maior absorption features are all

in the 2.2p"n region, hence difficult to separate. In the ultramafic

terrain, where talc (with a 2.32p"n absorption feature) survives in

res'idual soils, the differentiation from weatherìng products with 2.2pm

absorption features is considerably easier.

At Kambalda it was also found that calcrete nodules exhibìt the

absorption characteristics of kaolin (probably due to a fine surface

coating of the mineral), rather than those of calcite. Subsequent'ly,
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there, is no confusion of the 2.34pm calcrete absorption features with

those of the residual Archaean minerals. In the (surface) Archaean

samples examined, there was also a paucity of residual carbonate (from

talc-carbonate alteration of the ultramafics) due to weathering.

As suggested in chapter 2, the spectral effects in Australia are

unquesti onabìy much weaker than those descri bed i n remote sensi ng

studies from the U.S. Nevertheless, this work has shown that although

of diminished ampìitude in Australia, the signal is still detectable

with appropriate instrumentation and data-processing techniques. Some

of the diagnostic (airborne) features discussed in the thesis are as

small as .01 on the log residual scale. For a rock with a ref'lectivity

of 10%, this corresponds to a reflectivity change of 0.1%. In order to

detect this magnitude of change reliably, a system is requÍred that has

a noise equivalent reflectance difference (Uelp) in the range of 0.03 to

O.O5%. At 2.2¡t"n the NEÀp for the Thematic Mapper is 2.5%- This

discrepancy of several orders of magnitude becomes considerabìy worse

when the widths of the spectra'l bands required to discriminate these

minerals are considered. The NEAp is likeìy to reduce by a further

order of magnitude. From these considerations, it is obvious that

rotating mirror instruments will not provide solutÍons to many remote

sensjng prob'lems in Australia.

9.6 The Effects of Vegetation

Hea'lthy, green vegetation has distinctÍve spectral structure in the

VNIR, and a lack of absorption features in the SI,IIR. However, once

vegetation begins to lose moisture, the spectral characteristics of

cellulose start to become apparent, resulting in absorption in the 2.1
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and 2.3pm regions. Absorption in the 2.3pm region is particularly'

troublesome because many minerals display absorption features there.

Spi ni fex grass , whi ch i s wi despread 'i n Austral i a, al so shows the

spectral structure of dry vegetation (Horsfall et al., 1984). However,

if vegetation is evenly distributed along a flight'line, much of its

spectraì contribution is removed by the log residual techn'ique, leaving

mineralogical effects as the maior variation (Green and Craig, 1985).

9.7 Scanners or SPectrometers?

Simulated scanner data shows that there will inevitably be some

I oss of i nformati on compared to hi gh-resol uti on spectrometer

measurements, although it could be minimised using very narrow bands. A

simulated broad-band (TM-type) ratio, using data from Kambalda, fajled

to discriminate the minerals identified using high-resolution data.

However, this simuìation d'id not take into account information available

from other regions of the spectrum, and the advantages of an imaging

system.

In fact, such systems offer several advantages. In particular, it

has been shown that, in Australia, the position of a target within the

weathering profi'le is important. For instance, little useful spectra'l

Ínformation is available from a duricrust but, lower in the profile,

where some origina'l mineralogy persists, more diagnostic information can

be obtained. A two-dimensional image allows an appreciation of the

relative position in the weathering profi'le. A three-dimensional

(stereoscopic) capability would be even more effective if it could be

incorporated into a high spectraì-resolution remote sensing system.

However, the requi renent for high spectraì-resolutìon, and the
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radi ometri c sensi tivi ty requi red to detect some of the effects

documented in this thesis, can not be achieved with the short dwell-

times afforded by most rotating-mirror instruments. 0ne short-term

solution to this problem is the simultaneous acquisition of scanner

imagery and high spectral-resolution spectrometer data.

The MIR spectral region also shows particular promise. More

research is required, especially in Australia, to evaluate more fuìly

the capabilities of different instruments operating in this region.

The author therefore be]ieves that an ideal instrument for use in

Austral'ia should have the following characteristics :

1. High Sl'lIR spectra'l resolution.

The existence of sharp, diagnostic absorption features iust longer

than the 1 .4pm atmospheri c absorpti on band ( e . g. pumpel lyi te i n

Fortescue Group rocks), the occurrence of subtle shifts of absorption

features related to mineral composition (e.g. chlorites at Kambaìda) and

the occurrence of spectraì features at unexpected wavelengths (e.9.

2.lpm absorption due to topaz at Mt Turner) makes contiguous coverage

from 1.44 to 2.5pm, with a spectra'l resolution of better than .0016¡rm, a

neccessity for general geoìogic appìications.

2 . Some VN I R and MI R caPabi 
'l i tY .

A few moderately narrou, bands in the VNIR should suffice to provide

some Ínformation on the distribution of vegetation and iron oxides.

Bands centred on .68 and.75¡.rm for vegetation, and.45, .75,.85 and

.9g¡rm for iron oxides should be regarded as a minimum requirement.

2t0



Insufficient data have been presented in this thesis to define

requi rements for MIR app'l i cati ons i n Austral i a, but a mul ti band

configuration is obviousìy desirable. The h'igh sensitivity of the C02

laser instrument (from which data are presented in chapter 7) makes it

an attractive possibil itY.

3. Imaging capability.

An imaging capability rather than (or as well as) a profi'ling

capabi'lity wilì allow determination of the geomorphic context of a site,

and will allow the distribution of critical minera'ls to be mapped.

4. High signal-to-noise ratios.

Noise equivalent reflectance differences (NE^p's) of .03 to .05%

(see section 9.5) are required to confidentìy interpret some of the

diagnostic 'log-residual features documented in this thesis.

5. Capability of spatial resoìutions in the 5 to 10m range.

The moderate- to well-vegetated terrain in Eastern Australia (e.g.

