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Application of Landsat-S TM imagery to mapping of the Giles Complex 
and associated granulites, Tomkinson Ranges, western Musgrave Block, 
central Australia 
A.Y. Glikson1 & l,W, Creasey2 

Application of Landsat-5 Thematic Mapper multispectral scanner data 
to the detailed mapping of the Tomkinson Ranges-Blackstone-Jameson 
region, western Musgrave Block, provides a test for spectral-lithological 
correlations in metamorphic-igneous terranes under the arid conditions 
of central Australia, The terrane consists of -1.3-1.5 Ga felsic/inter•
mediate granulites metamorphosed at -1.2 Ga and intruded by layered 
-1.08 Ga mafic-ultramafic bodies of the Giles Complex and near•
contemporaneous granites. Significant correlations are observed be•
tween Landsat-5 TM spectra, the reflectance patterns of iron oxide 
and clay-carbonate-dominated weathering surfaces and primary rock 
types. The weathering surfaces of gabbroic rocks are dominated by 
clay signatures, and those of felsic granulites, by mixed clay-iron 
oxide signatures. Iron oxides are well expressed by band ratio 5/4, 
log residual of bands 5 and 7, inverted log residual of band 1, and 
the iron oxide end member of pixel-unmixed images. Clay and/or 
carbonate are identified by high band ratio 5/7 partly masked by dry 
vegetation, high reflectance in the visible bands, high inverted log 
residuals of band 7, and the clay end member of pixel-unmixed 
images, and are effectively distinguished from green vegetation by 
the second principal component of (pc2[ 4/3, 5/7]). Discrimination 
between carbonate and clay in the visible to infrared range is difficult, 
but calcrete banks along creeks are characterised by higher reflectance 
than clay. Quartz in weathered felsic rocks is commonly coated by 
clay and iron oxide, but abraded quartz in alluvial deposits and dunes 

Introduction 
The application of remotely sensed multispectral imagery to 
regional mapping of unmetamorphosed terranes and to green•
schist-amphibolite facies metamorphic terranes utilises the 
characteristic absorption spectra of hydrosilicates, viz. amphi•
bole, mica, chlorite, and their alteration products--clay min•
erals, serpentine, carbonates and iron oxides. In these terranes, 
remotely sensed data in the visible (VIS), near-infrared (NIR) 
and shortwave infrared (SWIR) can be correlated with a range 
of surface types, provided weathering, vegetation, and fireburn 
effects are carefully assessed (Simpson 1978; Simpson et al. 
1987). In some instances, recent fireburns provide good 
windows through to bedrock. By contrast, the scarcity of 
primary hydrosilicates in igneous and high-grade metamorphic 
rocks complicates their identification by remote sensing. 
However, the characteristic weathering crusts on these rocks, 
including combinations of clay, carbonate, hematite, goethite, 
etc. in varying proportions, offer potentially diagnostic fin•
gerprints of the primary lithologies. 

Systematic geological mapping of high-grade metamorphic 
terranes in central Australia (Stewart et al. 1984; Warren 1983; 
Shaw et al. 1984; Glikson 1987; Glikson 1990; Stewart 1991) 
requires the interpolation and extrapolation of outcrop-scale 
(mesoscale: -10 m) data to map-scale (macroscale: >100 m) 
units, aided by aerial photography, airborne geophysical data, 
and remotely sensed multispectral data. Penetrative deformation 
and recrystallisation associated with high-grade metamorphism, 
partial melting, remobilisation, and anatectic injection of veins, 
bands, and migmatite, result generally in dismemberment of 
the original rock units into interdigitated mesoscale, hand 
specimen-scale and microscopic units, and gradational trans i-
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shows high reflectance in combined bands [1+3+5+7]. As shown by 
field evidence, the remotel y sensed spectra allow discriminations 
between several lithologic types, including peridotite (commonly 
covered by calcrete and magnesite weathering crusts), orthopyroxenite 
(iron oxide-rich weathering), clinopyroxenite (weaker iron oxide 
signature than orthopyroxene), gabbro (clay [carbonate ]-dominated 
weathering), ferrogabbro (very strong iron oxide-rich weathering 
signature), anorthosite (strong clay/carbonate signature of weathering 
crusts), mafic granulites (iron oxide and silica-rich crusts), felsic 
granulites and granites (clay, iron oxide and silica-bearing weathering 
crusts), laterite (iron oxide-rich), calcrete (high reflectance, common 
along creeks), silcrete (very high reflectance), oxidised mafic source•
derived alluvium (iron oxide-dominated), felsic source-derived allu•
vium (quartz and clay-dominated), clay pans and silty, in places 
ferruginous, dry lake (playa) deposits. The composition of small 
isolated bedrock outcrops is identified by the spectral signatures of 
derived detritus. Geologically useful discriminations include (1) sepa•
ration of thin sills of anorthosite from host felsic granulites; (2) dis•
tinction between gabbro and derived mafic granulites (meta-gabbro); 
(3) distinction between ferrogabbro and gabbro; (4) separation between 
lateritic deposits and weathered gabbro. Pending field spectrometric 
measurements, these criteria can be applied in further mapping of the 
Musgrave Block and other metamorphic and igneous terranes in central 
Australia. 

tions between all these. For this reason, interpolation of field 
data and identification and charting of map-scale units generall y 
require numerous field traverses and petrographic examinations. 

Thanks to the spectral resolution of sub-pixel components, 
Landsat-5 TM data allow discrimination of surface types on 
a scale commensurate with field observations «30 m), pro•
viding a powerful tool for charting the high-grade metamorphic 
terrane. Thus, whereas the 30 x 30 m pixel size of Landsat-5 TM 
imagery exceeds the scale of individual outcrops, spectrally 
distinct materials that occupy parts of pixels (>-30%) can be 
traced, provided that (1) lithologies are correlated with the 
field evidence and (2) contiguous lithologic units, such as thin 
-10 m thick dykes, sills, or layered units, string along adjacent 
pixels. 

This study refers to the Kalka and Mount Davies mafic 
intrusions and associated felsic granulites as a type sub-area 
(Figs 1, 3). It examines single band images (Fig. 4), log 
residual images (Fig. 5), band ratio images (Fig. 6), and 
combined band ratios and directed principal component of 
band ratios (Fig. 7). Results from the last method are compared 
with the geology of several areas in the Tomkinson Ranges 
in Figures 9-12. 