Peak Hi I I ) requi res a ground resol uti on of the order of 5m to

discriminate small geologic targets. In addition, research by the

CSIRQ/MXY over a number of sites has shown that there is usual]y a

usefuì increment of information in Aircraft Thematic Mapper imagery with

an increase in resolution from 20m to 10m (¡. Huntington' pers. comm.'

1e86).

The nev, technology of two-dimensional detector arrays (e.g. the

AIS) have the required characteristics for the Sl,rlIR, if flown in an

2TL



aircraft. Unfortunateìy, this conclusion introduces the problem of

acquisition of enormous volumes of data. However, with the continued

development of sophisticated computer hardware, and software processing

techniquesr this problem wi'll certainly become less formidable with

time. Less sophisticated instrumentation will probabìy suffice for the

VNIR, but the definition of requi rements for the MIR must await

considerabìy more research.

Fina'lly, this thesis has shown that there is considerable potential

for a field-portable instrument that could be used for 'proximal'

sensing. The author believes that development of a relativeìy cheap,

fast and easy-to-use instrument for the field geo'logist would provide

immediate benefits to the mineral exploration industry.
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CLAY TYINERAL ABSORPTION FEATURES IN THE 0.9 TO 1.1 MICRoMETRE
REGION AND TIIEIR II'IPLICATION FOR PROXIMAL AND REI'lOTE SENSING

A.R. Gabell, J.F. Huntington, A.A. Green, T.D Cocks, and M.J. Hornibrook

PhyslcsCSIRO Divlsion of Mlneral
Sydney, Australla

AB STRACT

In infrared refl-ecEance spectra of mLnerals, the second
overEone of the fundamental 0-II stretch occurs near 0.95pm,
buÈ 1s much weaker than rhe firsE overtone (near f.4 Un) or
the stretch/band combÍnations (2.0 to 2.5 Um) which are used
1n remoEe sensing of clay mlnerals. The mode and frequency
of occurrence of 3 vOH feat.ures warrant lnvestigaEion because
they can be deEecEed using only silicon photodlodes. Thls
offers significant advanEages of cosE, ava11abllity and
sensltivity of deÈecEors.

The 3uOH features were found Èo occur in Ehe spectra of
all hydroxyl-bearing mineral standards measured. As nighc be
expected, the feaEures are less common in the spectra of
fresh rocks, and least common and weakest fn the spectra of
weathered rock surfaces. Nevertheless, the laboratory daÈa
show examples 1n all of these câEegorles which have useful
and detectable 3 vO" feaEures.

Successful applicatlon of the measuremenE technique
outside che laboratory is shown to be possible uslng
"typicaI" instrumenÈs under a varleEy of aÈnospherÍc condit-
fons. This depends, however, on a consEanE water conEenE 1n
Ehe atmosphere, or on successful oonl-torlng of any changes.
The technf-que l-s noE yeE f u11y evaluated.

I NTRODU CT I ON

RouEine VNIR (.4 Eo 1.1 un) laboratory spectral measuremenE of some
hydrothernally altered rock samples has revealed the presence of cJ.ay nlneral
absorptlon feaE.ures in the 0,95 ¡rn region. These feaEures are generally
consisEent wiEh those observed in the SWIR (1.1 to 2.5 Un). Sirnilar VNIR
feaEures have been described in the pasE, and assigned as Ehe second overtone
of the fundaroental O-H sÈreËch (Hunt eE 41., 1971). Ho¡¿ever, 1n these cases
only Ehe most inEense feaEures have been noEed. [,le decided Èo invesEigate
Ehese absorpEion features in clay mineral and natural rock samples Eo determine
Eheir sÈrengEh and, frequency of occurrence.

If 1t proves possible Eo use then for proximal (ground-based) or remote
sensing the presence of Ehese feaEures means Ehat some clay mineraloglcal
information mighE be obtalned from the use of VNIR (Sl phoEodlode) technology
alone. Thls would offer signiffcan! advanÈages in cosE, availability and
sensiEivfEy of deEeccors. The major dtsadvanEages of working in Èhis region
are the proxirnity of an aE.mospheric wacer absorpEion feaÈure, and the weakness
of the second overEone features

Background Theory

Hydroxyl-bearing mlne rals
eleccromagneEic spectrum. The
O-H sEreEch (denoued UOU) which
fundamental 0-H s EreEch ls noE

absorb energy ln a number of regions ln Ehe
slrongest of these feaEures ls che fundamenEal

occurs near 2.8 um (see Flg. la). The
utillsed for remoEe sensing because lE occurs 1n



a region of ÈoEal atmospheric absorption. The fundamental cation-O-H bend
(denoted ôou) occurs in Èhe I Eo I5 ¡rn region (F1g. Ib). The absorpÈion
feaEures cãüsed by O-H streE.ch and bend combl-naEions (uOU + ôOu) are uÈi11sed
for remoEe sensing because, alEhough weaker Ehan Ehe fundaDenCals, they occur
in an aÈmospheric "window" betr,reen 2.O a¡à 2.5 um. The example shown in F1g.
1d is of synthetic gibbslte, buE many other exauples are recorded in the
liEerature (Hunt and Salisbury, 1970, Hunt et al., 197L, 1973).

The ftrsË overtone of Ëhe fundamenÈal O-H sE.retch (denoted 2vO
approximately twlce Ehe frequency of che fundamenEal, hence near l. tsc

Fig. fd). In nosE cases at.mospheric absorpË1on 1n this region obscures the
specÈra1 variaEion due to mineralogy. In excepElonâ1 cases (gtbbslte 1s one of
Ehese) ttre mineral absorpEion feature may be shtfted relative to Èhe atmos-
pheric absorption. In such cases, there is some potentlal for utilising these
features in high spectral resolution remoEe sensi.ng.