Morphology and geology of the Tomkinson 
Ranges 
The Tomkinson Ranges straddle the Western Australia-South 
Australia border, centering about longitude 129°00' E and 
latitudes 26°00'-26°23' S. They form an 80 x 40 km terrane of 
ridges and inselbergs separated by alluvial plains and dunes. 
The highest points reach about 1000 m above sea level. 
Duricrusts may form low rises above valley floors and plains. 
Major elevated morphological units in the Tomkinson Ranges 
consist of mafic and, to a lesser extent, ultramafic rock, 
including the Hinckley Range, Bell Rock Range, Mount Kalka, 
Mount Davies, Michael Hills, and the southern part of the 
Mount West massif. Other elevated units consist of felsic 
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Figure 1. Location and geological sketch map of the Tomkinson Ranges, Western Australia and South Australia. Frames define 
locations of Figures 3-12. 

granulites and granitic gneiss, including Mount Aloysius, 
Mount West, Ewarara Hills and numerous scattered outcrops. 
Ridges of gabbro or pyroxenite display jagged skylines and 
may contain prominent rock piles consisting of slumped 
subangular boulders several meters across with little soil or 
vegetation in between. Such boulder piles are common in the 
Bell Rock Range, where they consist largely of gabbro, and 
Mount Kalka and Ewarara intrusions, where they consist 
mainly of pyroxenite. Mafic granulites are, as a rule, less 
resistant to erosion than the gabbro, and form more subdued 
morphological features. Mafic dykes form linear depressions 
within gabbro terranes, but stand out as narrow linear ridges 
in mafic and felsic granulite and granite terranes. 

Vegetation distribution patterns in the Tomkinson Ranges 
can be correlated with surface deposits (Feeken 1992). The 
flora is dominated by mulga, spinifex, and annual and perennial 
grasses. A reciprocal relationship is seen between mulga and 
spinifex--mulga occurs on alluvial plains, and spinifex on 
outcrops of Ca-rich rocks and on dunes. Spinifex tussocks 
dominate mafic and ultramafic outcrops, whereas felsic outcrops 

may be covered by either spinifex or by grasses. Bunch grasses 
dominate on the plains and are also important on felsic granulite 
and granitic outcrops. Corkwood trees of the Hakea family 
are locally prominent, and often occupy the margins of outcrops, 
including pediments and alluvial fans. Fireburns are prominent 
in the region, both on the plains and over outcrops of bedrock. 

For a review of the geology of the Tomkinson Ranges and 
adjoining areas to the west refer to Glikson et al (1995--this 
issue). The most important geological unit in the Tomkinson 
Ranges, the Giles Complex, consists of a suite of deformed, 
partly recrystallised, massive gabbroic to interlayered gabbro•
pyroxenite intrusions emplaced in the southern granulite facies 
block of the upper middle to upper Proterozoic Musgrave 
Block (Fig. 1). The Giles Complex is emplaced into a suite 
of felsic granulite facies orthogneiss and paragneiss, is intruded 
in turn by a suite of porphyritic granites and several sets of 
mafic dykes, and is considered near-coeval with the 1.08 Ga 
volcanics of the Tollu Group. For the purposes of the remote 
sensing investigation, lithologic assemblages are referred to 
in terms of the following groupings: 
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Figure 2. Landsat-S TM spectra of characteristic mineral and vegetatioD end members (from MSPECLIB file, P.N. Bierwirth, pers. 
comm., 1994). 

Bedrock 
A. banded to massive felsic to intermediate granulites. 
B. massive to foliated granitoids associated with felsic 

granulites. 
C. mafic granulites: C1, associated with felsic granulites; C2, 

representing recrystallised products of gabbro of the Giles 
Complex. 

D. gabbro, gabbronorite and no rite of the Giles Complex. 
E. anorthosites of the Giles Complex. 
F. pyroxenites of the Giles Complex. 
G. peridotites of the Giles Complex. 
H. mafic/ultramafic plugs. 
I. mafic, intermediate and felsic volcanic rocks 

Duricrust 
K. calcrete and magnesite. 
L. ferricrete and laterite. 
M. silcrete 

Surface deposits 
N. colluvium (coarse-grained arenites and conglomerates as-

sociated with pediments). 
O. alluvium (including plains and creek terrace deposits). 
P. clay pans 
Regional mapping of the Tomkinson Ranges presents several 
problems, whose solution purely on the basis of field work 
may be extremely time consuming or even impossible. These 
problems include: 
1. discrimination between gabbro and ferrogabbro, e.g. in the 

Bell Rock and Blackstone intrusions (Figs 9,10). 
2. discrimination between felsic granulites and calc-silicate 

and/or anorthosite units interiayered on a small scale, e.g. 
in the Teizi area (Fig. 11). . 

3. discrimination between gabbro and gabbro-derived mafic 
granulites, e.g. in the western part of the Hinckley Range 
(Fig. 12) and northern Michael Hills. 

4. discrimination between interlayered gabbro and pyroxenite, 
e.g. in the Michael Hills and Kalka (Fig. 7) intrusions. 

5. identification of the degree of lateritisation of bedrock 
types, e.g. of pyroxenite along the northern flank of the 
Kalka intrusion (Fig. 7). 

6. identification of the degree of weathering of felsic rocks 
to quartz and clay. 

7. application of the composition of alluvial surface types as 
a means for identifying their source terranes. 