The second overtone of the fundamental O-H streuch (denoced 3vor1) occurs
aÈ approxinately 0.95 Un (Flg. 1c), but 1s nuch weaker than even the flrst
overtone. Iloweverr lt does occur ln a region of only partial atoospherlc
absorption. In exceptional cases (and once again gibbsite 1s such an exanple)
the Èhird overtone (denoted 4v.g) may be detectable (see Flgs. lc and 1e).

3voH FEATURES oF soME CLAY STANDARDS

Hunt et a1., (197f) have reported Ehe presence of 3vO" absorption feaEures
from the lã-boratory spectra of several powdered samples. -Ãs these spectra were
alI ploEted on a 0-100 percenEage reflecEance scale, only the strongesE absorp-
tion features were noE.ed. Fig. le shows the resulÈ of scaling the gibbsite
VNIR spectrum to the full dynamic range of Èhe data. The spectral- feaEures in
the region of inEerest are obviously eûhanced, thereby lncreasing the chance of
deEecEing Ehen, and allowing a more deEailed lnEerPretaE.ion

I,le have recorded the VNIR spectra of a nuuber of hydroxyl-bearlng nineral
standards. The spectra were recorded uslng a Reticon detecCor array lnterfaced
to a Tracor Northern MulEichannel analyser. The light source \{as a quartz-
halogen lamp, while E.he reference standard used r¿as halon (Venable et a1.,
L976). All of the specEra shown ln Figs.2a Eo f were recorded from powdered
samples. The bruciEe and gibbsiEe samples are syntheElc, whllst the other
samples come from the A.P.I. clay ml-neral sEandards collecE1on, as supplied by
Wards.

These six samples show considerable variatlon in che shape and precise
position of their absorpEion ¡oinlma. The background specËra plotted between
0.9 ym and 1.0 ym r;1th a flne 1l-ne represent atmospheric transmission on an
average nid-latltude summerrs day (wtth a range of 45% Eo 98% trans¡nlsslon).
These plous are included malnly Eo shor^t Ehe posltions of Ehe najor aEnospheric
absorption features ln relatlon to mLneraloglcal features.

3vOH FEATURES 0F SOME NATURAL R0CK SURFACES

) occurs at
¡.rn ( see

IreIn addiElon to Ëhe relatively pure mineral sÈ.andards shown in Fig. 2,
have rouEinely measured natural, \1reaEhered rock surfaces 1n Èhe laboratory.
The spccEra of hydroEhermally alEered (a to c) and weathered (d) rocks frorn
different locaÈions in New South !Ja1es, Australla, are depicEed 1n F1g. 3.
3v^,, absorpr.ion features closely resemble Ehose of Ehe sÈandards 1n Ftg. 2.
ThBHmine..iogy lnEerpreted from SWIR specEra (I.4 pro to 2.5 Ìim) and XRD

analysis supports Èhe inEerpreEaEion of the 3uOH features in each case.

Ëwo
The

Although each of the ploEs in Fig. 3 resulE from the measuremenE of a

weaEhered surfacer lE should be noced thaÈ 3vn" features have noE been observed
for every sanple r¡hlch exhibics hydroxyl absoiptlon features -tn the SI.JIR.
Furthermorer 3vOÌ, feaEures are more common, and stronger, on fresher, broken
surfaces. NeverÈtrI."", F1gs. 3 a-d demonsEraEe Ehat lE 1s posslble Eo derlve



sone
rock

THE

informat.ion on Ehe clay mineralogy of a naEural, k¡eathered surface of a
using VNIR specEral data alone.

EFFECT OF IRON OXIDES

The observaÈion thaE 3vO
of weathered surfaces prompte

features are, in the mai-n, seaker in fhe specEra
an Lnvestigation lnt.o the effects of iron oxide

uslng Si photo-
reasonable

H
d

on the specEral properÈies of dlfferenE minerals. Thus, powdered bruclEe,
glbbsite, pyrophylliEe and kaolin were physically nixed \tith varlous quantities
(expressed in weight percert) of hematite powder. The resultant specÈra showed
a fairly regular, but non-linear, decrease in overall reflectance, and in the
depth of Èhe 3uOH feaEures. The spectra of bruciEe plus 02, L%,57" a¡d lO%
hemaÈiEe are shown in Fig. 4.

The results for alI of the hydroxyl-bearing minerals are shor¡n in F1g.5,
with band depth plotted versus the log of the welght fraction of heEatice
(afrer r.he merhod of Clark (1983)). The resulE.s show that a1Ëhough there 1s
often a steep decrease 1n the depth of the 3vOH feature wiÈhin Ehe addltLon of
hemaEiEe, for at least some minerals i. can remain detectable at levels of at
leasE l0Z heuatiEe by weight.

FIELD I'lEASUREMENT

The data presented so far indicate that significant lnfornation can result
fron laboratory measurement of the 3vnu absorptlon feature. The questfon
remains as to whether the feature can"ä1so be observed through the atmosphere
outside the laboratory.

To assess the viability of deEecting the 3vO" absorptlon features with
field-portable spectroradiometers or airborne remote sensors, we modelled the
radiomeLric sensit.ivity of several representative instruments uslng che LoWTRAN
aEDospheríc Eransmission model. The results, expressed 1n terms of noise
equivalenË reflectance (NE Ap), v¡eFt obtairlgd fqr ínscrumenÈs
diodes with average Dts (1-5 x 10" cm-Ilz '2 w ' ) and assuning
engineeri.ng. Table I presents the conclusi.on of our caf culaE.ions.