Image processing methodology 
Remotely sensed data available for the Tomkinson Ranges 
include the Landsat-5 Thematic Mapper 180 x 180 km Cooper 
scene (path 105 row 78; scanning date 27.10.1986), comprising 
7 spectral bands (30 x 30 m pixels for bands 1-5 and 7; 120 
x 120 m pixels for band 6). Spectral ranges are listed in 
Table 1 and Digital Number (DN) values for test pixels are 
listed in Table 2. Statistical data for the image and sub-image 
are tabulated in Glikson (1994). The Landsat data are affected 
by the additive atmospheric radiance (path radiance or multiple 
atmospheric scatter) and by multiplicative factors (including 
atmospheric transmittance of solar radiation, solar illumination 
variations, reflected radiation at specific solar zenith and 
satellite nadir view angles, and sensor gains), and require 
calibration, i.e. convertion to pixel reflectance DN values. 
This involves removal of the atmospheric influences, sensor 
gains and sensor offsets from the scanned data. Ideally, direct 
comparisons are performed between the remotely sensed data 
and field or laboratory spectral measurements. For this purpose, 
relatively homogeneous pixels are selected, e.g. water, uniform 
green vegetation cover, open cuts of lithologically uniform 
material of known composition, and are compared with available 
mineral or rock spectra. Potential test pixels were examined 
in the Tomkinson Ranges by Simpson (1987), but no homo•
geneous pixels consisting of a single component were identified. 
Chrysoprase open cuts in silcrete near Wingellina and Kalka 
settlements show high reflectance, as well as spectral features 
suggestive of contamination with iron oxides and clay (Table 2). 
A eucalypt and grass-rich patch at the Wingellina school offers 
a relatively homogeneous green vegetation pixel (Table 2). 

Effective correlations can be obtained by the application 
of the log residuals method. This approach represents both 
within-pixel spectral relations and the relations between 
individual pixels and the entire scene. Images produced by 
this method are less affected by topographic shade component, 
although shade still affects ratios, especially in the visible 
range. Consequently, the method is relatively independent from 
overall atmospheric and gain corrections that apply uniformly 
to all the pixels of any particular scene. 

Log residual (LR) images help to identify the significance 
of any single within-pixel band DN value relative to the 
within-pixel bands mean and relative to the entire image pixels 
mean (Green & Craig 1985). Each LR digital number (DN) 
in band I represents the radiance value of a particular band 
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Figure 3. Geological overlay for the Kalka-Mount Davies area 
(Figs 4-7). Symbols for this overlay and for overlays in Figures 9-
12: Pd, peridotite; Px, pyroxenite; Og, olivine gabbro; Gb, gabbro; 
N, norite; Gf, ferrogabbro; An, anorthosite; Mn, mafic granulite; 
Md, mafic dyke; V, volcanic rocks; Fg, felsic granulite and granitic 
gneiss; L, laterite; Ca, calcrete; Si, silcrete; Fc, felsic alluvial collar; 
Mc, mafic alluvial collar; Dv, dry vegetation; Gv, green vegetation; 
Ss, southern slopes (normally densely vegetated); B, burnout. 

of a single pixel (Rbp) divided by the within-band mean value 
(Rbmp)' and further divided by the mean of the entire image 
(RmmJ 

LR DN(i) value = Rbp(i) / Rbmp /Rmmi 
This normalisation procedure cancels out multiplicative effects 
such as atmospheric absorption, solar illumination and sensor 
gains, all of which effect all the pixels of a scene scanned at 
a particular time. The log residual program separates a shadow 
component, which can be subsequently recombined with LR 
bands or with dark pixel-corrected radiance bands in any 
particular image in order to enhance topography and structure. 
Inverted log residual (ILR) DN values assign high DN values 
to and, therefore, highlight distinct spectral absorption features. 

Lithologic correlations of Landsat-5 TM data 
Of the wide range of image processing methods applied in 
the present study, only the more diagnostic criteria identified 
are discussed (see summary of correlations in Table 3), the 
Kalka-Mount Davies area being referred to as the principal 
example (Figs 3-8). 

Spectral characteristics of single Landsat-5 TM bands 
Dark pixel-subtracted radiance data and data corrected for 
atmospheric effects for training areas are presented in Table 2. 

The visible range (VIS, bands 1-3): For green vegetation, 
reflectance in band 2 forms a small peak relative to bands 1 
and 3. By contrast, clay minerals reflect strongly, whereas 
iron oxides absorb in the VIS, allowing a useful distinction 
between materials with different clay/iron oxide proportions. 

Silica and free quartz reflect more strongly in all spectral 
bands than other materials, and can be identified by combination 
(addition) of bands, e.g. (bands 1 + 3 + 5 + 7 or bands 1 + 7)(Fig. 8). 
Combined quartz and clay-bearing weathering products of 
felsic rocks have stronger reflectance in the VIS, compared 
to iron oxide and clay-bearing weathered mafic bedrock 
surfaces. Iron oxide-rich materials, including laterites, weath•
ering crusts of ferrogabbro and iron-rich pyroxenites and their 
derived detritus, show low reflectance in the visible range, 
owing to absorption by iron oxides. 

The Near Infrared Range (NIR, band 4): The NIR band 4 
is characterised by strong reflectance of green and dry 
vegetation, carbonate and clay minerals, whereas the iron 
oxides reflectance is somewhat subdued. Although calibrated 
reflectances of end members (clay, hematite, carbonate, 
goethite) are closely grouped in band 4 (Fig. 2), Landsat-5 
TM data is capable of distinguishing between high-reflectance 
felsic granulites, lower reflectance mafic rocks and lowermost 
reflectance pyroxenites and their derived detritus. The differ•
ences between the weathering crusts of mafic rocks and 
orthopyroxene-rich ultramafics represent the respective pro•
portion of clay and iron oxides in these materials. The 
reflectance of dry vegetation exceeds that of green vegetation, 
allowing their separation. 

The Short Wave Infrared Range (SWIR, bands 5 and 7): 
Landsat-5 TM SWIR bands display high reflectance of iron 
oxides, allowing the effective discrimination of ferruginous 
materials (laterite and weathering surfaces of ferro gabbro and 
some pyroxenites) from clay-rich weathering crusts of mafic 
components of the layered intrusions (gabbro, gabbronorite, 
norite, anorthosite). Although quartz in felsic rocks is partly 
coated by clay and iron oxide films, it results in higher 
reflectance of these rocks in the SWIR relative to mafic rocks, 
owing to the absorption effect of clay-weathered crusts of the 
latter. For band 5, the high reflectance of silica and, to a 
lesser extent, carbonate result in higher albedo of silcrete and 
calcrete relative to laterites. 

The combination of single bands is particularly useful 
where the more clearly identifiable correlations are displayed. 
An example is offered by red-green-blue [RGB] 741 images, 
which emphasise the role of iron oxide in band 7 [R], the 
role of vegetation in band 4 [G] and the role of clay and/or 
carbonate in band 1 [B] (Figs 4a,b,c). Consequently, RGB 
741 and 541 images display gabbroic rocks in bluelblack 
(kaolinite carbonate-bearing weathering crusts); anorthosite in 
bright cyan (clay and carbonate-weathered plagioclase in 
bands 1 and 4); felsic granulites and granites in purple (clay, 
showing in blue in band 1, combined with contribution of 
iron oxide detritus derived from mafic dykes, showing in red 
in band 7); calcrete in light blue (band 1); iron oxide-rich 
pediments and laterite in red (band 7); vegetated areas in 
green, and alluvial planes in yellow (representing combined 
effects of silica, iron oxide [R] and vegetation [GJ). The 
composition of alluvial/pediment collars around or along 
unidentified bedrock outcrops can be gainfully applied to 
regional mapping of remote or unaccessible inselbergs. These 
outcrops may be too small for the identification of their 
bedrock spectra and the spectral characteristics of their 
surrounding alluvial shed provides a clue for the source 
composition. As a rule, mafic outcrops are mostly fringed/sur•
rounded by iron oxide-rich detritus (red collars on RGB 741 
images), whereas felsic outcrops are associated with quartz 
and clay-rich detritus (light cyan collars on RGB 741 images). 

Spectral data for dark pixel-corrected images indicate that, 
in general, orthopyroxene-rich rocks, clinopyroxene-rich rocks, 
gabbroic rocks and anorthosite display an increasing reflectance 
in the visible and short-wave infrared bands, in this order, 
owing to increasing abundance of carbonate/clay weathering 
crusts with higher abundance of clinopyroxene and plagioclase. 
Characterisation of the usually altered peridotitic rocks is 
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complicated, as weathering surfaces may be dominated by 
carbonate (magnesite), hydrated magnesium silicates and iron 
oxides. Orthopyroxene-rich (calcium-poor) rocks may have 
low reflectance DN values in the visible range-a result of 
absorption by iron oxide coatings, which characterise their 
weathering surfaces. By contrast, clinopyroxene-bearing 
websterite shows higher reflectance, owing to higher Ca and 

AI-rich weathering products. For these reasons mafic igneous 
rocks-including gabbro, gabbronorite, norite, anorthosite and 
ferrogabbro--are characterised by generally higher reflectance 
than pyroxenites (Table 2). Anorthosites show a high reflec•
tance in the lower visible band, owing to high clay and 
carbonate content of their weathering surfaces, displayed in 
bright cyan on RGB 741 images, relative to the darker blue 

Figure 4. Single and combined band images of the Kalka-Mount Davies area: (A-top left) band 1, showing high reflectance of 
clay-rich weathering of gabbro, clay-rich alluvial girdles fringing felsic granulites and calcrete along creek; (B-top right) band 4, 
showing high reflectance of green vegetation along southern slopes, gullies and alluvial plains; (C-bottom left) band 7, showing high 
reflectance of iron oxide in laterites and alluvial shed from mafic rock outcrops; (D-bottom right) bands (1+3+5+7), showing a 
combined high reflectance of quartz/silica, mainly quartz-rich alluvial shed from outcrops of felsic metamorphic and igneous rock 
and a silcrete pit on the south ·slopes of Mount Kalka. For a geological overlay refer to Figure 3. 
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of gabbro. Felsic granulites and granitoids, which show higher 
reflectance than mafic materials in the infrared range, are not 
readily distinguished from the latter in the visible range. 

Log residual images 
Examinations of LR and ILR images offer lithologic discrimi-

nations that are better pronounced than those shown by single 
band or band ratio images. For each pixel the log residual 
program calculates the band mean (average brightness or 
albedo), which is included in the output as an additional 
spectral band, allowing the creation of an image representing 
the topographic and structural characteristics of the area 

Figure 5. Log residual images of the Kalka-Mount Davies area: (A-top left) log residual band 8, representing the shadow component 
and thus the topographic features of the terrane; (B-top right) inverted log residuals of band 7, representing the high absorption 
by clay minerals and carbonates; (C-bottom left) inverted log residuals of band 3, representing absorption by green vegetation; 
(D-bottom right) inverted log residuals of band 1, representing absorption by iron oxides. Images B, C and D represent dominance 
of clay-rich weathering of gabbro and anorthosite, occurrence of calcrete along creeks, relative abundance of green vegetation along 
southern slopes and gullies and on alluvial plains, the iron oxide-rich laterite zones (north of Kalka), and the abundance of iron 
oxides in alluvial deposits derived from mafic igneous rocks. For a geological overlay refer to Figure 3. 
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(Fig. Sa). This image can be usefully combined with other 
LR and ILR images as well as images of any other type. 
Clays and/or carbonates are represented by either high LR 
ON values in band 1 or high ILR ON values in band 7 
(Fig. Sb). Green vegetation is represented by high LR-4 DN 
values or by inversion of the band 3 absorption feature, namely 
high ILR-3 DN values (Fig. Sc). Iron oxides are represented 
by either high LR-7 DN values or by high ILR-1 DN values. 
Because laterite and gullies that cut mafic rocks are commonly 
covered by relatively dense green vegetation, some of the 

features in Figures Sc and Sd are similar. However, the ILR-1 
image is poorly defined, representing inverted absorption 
features for iron oxides, green and dry vegetation, and includes 
fireburn zones (particularly along the southern flank of Mount 
Davies) probably due to dry vegetation (Fig. Sd). 