ÎABLE I SENSITIVITIES OF REPRESENTATIVE INSTRUMENTS

I ns t rument Aperture B/width IFOV d*ÀpK NEAp Dry NEAp Tropical

Field PorÈable
SpecEroradloneEer

Al rborne
SpectroradiomeEer

MulEtspecEral
Scanner

7 5mm

7 5nm

same as
Daedalus
DS-1260

Inm 6mr

lnu 6nr

llore than
adequate
( Iong
lntegratlon)

More than
adequate
( long
fntegratlon)

5 nm 5mr cm-Hz

t25x10 L/z

<.0008r

0015I

<.005

<.008
w

N.B. I NEÁpts expressed as refÌecEance Eo enable direct. comparlson to y-axls
scales on figures.
2 Ca1culations completed for (a)

(b)
(c)

dry aEmosphere
mid-latltude summer (average)
Eropical å.Emosphere



The results shown indlcate that iÈ is wirhin instrument capabili ties
deEecE Èhe 3vO" features illustrated (perhaps wiÈh Ehe exceprlon of Ehe
rûultispecE raI scanner operating in a EropicaL atmosphere ) .

to

However, these calculations have been made assumlng t.hat the atnospheric
waEer vapour conterit is const.ant. Any temporal change (for fteld portable
instrunenEs) or spatial change (for airborne insÈruments) wtll therefore have
a significanc effecE. For instance, a topographic variation of l0O metres fron
near sea 1evel can resulE 1n a L5% dífference in Ehe depth of the aËmospheric
water absorption band. Successful measuremenÈs would require either hardwaredesigned E.o overcome this problen (e.g. a dual-bean field portable lnstrunenÈ
which focusses on Ëarget and sEandard simultaneously), or some technfque tomonitor atmospheric variatlons. In the case of an airborne survey over
changing toPography, moniE.oring changes l-n two dlfferent aEmospheric absorption
features may enable any variatlon due to Eopography co be detected. At thls
sEage, however' Èhe poEential of the technique has not been fully tesEed.

CONCLUSIONS

The daEa presented here show thaE 1È is possible to derive useful
information on the clay nineralogy of source samples uslng laboraÈory VNIR (
Eo 1.1 un) sPectral data alone. Thls offers significant advantages 1n cost,
availability and sensiÈivity of deEect.ors over those more commonly used in
remoE.e sensing ln the SI^¡IR (l.f to 2.5 Um).

4

The 3vO" features were found to occur in eve"pure" hydroxyl-bearing mineral standards measure
can be diagnostic of mineralogy by Eheir shapes a
AIEhough 3vO" features r¿ere found to be common in
of hydrotheimally altered and weathered rocks, Eh
a SWIR signature is apparent.

The f eaEures are least comnon and r¿eakes E on neat.hered
samples. Mixing of "pure" powdered sEandards with powdered
che 3uou features rapidry weaken with increasing iron oxíde
less, in some samples they were stlll detectable with up Eo
welght in the mixture.

ry laboratory spectrum of
d. The absorptlon feaÈures
nd precise positlons.

the spectra of fresh surfaces
ey are noE always present !¡hen

surfaces of rock
heEaEite shows that
conEent. Neverthe-
152 hematlte by

Calculations have shown EhaE "typlcal" lnsEruments have the senslEivlty todeEect.the 3voH feaEures ouEside the laboraEory under a varteÈy of âtmospheric
condiÈions. Howeverr a tajor consÈ.raint 1s thaÈ Ehe water contenE of EheaEmosphere must remain consEant, or be accurately nonitored. If this conditlon
is noE met, then Ehe variation due to aEmospheric absorption will be greaEer
than EhaÈ due to mineralogícal absorption 1n the crltical wavelength iegion.
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APPENDIX II VNIR laboratory reflectance spectra of soil samples from

Wei pa.



The VNIR spectra in this appendix have been smoothed by Tchebychev

reconstructi on ( see text, secti on 3 .3.2 .3 - thi s process i s al so

illustrated using one of the Weipa samp'le's spectra on the 'ìast page of

this appendix).

The p'l ots , wi th a few excepti ons, are presented i n an order

consistent with the relevant samp'le's positÍon on the Weipa grid,

progressing from west to east. For each sample the grid position and

the iron content (determined by wet chemistry and expressed as Fe203)

are shown at the top of each plot.

There is a marked lack of absorptÍon features in these spectra,

on'ly a few samples (generally those with greater than 6?" Fe203)

exhibiting subtle absorption features due to iron. A sing'le sampìe of

cemented piso'lite ore has strong iron oxide absorption features, and has

been included for comparison.
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APPENDIX III SV,IIR laboratory reflectance spectra of soil samples from

Wei pa.



Like the VNIR data, the St¡lIR spectra qre presented, with a few

exceptions, in an order matching the relevant sample's position on the

Weipa grid, progressing from west to east. The grid position is shown

at the top of each p'lot. Most of the spectra exhibÍt absorption

features of varying strength at 2.2 and 2.27pn that have been attributed

respectively to kaolin and bauxite minerals (gibbsite and boehmite ?).

There is no systematic variation in the strength of these absorption

features along Weipa Peninsula.



3r/7,/A4 WEIPA N10 E12 3I/7/84 WEIPA N:1O E:1Él

FI
E
F
L
E
c
T

N
c
E

R
E
F
L
E
c
T

N
c
E

. 3E¡1

.350

.33sl

.3eB

-3!7

.306

.2S5

-?44

.273

2El6

247

27e

2ÉtEt

zBt

2â?,

e43

234

22ã

F
E
F
L

c
T

N

E

F
E
F
L
E
c
T

N
c
E

.350

_34L

.33?