Orthopyroxene-dominated rocks and ferrogabbro display 
high LR-7 DN values and low LR-4 and LR-3 DN values, 
compared to norite and gabbro, representing the high iron 
oxide and low clay components of weathering crusts of these 
feldspar-poor ultramafic rocks. These variations are clearly 

Figure 6. Band ratio images of the Kalka-Mount Davies area: (A-top left) band ratio 517 , expressing clay minerals and/or carbonates; 
(B-top right) band ratio 3/1, expressing a weak signature of iron oxides; (C-bottom left) band ratio 5/4 , expressing a marked 
signature of iron oxides; (D-bottom right) band ratio 4/3, expressing green vegetation. For a geological overlay refer to Fig. 3. 
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shown on RGB log residual 741 images by high LR-5 and 
LR-7 of pyroxenites and ferrogabbro. The signatures of clay 
(±carbonate)-rich weathering crusts of anorthosites and leu•
cogabbro are broadly similar to those of gabbro, showing high 
DN values in LR-3 and LR-4 and higher DN values of ILR-7 
(Fig. 5b), including clay-rich arkose girdles around outcrops 
of felsic granulites and calcrete along creeks. Higher abundance 
of calcic plagioclase and its weathered clay products over 
anorthosite results in a stronger reflectance in LR-4 and 
consequent cyan color on RGB LR-741 images. A similar 

effect is imparted by deep weathering profiles of gabbro, 
representing combined effects of clay and vegetation. Anor•
thosites interbanded with felsic granulites are distinguished 
from the latter by their higher LR-4 and lower LR-7 and 
ILR-l DN values. Mafic granulites of the western Hinckley 
Range show significantly higher LR-5 and LR-7 DN values 
when compared with gabbro and lower LR-7 DN values 
relative to iron-rich weathering crusts of pyroxenites and 
ferrogabbro . This distinction stands out, for example, on RGB 
LR-741 images (mafic granulite, red; gabbro, cyan), allowing 
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the charting of Iittle-recrystallised relic bodies of gabbro from 
mafic granulites in the western Hinckley range (Glikson 1994). 
The spectral difference between gabbro and mafic granulite, 
which have near-identical mineralogy and chemistry, is attrib•
utable to the silica-bearing weathering crusts, which show as 
films of silica on granulite outcrops and are related to penetrative 
intrusion by granitic veins. This is contrasted with the 
clay/carbonate rich weathering crusts on Iittle-recrystallised 
coarser grained gabbro from which the mafic granulites have 
been derived by recrystallisation. Another factor contributing 
to the different spectral characteristics of the gabbro and mafic 
granulites is the finer grained texture of the latter. 

Log residual images allow an effective discrimination 
between gabbroic rocks and felsic igneous/metamorphic rocks 
on the basis of differences in LR-5, which displays higher 
DN values in felsic rocks, owing to a great~r abundance of 
iron oxide in their weathering crusts. Consequently, images 
such as RGB LR-754 commonly display iron-rich pyroxenites 
in red [LR-7], felsic materials in shades of green (LR-5), and 
gabbro in dark blue [LR-4]. Intrusion of mafic dykes into 
felsic rocks enhances the iron oxide signature of the latter 
due to scattered mafic detritus. Weathered felsic rocks located 
at topographically high positions below uplifted early erosion 
surfaces (peneplain) display higher DN values in LR-3 and 
LR-4, owing to clay and associated green vegetation, repre•
sented on RGB LR-741 images by green (LR-4), e.g. Mount 
Aloysius, Mount West and Ewarara ridge (Fig. 1). Felsic and 
mafic granulites have similar DN values in LR-7 and LR-5, 
and appear in similar colors on RGB LR-754 and LR-741 
images. The mafic granulites have somewhat lower DN values 
than felsic granulites in LR-3 and LR-4 images. 

The spectral response of laterites is similar to that of 
ferrogabbro in LR-7, LR-5 and LR-4, representing the high 
abundance of iron oxides in these materials. On RGB LR-754 
images, the high DN value in LR-5 results in a diagnostic 
deep apple green color for laterite. Calcrete deposits associated 
with creeks are distinguished by high DN value in LR-3 and 
LR-1, similar to anorthosite and gabbro, where clay (±carbonate) 
coatings may be important. On RGB LR-741 images calcrete 
shows in cyan blue, but is difficult to discriminate from 
silcrete, an analogy related to local mixtures of these compo•
nents. 

Alluvial deposits derived from specific bedrock types are 
closely related to their source composition. Thus, oxidised 
colluvium and alluvium derived from mafic rocks display 
higher DN value in LR-7 (iron oxide-dominated) than debris 

derived from felsic rocks. Alluvial deposits derived from the 
latter have generally higher DN values in LR-5 and LR-4, 
the latter representing green vegetation supported by the 
arkose-rich shed from felsic sources. Such alluvial collars 
fringe or form rings around outcrops of felsic granulite, as 
displayed on RGB LR-741 images in cyan (vegetation on 
clay-rich soil)(Glikson 1994). Alluvial deposits derived from 
mixed sources display intermediate effects. Dunes show little 
difference from mixed-source alluvial deposits, and display 
generally high reflectance related to the effect of abraded free 
quartz. Some silt/clay deposits display lower DN value in 
LR-5 and high DN value in LR-3 and LR-1, representing 
lower iron oxide and higher clay components relative to coarser 
grained alluvial deposits . 

Fireburn effects in alluvial and dune areas are manifest by 
a higher LR-4 DN values, representing young green vegetation, 
relative to old growth dominated by high LR-7 DN values 
that represent dry vegetation. On RGB LR-741 images foreruns 
are displayed in mixtures of bands LR-4 and LR-7 (yellow), 
whereas old growth areas are displayed by high LR-7 DN 
values (red). Fireburnt gabbro outcrops reflect more strongly 
in LR-4 and LR-3 and less in LR-7, as compared to old 
growth areas dominated by high LR-7 and LR-1 DN values. 
Consequently, on RGB LR-741 images, mafic fireburn areas 
show in cyan and old growth in purple. 

Log residual images are significantly enhanced by the 
application of AMSS Geoscan MK-1 images. For example, 
an RGB LR-941 image of the Wingellina Hills area allows 
discrimination between weathered gabbro and laterite. The 
weathered gabbro shows high reflection by clay in band LR-1 
and high absorption DN values in ILR-9 and ILR-4, and is 
consequently displayed in red and green (yellow). By contrast 
the bush-covered laterite reflects strongly in LR-4 and to a 
lesser extent LR-9, showing high absorption in bands ILR-1 
and to a lesser extent ILR-9, resulting in a purple color 
(Glikson 1994). 