_323

-3.J.4

- 305

- 29Ê

.?47

- 32El

.3i.9

.30s¡

- zse

.aBe

.279

.?6e

.25e

.?49

1.5 1-A .!,-7 t.A t_9 2-O 2.! 2.2 2-3 ?.4

MICHOMETFES

3r,/7,/A4 WEIPA NIO E24

l-55 r-e t-7 lL.a 1.9 ?-o 2-!.2-2 2-3 2.4

1.5 1.Er L-7 t-Fl 1.9 2.O 2-L 2-2 2.3 2.4

MICFOMETRES

3!.,/7./A4 WEIPA N10 EeA

,..5 t.B'r,-7 L.Ét l-sl 2-O 2.7 2.2 2.3 2.4

MICFOMETTESMICROMETFES



3L,/7,/A4 WEIPA NLO E3? e1/7,/A4 WEIPA N10 EeB

t.5 1.El,,-7 4,-A 1.9 2-A ?-1 ?-e 2.3 2.4

MICFOMETFIES

3JL./7,/A4 WErPA Nl,O E¿E

7.-ã 1.8 1,.7 :t.É 1.9 e-O 2.1 2-¿ 2.3 2.4

FI

E
F
L
E
c
T

N
c
E

FI

E
F
L
E

T
A
N
c
E

- Seo

.3Ee

- 34Et

.3ea

-307

.2AB

- 2E'5

.244

.?23

_ 44€¡

.427

.407

.3AA

.3El5

-344

-324

.303

-zaa

1.5 t-e t-7 t .B:t.9 ?-O 2-,,2-2 2-3 2-4
MICBOMETFIES

R
E
F
L
E
c
T

N

E

B
E
F
L
E
c
1
A
N
c
E

.430

.Ate

.407

.3eE

-se4

.373

.sB1

.3¿€

.33El

.434

.420

.405

. 391

-37El

.aea

.347

- 333

.3la

3L,/7,/e4 WErPA NIO E40

1.5 t.A 1.7 ,,.A 4.9 2.O ?.1 2.2 2-3 2-4

MICFOMETFìES MICFIOMETRES



3t /7,/A4 WEIPA NtO EEiO

1.5 t.B L.7 1-B I -E¡ 2.O 2-7. 2.? 2.3 ?.4

MICFOMETFES

3a,./7/84 WEIPA N20 E54

3t/7/A4 WErPA N20 EEO

H
E
F
L
E
c
T
A
N
c
E

F
E
F
L
E
c
T
A
N
e
E

B
E
F
L
E
c
T

N
c
E

R
E
F
L
E
c
T
A
N
c

.4tt

.3g¡El

- 3BA

-?74

.3E L

-349

-337

-324

-312

-428

.4L4

-403

. EIE¡2

.3ElO

.3BB

.344

- 30e

.?ea

-?ø7

-?77

.247

.?57

-248

-29â

-?28

.342

.970

- 3sa

.347

.33s

.323

.3r.!,

.zSrE¡

.?47

t.5 't.B L.7 f .B L.9 2-O 2-t 2-2 2.3 2-4

MICHOMETHES

31.,/7./A4 WEIPA N20 EsA

^.ã 
t-e /-7 1.8 1.Er 2.O ?.1, ?-? 2-3 2-4

MICBOMETFIES MICROMETRES



3L/7,/84 WEIPA NEO EB4 sL/7,/A4 WEIPA NzO EBB

FI
E
F
L
E
c
T
A
N
c
E

R
E
F
L
E

T
A
N
c
E

R

F
L
E
c
T

N
c
E

F
E
F
L
E
c
T

N
c

. ¿os

.3E¡3

.477

.3El2

-3AEJ

.930

.3L4

.29€¡

.2€¡3

.3JEJ7

-457

-347

-347

-327

-3ta

.30Et

.zE¡€l

-?âa

1-5 t -E !-7 ! .B l -E| ?.o 2-1 2-2 2.3 2.4

MICFOMETRES

1-5 á..E t.7 l.Ê 1.9 ?.O 2.^ 2-? 2-3 2.4

MICHOMETRES

31/7/A4 WErPA N20 874

l-5 L-A !..7 i.-B 1.S 2.O 2.r 2-2 2.3 2.4

3!.,/7./A4 WEIPA N20 E70

- 500

.4e?

.444

.444

- 42Él

.4LO

.392

.374

.35Êt

. aoo

.5e3

.5E B

- 549

-532

.5f 5

.49El

- 4Ar

-4El4

^-ã 
L-A r.7 L-A 1-El 2.O 2-r ?.¿,2.3 ?-4

MICFOMETRES MICROMETRES



R
E
F
L
E
c
T
A
N
c
E

FI

E
F
L
E
c
T
A
N
c
E

R
E
F
L
E
c
T
A
N
c
E

FI

E
F
L
E
c
T

N
c
E

.41,4

. êeEl

.3El4

.3Êl9

.3â4

.340

.325

.3ro

.295

.53E'

- 520

.503

.487

-47L

.455

.438t

.422

-404

3L/7/A4 WErPA N20 E7E

1.5 i..B L-7 f.B f.S 2.o 2.t 2.2 2-3 ?.4

MICROMETRES

3t/7./A4 WErPA N35 EEIO

1.5 r-a !.7 t.a 1.El 2.o 2-l 2-2 2-3 2.4
MICF|OMETTEsi

et/7/a4 wErPA NzO EBz

,..5 1.A L-7 f.B i..sl 2.O 2-t 2-? 2-3 2-4

MICROMETFIES

3!/7/84 WEIPA N35 W25 PTSOLITES ONLY

- 31S

- 30s¡

.zEB

.?a7

-277

-?aa

- ?55

-24â

.e34

-283

.274

-2EJ4

. ?5Ei

-?44

.237

.22El

-2!5

.20F¡

t.5,,.a t-7 1.8 i..s¡ 2-O 2.t ?-2 ?-3 2.4
MTCFOMETRES



FI

E
F
L

c
T
A
N
c
E

B
E
F
L

T
A
N
c
E

FI

E
F
L
E
c
T

N

E

F¡

E
F
L
E

T

N
c

ã{ o

soB

29e

?44

¿73

2Ar

?45

e3B

eza

3L/7/A4 WErPA NSz E2l

1.5 l.E r-7 1.El 1.e 2-O 2.4.2-2 2.3 2-4

MICFOMETBES

3L./7./A4 WE¡PA N1A EE4

.g7s

. SEB

.35E'

-344

.332

- 320

. soEt

-?e7

.2eã

. eÊ5

-270

. ?55

-240

.?2ã

.zto

.195

. l€o

.4El5

3t/7./e4 WErPA N30 È50

MICFOMETFÉS

3',,/7./A4 ANDOOM N21 W13 CEMENTED PISOLTTE

,..5 !.8 J..7 4.Él 1.9 2.O 2.r ?-2 2.3 2-4

.513

.49l!J

.473

-4ã3

-433

- 4L?

.3Fl?

4.5 a.-A t.7 L .B 1.sl ?.O 2-! 2.2 2.3 2.4

MTCFOMETFIES

t.5 1-El,,.7 f.B l.Et 2-O 2.1 2-2 2.3 2.4

MICBOMETFES



APPENDIX IV SWIR laboratory reflectance spectra of samples with XRD

analyses from Mt Turner.



Appendix IV contains laboratory reflectance spectra of Mt Turner

samples that have been analysed by XRD. The composition of each sampìe

is shown at the top of each spectral pìot, wìth minerals listed in
descending order of abundance.

The spectra are presented i n cl asses representati ve of the

di fferent types of sampl e found at Mt Turner ( these cl asses are

subdivisions of the laboratory 'type-spectra' discussed in the text).

For instance, the first class comprises weathered-surface spectra of

sericitic altered granite and rhyo'lite sampìes from the main silÍcified
zone. The last spectrum Ín each class is the average spectrum of all

sampìes in the class that have undergone spectra'l measurement.
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F SPECTRA - SERICITIC GRANITE AND RHYOLITE FROM MAIN ALTERATION ZONE
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ìil SPECTRA - SERICITIC ROBERTSON RIVER FORMATION FROM MAIN ALTERATION ZONE
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F SPECTRA - SERICITIC SAMPLES FROM OUTSIDE MAIN ALTERATION ZONE
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SOIL SPECTRA - UNALTERED, WEATHERED GRANITE
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SOIL SPECTRA - UNALTERED, WEATHERED ROBERTSON RIVER FORMATION AND MIXTURES
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APPENDIX V Hull residuals of averaged SI^lIR laboratory reflectance

spectra from Mt Turner.



Hull residual p'lots (see Green and Craig, 1985) are presented for a

number of (averaged) laboratory spectra of different groups of rock and

soil from Mt Turner. At the top of each hull residual pìot is a label

denoti ng i ts ori gi n. l^l represents weathered- surface spectra, F

represents fresh-surface spectra. Data derived from samples collected

within the main silicified sericitic alteration zone are marked SZ,

while altered samples collected outside this zone are marked NgN-SZ.

Note the similarity of the absorptÍon features of all (non-mafic)

samples, regardless of their alteration state, type of material (rock or

soil), type of surface measured (W or F) and lithoìogy (Robertson River

Formation (RRF) or felsics).
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APPENDIX VI Correction factors for time differences between flight

lines at Mt Turner.



The accompanying figures (labelled A to H) represent the correction

functions derived from spectra on intersection points of flÍght lines.

All lines were corrected using MT9 as a reference. The software for

this procedure was developed by Drs A. Green and M. Craig of the

CSIRO/MXY. A correction function for MT9, Íf plotted, would appear as a

horizontal straight ìine with unit hejght (V = 1).

The curves exhibit the gross features of a radiance spectrum. They

also vary regu'larly with respect to the time each was flown relative to

MTg. MT8, for instance, was flown immediate'ly before MTg, and has a

correction factor close to unity. MTl was flown iust before MT8 (at

2.05 pfr, about 30 minutes before MTg), and needs a slightìy larger

correction. MTz was flown about an hour before MT9 (at 1.43 pm), and

MT6, MT7 and MT4 w'ithin 20 minutes of each other an hour before that.

These correcti on functi ons are i nverted rel ati ve to the normal radi ance

spectrum.

Lines flown after MT9 were, in order of flying, MT10 and MT3. MT10

is also close to a horizontal straight line at unity, but has a s'light

curvature in the same direction as a normal radiance curve. MT3 has a

slightly 'larger correction of the same nature.
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APPENDIX VI I Log residual spectra derived from mode'lling of mìxtures

of MT Turner SWIR I aboratory refl ectance spectra.



The first two pages of plots in this appendix are derived by the

(weighted) addition of reflectance spectra of vegetation and geologic

materials. The weightings used are based on field estimates of the

di fferent mixtures of these components found at Mt Turner. The

resul tant group of refl ectance spectra has been treated i n a simi I ar

fashion to the airborne data with, firstly, the mean (last p'lot on the

second page) and, second'ly, the'log residuals' (last two pages) having

been calculated.

The shapes of these'ìog residual' plots, and the relative strength

of many of their absorption features, bear a close resemblance to the

airborne ìog residual type-spectra depicted in Figs. 5.17a-n.



H

E
F
L
E
c
T
A

N

c
E

F
E
F
L
E
c
T
A

N

c
E

,æ1

.250

.236

.nL

.207

. ts¡t

.t7s

. t8.l

, t50

!.oss

1.o11

.s€0

.st€

.8€2

,828

.775

.72t

.æf

.u1

.as8

.817

.7æ

.76L

.703

.æ¿l

.808

.68

.080

,E¡lE

.E€

.E7e

.5¿l¿l

.610

,178

.142

..108

.7et

.7Í!€t

.701

.a7a

.8,17

.Efs

.s0

.58t

.53¡t

VE6EÎAIION

2.0 2.t

VE6.+SERICITÊ T 2

2.2

xtcnoxETFs

R

E
F
L
E
c
T
A

N

c
E

f,
E

F
L
E

c
I
A
N

c
E

F
E
F
L
E
c
T
A

N

c
E

INPUT LABORATORY REFLECTANCE SPECTRA

vE6.+SCntCIlÊ 2 I

2.O e.t

VE6.+SERICITE l: t

vEÊ.+LrJ!Ð0vIIE ,: I

2.O 2.1 2.2

xIcRoHEmes

2.9 2.1 2.2

XICRÍIIIETRES

e.9 2.1

e.s 2.1

AV  LT C€AN. + TÉI FHOII SLICIF¡ED ZONE ¡I

2.3 2.1

2.3 ?.1

.1æ

.10?