Landsat-5 TM Band ratio images 
Given the limited number of bands and the broad wavelength 
spectrum covered by Landsat-5 TM bands, the identification 
of surface types is complicated by spectral superposition. 
Landsat-5 TM spectra allow identification of iron oxide 
(hematite-high 3/1, 5/4 and 5/3), clay + dry vegetation (high 
5/7), green vegetation (high 4/3), and quartz/silica (bands 
1 +3+5+7). Since band ratios 3/1 is also representative of green 
vegetation spectra, iron oxides are better discriminated by the 

Figure 7. pc2[4/3;5/'7J:5/4:4/3 RGB image of the Kalka and Mount Davies layered intrusions. The Kalka layered intrusion 
consists of a >5000 m thick south-younging sequence, which includes (1) a basal zone of orthopyroxenite and websterite; 
(2) a thick zone of norite, minor pyroxenite, gabbro, anorthosite, olivine bearing norite and olivine· websterite; (3) a lense 
of harzburgite occurs within the norite zone, occupying a marked topographic depression; (4) an olivine gabbro zone <600 m 
thick within the norite zone; (5) an anorthosite zone. The basal pyroxenite units (Px) and the olivine gabbro (Og) display 
in deep azur green, representing their iron oxide· rich weathering crusts. The norite (N) displays in red, representing 
clay-dominated weathering crusts covered by dry spinifex vegetation. Anorthosites (An) show in orange, representing 
clay/carbonate-dominated weathering crusts. The Mount Davies gabbro (Nesbitt & Kleeman 1964) is the second largest 
layered mafic/ultramafic body of the Giles Complex. It consists of a >7000 m thick south·younging sequence of cumulates, 
including (1) a lower gabbro zone with pyroxenite intercalations; (2) a central valley-forming serpentinised peridotite unit; 
(3) a gabbroic zone with numerous pyroxenite intercalations, and (4) a thick upper gabbroic zone which intrudes felsic 
granulites discordantly through a wide hybrid transition zone. The Mount Davies intrusion is cut by numerous faults, 
including the near-strike Greenwood fault. The lower gabbroic zone (displaying in red, representing c1ay·rich weathering 
and dry vegetation) is overlain by a large depression-forming peridotite lense (Pd) capped by magnesite/calcrete, which shows 
in mottled yellow/white/red patterns. Pyroxenite intercalations (Px) of sequence 3 form narrow strike valleys showing in 
green (iron oxide-rich) and blue (green vegetation-rich). Felsic granulites (Fg) intruded by the Mount Davies body show 
greenish yellow, signifying mixed iron oxide-clay high-albedo (quartz-rich) weathering surfaces, and are cut by NW-trending 
mafic dykes (Md), which show in blue-green, thanks to their iron oxide-rich weathering surfaces and thicker vegetation. 
Outcrops of felsic bedrocks are surrounded by red to purple collars (Fc), signifying clay rich alluvial material shed from 
the felsic rocks. A zone of nickel-bearing laterite (L) east of the Kalka intrusion shows in apple green. Alluvial materials 
derived from the layered mafic intrusions are dominated by iron oxide (Fg). Thick calcrete (Ca) duricrust along Pidingadinga 
Creek show in deep orange. The southern slopes (Ss) of Mount Davies bear thick green vegetation (Gv) that show in blue, 
especially along gullies, and at lower levels feature a major burnout (B) of low dark brown albedo. The southern fault-bounded 
(Hinckley fault, Hf) escarpment of Kalka and the southern slope of a felsic granulites ridge (Fg) at the northeastern corner 
of the area also feature strong green vegetation effects. For a geological overlay refer to Figure 3. 
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Figure 8. pc2[4/3;517]:5/4:[bands 1+3+5+7], RGB image, representing clay/carbonate-iron oxide-quartz/silica relationships in the Kalka•
Mount Davies area. Note the concentration of alluvial quartz, showing in blue, around outcrops of felsic granulites and granites. 
The spectral signature of quartz is not expressed on the weathered surfaces of the felsic rocks, owing to thin coatings of quartz 
grains by films of clay and iron oxide. For a geological overlay refer to Figure 3. 

5/4 and 7/4 band rations. green and dry vegetation spectra, 
the band ratio 5/4 is better suited for discrimination of iron 
oxides. Thus, the RGB 5/4:4/3;5/7 image is useful for distinction 
of iron oxides, green vegetation and clay, respectively. In this 
image, a partial green vegetation cover over clay/carbonate 
bedrock displays in cyan, whereas fireburn areas show in dark 
brownish colour. However, near-spectral overlaps occur, for 
example: (1) clay and carbonate; (2) the 5/7 ratio of clay and 
dry vegetation; (3) goethite and hematite (Fig. 2). The effects 
of histogram stretching, maximising the range of DN values 
for each of the ratios on RGB images, complicates comparisons 
between band ratios. Examination of Landsat-5 TM spectral 
patterns for training areas in the Tomkinson Ranges indicates 

systematic differences with regard to some of the principal 
ratios, summarised below (Table 2). 

Laterite, characterised by high reflectance in band 7, owing 
to its iron oxide-rich nature, displays high 5/4 ratio DN values 
(-2.7) and high 5/1 ratio DN values (-4.6-5.1), but does not 
display high 3/1 ratios relative to other less-ferruginous 
materials (Table B). Clay pans and dry lakes (Champ de Mars, 
Lake Wilson) do not display the high band ratio 5/7 DN 
values expected for clay, suggesting they may consist principally 
of silt. The Lake Wilson bed is characterised by high band 
ratio 5/4 (-2.6), signifying iron oxide-rich detritus. Weathered 
clay-rich felsic granulites and anorthosites have relatively high 
5/7 band ratios DN values (-1.4) due to clay (±carbonate) 
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enrichments, as does calcrete. The high 5/7 ratios of silcrete 
suggest silica/carbonate mixtures. The masking effects of dry 
and green vegetation are partly overcome by calculating the 
band ratios of devegetated images, using a pixel-unmixing 
program that subtracts the green vegetation end member from 
the bands (Bierwirth 1990; Glikson 1994). The results of this 
analysis indicate consistent lowering of the band ratios 5/7 
and 5/4 and increases in the band ratios 3/1 and 5/1 in green 
vegetation-free images, as compared to mixed mineral/vege•
tation images. In the following, the characteristics of individual 
band ratio images are described: 

Band ratio 5/4 image: this band ratio is extremely useful 
for the identification of hematite and goethite, since the other 
common components--clay, carbonate, silica, green and dry 
vegetation-have significantly lower ratios. High 5/4 DN 
values are typical of laterites, iron-rich pyroxenite and oxidised 
mafic-derived pediment and colluvium deposits (Fig. 6a). By 
contrast, the band ratio 3/10f hematite and goethite is partly 
overlapped by the spectral patterns of dry vegetation (Fig. 2), 
yielding a poorly defined image, which shows only a weak 
expression of iron oxide-rich units, including dry vegetation 
patterns corresponding to fireburn patterns (Fig. 6b). Felsic 
rocks are characterised by higher 5/4 ratios than gabbroic 
rocks, confirming the higher iron oxide levels in their weathering 
crusts and shed from mafic dykes. In mafic terranes, fireburn 
areas show a lower 5/4 ratios than old vegetated areas. 