.99€

.æ?

. sat

.s?t

.¡100

.280

.e5E

2.O 2.t ?.2

xrcfloHEln€s

2.5 2,a 2.O 2-t z.?

HICFOXEÍnES

2.O 2.t ?.2

XICHOIIETFES



n
E
F
L
E
c
T
A

N

c
E

,600

.¡t86

.171

.¿t58

.11{

.127

.112

,8S€

.8€,9

AVEFAÊE I.NALTENÊD 6AANTÎE g¡¡L

2.O 2.L

n
E
F
L
E
c
T
A

N

c
E

R

E
F
L
E

c
T
A
N

c
E

F

F
L
E

c
T
A
N

c
E

.600

.¿186

.17t

.¡168

.11{

.El

.lL¿

.¡¡98

,¡18Ír

.708

.gt5

.Ê11

. gt¡l

.583

,582

.5?2

,¡st

..180

AVÊFAGE UMLTENÊD ÊRANITE SOIL

2.0 2.!

t.010

.876

.s¡¡a

.808

.sg7

,8af

.7æ

,7æ

.721

vEÊ.+xt¡scovlTE t:1.5

2.0 ¿.t 2.9 2.1

vEs.+sÊF¡ctTE t t.5

2.2

TICßOHETNES

2.3 2.1 2.2

XICROXETHES

2.9 2.1 2.2

lIcBoraElREs

lrÉaN

n
E
F
L
E

c
1
A
N

c
E

.888

,aas

.801

.757

,7lS

.æa)

.825

.581

.5¡t7

2.O ?.t 2.¿

IIICBOXEIBES

2.3 ?.1 e.0 2.t ?,2

XICFOI'ETßEs

2.8 2.1



.127

.,úg

.102

.ESo

,878

.8€6

.858

.ft¿o

.8eE

t.85t

t.æ8

l.atE

t.æ7

t.8a

1.2a0

t.212

t.æÁ

t.205

1.68€

1.56f

1,.53a

1.6t7

t. E{ro

r.142

,,.44õ

t.a18

!. ¿t¡lt

.8tE

.402

.58€

.îr1

.580

.5¿18

.532

,5ta

.60¡l

.980

.sEo

.840

.æ0

.s¡tt

.8tt

. E0t

.æt

.8€t

t. !70

t. t6€

l. l¡15

t.198

t.tzt

i.106

f.osa

t.06ft

t.07t

VEÊETAT¡OT¡

2.O

VEE.+SEFTCTTE Í 2

2.r 2.2

IIICFOIIETES

2.9 2.a 2.2

X¡CHOXETFES

2.8 2.1

VE6.+SEBIC¡ÍE ,i I

?.o

VEG.+![,¡SC0VIIE Í t

2.L 2.2

x¡cForElREs

2.e 2.1

R

E
F
L

N

0
H

lt
A

L
¡
s
E
D

N

o
F
x
A
L
¡
I
E

D

n
E

F
L

LOG RISIDUALS OF INPUT REFLECTANCE SPECTRA

vEE.+sEnIC¡tE e I

2-O 2-t

N

0
F
I
A

L
I
s
E
D

R

E
F
L

N

0
F
L
A

L
I
s
E

D

F
E

F
L

AV ALT Ê8AN. + BI FÍIOI SILIC¡F¡ED ZONE

?.9 2,42.O 2.t ?.?

xIcaoxETnEs

¿.a 2,1 e.0 2.t 2.?

XIC-FOIIEÌæ8

2.9 2.1 2,O 2.t 2.¿

XTCROXETHES



AVEFTSE UnLtm ER NIIE SOIL

2.O

AVERASE I,MLIEREII E&AN¡TE A¡¡L YEE.+N'$OVITE 
': 

f .5

2.O 2.5 ?.1

,e4

.8¿E

.sos

.788

.7Tt

.7At

.711

.724

.7t2

,..258

t.214

t.æa

t.æ,t

t.208

t.188

t. t89

1.t70

t. t56

N

0
n
ll
A
L
I
g

E

¡¡

R

E

F
L

N

0
F
ll
A
L
I
s
E

0

R
E
F

:

.u2

.820

.40€

.7€8

.Tn

.7Al

.711

.7æ

.7L2

t.g,

t.888

1.848

1.64t

t.E12

t.488

L.176

f .,tÉE

t.8t

?,t 2-2

IIICHUEÌE]S

2.O 2-t 2.2

TICFOIIEÎES

?.t 2.2

xrcqoxÊTEs

2.8 ?.1 2.8 2.1

N

0
F
x

L̂
I
I
E

D

R

E
F
L

vEÊ.+SEBICITE ,i r,.5

2.O Z,t 2.2

x¡cnoüETEs

2.A 2.4



APPENDIX VIII Sl'lIR laboratory reflectance spectra of samples with XRD

analyses from Kambalda.



The Kambalda spectral pìots are grouped on the basis of their

dominant spectral features. XRD ana'lyses are shown at the top of each

pìot, with minerals listed in order of decreasing abundance.

Flat spectra show some structure in these presentations

they have been plotted utilising the full scale on the y-axis.
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APPENDIX IX Interpretation of data from flight 'ljne K2 - SWIR lab

oratory reflectance and airborne log residual spectra.



The bulk of the spectral data (airborne and laboratory) from flight
line K2 are presented here. Each row of pìots has been derived from a

single'block'aìong the flight ìine (each block having been delineated

from images of the log residual data - see Figs.6.15a-d). Data from

two 'blocks' appear on each page. Where the laboratory spectrum of one

or more samples have been measured, a representative spectrum has been

included in the first column (plot A). The second column (p'¡ot B)

represents 1og residual airborne data pìotted uti'lising the maximum

range on the y-axis sca1e, which gives the best definition of spectraì

features. The last column of each row (Plot c) represents the same

aÍrborne log residual data p]otted on a constant y-axis scale to allow

an appreciation of the relative strength of absorption from different

blocks.
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APPENDIX X VNIR laboratory reflectance spectra of samples from the

Fortescue Group.