Band ratio 5/7 images: this band ratio is diagnostic of 
clays and minerals; however, it is overlapped by the band 
ratio 5/7 of dry vegetation (Fig. 2). Felsic rocks show higher 
DN values than mafic rocks. Surface types displaying very 
high band ratio 5/7 DN values in the Kalka-Mount Davies 
sub-scene include (1) clay-rich alluvial/arkose girdles around 
isolated outcrops of felsic granulites; (2) carbonate-rich weath•
ering zones overlying peridotitic rocks at the core of the 
Mount Davies range; (3) calcrete accompanying creeks; 
(4) very low band ratio 5/7 typical of vegetated shaded southern 
slopes, i.e. Mount Davies, Kalka, Hinckley fault scarp imd 
ridges southeast of Ewarara. Patchy zones of high band ratio 
5/7 DN values also occur over gabbro bedrock surfaces, 
representing combination of clay-rich areas and dry vegetation 
patterns (Fig. 6c). 

Band ratio 4/3 images: DN values of this ratio representing 
green vegetation are markedly higher than for areas rich in 
dry vegetation and/or iron oxides. High band ratio 4/3 DN 
values occur along gullies, creeks, strike depressions over 
pyroxenite in Mount Davies, parts of the southern shaded and 
better vegetated slopes of Mount Davies and the eastern 
extension of Ewarara ridge (Fig. 6d). High band ratio 4/3 DN 
value zones may coincide with young regrowth of green 
vegetation in recent fireburns areas. 

Principal components analysis of single bands 
The generally high correlation between bands of common 
materials in natural terranes requires a method of discriminating 
spectral patterns which depart from the general norm. Principal 
components (PC) analysis measures the correlation between 
band reflectance DN values in each pixel and the mean spectral 
pattern of the total pixel array. The method quantifies the 
proximity of each reflectance value to best-fit variance axes 
in N-dimensional space-the number of axes equalling the 
number of spectral channels. The highest principal component 
(PC1) represents best correlated band DN values, whereas 
lower PCs represent increasingly less-correlated spectra of 
potential interest. Each PC is influenced by all the 6 Landsat-5 
TM bands. Particular PCs are influenced by particular surface 
types, although such correlations may vary within and between 
images. 

Eigen vectors weighing the effect of each of the 6 spectral 
bands in each of the 6 PCs (based on bands 1,2,3,4,5,7, 
excluding the thermal band 6) are tabulated in Glikson (1994). 

In general, the PC analysis of Landsat-5 TM in the Tomkinson 
Ranges suggests correlations of low-order least-well correlated 
PCs with vegetation types and fireburn patterns. Thus, whereas 
RGB images of PCs 1, 2 and 3 outline geological and structural 
elements, RGB images of PCs 3, 4 and 5 display the distribution 
of vegetation and fireburn areas. PCs 3 and 4 contain information 
on the distribution of free quartz in alluvial and dune deposits, 
as contrasted from weathering-coated quartz in bedrock and 
from silcrete. 

Single principal component images display the following 
features: 
• PC-1 is dominated by bands 2, 3 and 7 (i.e. clay, carbonate, 

iron oxides). Both mafic and felsic rock types display high 
DN values. Gabbro and pyroxenite display high to very 
high DN values, as do felsic granulites/granites. However, 
whereas mafic source-derived alluvium reflects in interme•
diate DN values, felsic source-derived alluvium and dune 
crests have very low DN values. This difference is interpreted 
in terms of (1) high bands correlation of the clay-carbon•
ate-iron oxide-dominated weathering crusts in a composi•
tionally wide range of bedrock types, and (2) low bands 
correlations of free quartz-dominated felsic source-derived 
alluvium and dunes. The relatively low quartz expression 
in the felsic rocks themselves is attributed to their coating 
by weathering products such as clay and iron oxides. 
Calcrete and silcrete show very low band correlations in 
PC1. Firebums are displayed by the somewhat higher DN 
values of old growth. Shade is represented by lower DN values. 

• PC-2 shows a strong negative correlation with band 7 (iron 
oxides), allowing discrimination between iron oxide-rich 
materials (pyroxenites, ferro gabbro and laterite) of inter•
mediate to high DN and anorthositic to gabbroic rocks of 
low DN. Felsic granulite/granite displays intermediate to 
high DN values. Fireburn areas on gabbro show lowering 
of DN values as compared to old growth. Calcrete and 
silcrete show may show low DN values and felsic-derived 
alluvium and dunes show in black-representing the low 
bands correlation of free quartz. Green vegetation and 
thereby creeks show as low-DN dark zones. 

• PC-3 is influenced by bands 2 and 5 (clay, iron oxides), 
and appears to be dominated by free quartz, as suggested 
by very high DN values of felsic-derived alluvial materials 
and of dunes. The role of quartz is confirmed by the high 
negative Eigen vector value of the thermal band [6] in the 
original Landsat-5 TM image (Glikson 1994). Interpretations 
of band 6 are complicated by its sensitivity to atmospheric 
conditions. The PC3 image is useful for discrimination of 
fireburns, thanks to significantly higher DN values in 
fireburn areas over bedrock and alluvial deposits. Calcrete 
and silcrete duricrusts show low DN. PC-3 images display 
little discrimination between other surface types. 

• PC-4 shows a strong negative correlation with bands 5 and 
3 and displays high DN values for iron oxides and for 
fireburn areas. The DN values of the latter are in inverse 
relation to their age, i.e. young fireburns display higher 
DN values. PC-4 offers a good discrimination between 
gabbro and mafic granulites, the latter displaying higher 
DN values. Felsic materials show lower DN values than 
mafic materials, and free quartz-bearing felsic alluvium as 
black areas. 