The VNIR spectra in this appendix have been subdivided into groups

according to the nature of the surface measured (weathered or fresh) and

the metamorphic/metasomatic character of the samp'le. For instance, the

fi rst group of pl ots are spectra of weathered surfaces of samp'l es from

the metadomain (altered rocks) of Z-I (ttre lowest metamorphic grade).

Note that altered versus unaltered rocks, and those from different

metamorphic zones, are not separable on the basis of their VNIR t^l

spectraì characteristics. Refer to Table 7.3 for the interpretation of

each spectrum.
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VNIR F SPECTRA - Z-II ÀND Z-III METADOMAIN SAMPLES
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VNIR F SPECTRA - 7.III RELTCT DOMAIN AND Z-IV UNIFORMLY ALTERED METADOMAIN
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APPENDIX XI Sl,,lIR laboratory reflectance spectra of samples from the

Fortescue Group.



The SWIR spectra presented here have been divided into groups

according to the metamorphic and metasomatic characteristics of each

sampì e. For instance, the fi rst group of p'lots are spectra of samp'les

from the metadomain (altered rocks) of Z-I (tfre lowest metamorphic

grade). Al'l spectra for each sampìe appear on the same page. The data

are in the same order as listed in Table 7.3, which should be consulted

for the interpretation of each spectrum.
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APPENDIX XI I MIR laboratory (laser) reflectance spectra of sampìes

from the Fortescue Group.



The MIR spectra are sorted on the basis of the nature of the

surface measured (weathered or fresh) and the metamorphic/metasomatic

character of the samp'le. The W spectra are presented first, having been

subdivided into smaller groups on the basis of metamorphic zone, and the

part of the flow (metadomain or relict domain), from which the sampìe

was collected. Thus, spectra of weathered surfaces of samples from the

metadomain (attered rocks) of Z-I (ttre lowest metamorphic grade) appear

together, fi rst.

The F spectra appear after the I,J spectra, and have been sorted in a

similar fashion. The order in which the spectra appear is the same as

that listed in Table 7.3, which should be consu'lted for the

interpretation of spectral features.

The F spectra of the prehnite-rÍch samples (10110 and 10109) and

the al bi ti sed samp'le (10103 ) di scussed i n secti on 7 .5 .7 of the text,

appear as the 3rd,4th and last plots in the relevant group of spectra.
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APPENDIX XIII VNIR laboratory reflectance spectra of core samples from

Peak Hill.



The VNIR spectra of Peak Hill core samples appear in this appendix

in the same order as listed in Table 8.2, which should also be consulted

for the interpretations.

The only XRD data available for these samples are for N33933 (30%

pyrophyl'lite, 20% sericite), N33964 (30% sericite, I0% alunite, L0%

pyrophytlite), N37842 (30% pyrophyllite, 15% kaolinite) and N46309 A0%

pyrophyllÍte, 5% alunÍte, 5% sericite).
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APPENDIX XIV Sl^lIR laboratory reflectance spectra of core samp'les from

Peak Hill.



The SWIR spectra of Peak Hill core samples appear in this appendix

in the same order as listed in Table 8.2, which should also be consulted

for the interpretations.

The on'ly XRD data available for these samples are for N33933

pyrophy'|1 ite, 20% sertcite), N33964 (gOZ sericite, l0% alunite,

pyrophyìlite), N37842 (30% pyrophyllite, 15% kaoliníte) and N46309

pyrophy'l I i te, 5% aluni te, 5% seri c i te) .

ßor,

rc%

øo%

Some of the more prominent spectral features are marked as follows:

a - alunite

j - jarosite

p - pyrophYllite

Some of the spectral features of pul ped core are not as strong as

might be expected from the XRD analyses, even though the samp'les are

similar in appearance to those that do have well developed absorption

features. Sample N33933 (30% pyrophyllite and 20% sericite) is one such

example. The equivalent spìit core sampìe, however, exhibits stronger

absorption features. The fine grain size of the pulped sampìes may be

to blame, with 'pilìing' and subsequent coating of some minerals with

absorption features by aspectral mineral species (e.g. quartz).
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APPENDIX XV VNIR laboratory reflectance spectra of surface samples

from Peak Hill.



The vNIR spectra of Peak Hill surface samples appear in this

appendix in the same order as listed in Tabte 8.3, which should aìso be

consulted for the interpretations. xRD data, where availabìe, appears

at the top of each spectral plot. The key to abbreviations of mineral

names is the same as u¡ed for Table 8.3. Minerals are'listed approx-

imately in descending order of abundance'

Note that the sharp .42pm iarosite absorption feature could not be

detected in the VNIR spectra. Because the iarosÍte spectrum i s

otherwise impossible to confidently discríminate from goethite, all

spectra were interpreted as goethitic. Therefore, there may be some

spectra'l features caused by iarosite, but assigned to goethite' This

can be checked by looking at the SWIR spectrum, which has distinctÍve

absorption features if iarosite forms a significant component of the

sampl e.
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APPENDIX XVI ShlIR laboratory reflectance spectra of surface samples

from Peak Hi I I .



The SllllR spectra of Peak Hi I I surface sampl es appear i n thi s

appendix in the same order as listed in Table 8.3, which should also be

consulted for a summary of the interpretations. Spectra are a'lso marked

individually with their interpretation. Capital letters indícate the

dominant mineral responsible for the absorption features in each plot.

Any additional significant features are marked with a lower-case letter

assigning their origin. Mineraìs detected by XRD analysis, where

available appear at the top of each spectraì plot, listed approximately

in descending order of abundance. The key to the abbreviations Ís the

same as that used in Table 8.3.
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