• PC-5 shows a negative correlation with band 1 and a 
positive correlation with band 4 (green vegetation), which 
occurs mainly along creeks and depressions, in agreement 
with the high Eigen vectors in band 4. Little contrast is 
shown between mafic and felsic lithologies. 

• PC-6 is dominated by negative correlations in bands 4 
and 1. The images are very 'noisy' and show faint outlines 
which can hardly be correlated with geological features, 
possibly reflecting old fireburn patterns and dry vegetation 
patterns. 
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Directed principal components analysis of band ratios 
Application of directed principal component analysis to band 
ratios allows a discrimination between materials with partly 
overlapping spectral patterns (Fraser & Green 1987). High 
4/3 ratio DN values pertain to both iron oxide and green 
vegetation, and high 5/7 band ratio DN values pertain to both 
clay and vegetation. However, iron oxide can be distinguished 

from vegetation by much lower 5/7 ratio DN values. Likewise, 
clay can be distinguished from vegetation by much lower 4/3 
ratios. These discriminations can be made using principal 
component analysis of pairs of ratios. For vegetation and clay 
the difference is expressed by principal components analysis 
of bands 4/3 and 5/7, namely, pc2( 4/3:5/7). The discriminative 
principal component can be combined with band ratios in 

Figure 9. (A, above) pc2[4/3;5!7]:5/4:4/3 RGB image, northwest Bell Rock layered gabbro /troctolite; (B, right) a corresponding 
geological overlay (for explanation of symbols refer to Fig. 3). Extensive fireburns in the northwestern part of the Bell Rock range 
result in excellent exposure of the mafic layered rocks. Unburnt areas show in the typical clay-like red reflectance of dry vegetation. 
Whereas the gabbro (Gb) in burnt areas reflects in low-albedo dark brown color, units of ferrogabbro (GO and also mafic dykes, 
characterised by abundant magnetite and its weathering products, show in bright green. The high resolution of these units and dykes 
allows their delineation in greater detail than allowed by field and aerial photographs mapping. 
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RGB images to display a range of clay/iron oxide variations 
along with a separate vegetation component. 

The colour composite image, pc-2(clay-dominated)-5/4 
(iron oxide)-4/3 (green vegetation), displayed as RGB, has 
been found to allow direct comparisons between the ratios of 
clay/carbonate, iron oxide, and green vegetation (see Figs 7 
and 9-12). In this type of image, the visually sensitive red 
and green colours represent lithologic variations and the 
visually less-sensitive blue colour represents vegetation. Com•
parisons between lithologic correlations allowed by this image 
and correlations suggested by log residual images, band ratio 
images and pixel-unmixed images suggest superior resolution 
of surface types, as follows: 
• old growth-covered gabbro: red and purple, representing 

clay/carbonate weathering crusts and dry vegetation, green 
vegetation being particularly dense in shaded southward 
slopes that show in deep purple (Fig. 7). 
fireburn over gabbro: dark brown to red, representing low 
DN values of clay covered weathering surfaces (Figs 7, 9). 

• ferrogabbro : bright apple green, representing iron oxide 
(Fig. 9). 

• pyroxenite: green-dominated, commonly ranging to cyan, 
representing strong effect of iron oxides, i.e. northern Kalka 
(Fig. 7), Ewarara, Latitude Hill, Gosse Pile (Fig. 11), 
merging into cyan where vegetation is important, i.e. 
southern shaded slopes of Gosse Pile. 

• felsic granulite and granitic gneiss: mostly yellow (clay/iron 
oxide red/green mixtures)(Figs 7, 11) covered in places by 
blue (vegetation on southern slopes) and red where weath•
ered to clay. Strong sub-peneplain clay weathering is 
conspicuous on high levels of Mount Aloysius (Fig. 1). 

• laterite: marked apple-green (iron oxide) to yellow (iron 
oxide-clay mixture), i.e. east of Kalka (Fig. 7) and 
Poonawarra, and cyan, where laterite is covered by dense 
mulga bush, such as around Wingellina (Fig. 1). 

• calcrete: orange red, i.e. along creeks (Fig. 7) and locally 
over peridotite (Fig. 7). 
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• silcrete: bright red (Fig. 7). 
• mafic source-derived alluvium: shows in shades of light 

green to light orange, representing the importance of iron 
oxide and clay (Figs 9-11). 

• felsic source-derived alluvium: light red to purple, com•
monly forming collars around outcrops of felsic granulite, 
representing the importance of clay and vegetation 
(Figs. 7, 11). 

• silt and claypans: light orange to red (Champ de Mars clay 
pan) and green (Lake Wilson), the latter suggesting 
suspended iron oxide/clay mixture. 

An equally effective RGB image combines pc2(4/3:5/7)[R], 
band ratio 5/4 [G) and bands (1+3+5+7)[B]-the latter 
representing the high albedo of free quartz (Fig. 8). 

Discussion 
The results of the image analysis methods discussed above 
are summarised here in relation to the identification of specific 
surface material types (see Table 3): 

Iron oxides. Hematite shows a good correlation with the 
band ratio 5/4 and 7/4 images, thanks to their uniquely high 
DN values in iron oxides compared to other materials (Fig. 2). 
Surface types identified in this way include lateritic deposits, 
iron oxide-impregnated weathering crusts of pyroxenite and 
ferrogabbro, oxidised mafic debris in strike valleys that overly 
pyroxenite units and in creeks, and, to a lesser extent, iron 
oxide-bearing weathering products of felsic granulites tran•
sected by mafic dykes (Figs 7, 11). The low band ratio 5/4 
DN values of gabbroic rock surfaces represent the dominance 
of clay in their weathering products. Low band ratios 5/4 of 
tracks represent the winnowing away of fine iron oxide dust 
from quartz-rich arenite. A distinction between hematite and 
goethite may be possible where iron oxide-rich material has 
low band ratio 5/4 DN values (Fig. 2). Other iron oxide 
correlations, namely band ratio 3/1, are largely masked by 
high band ratio 3/1 DN values of dry grass (Fig. 2). 

Clay and carbonates. Traditionally, band ratio 5/7 DN 
values are used as an effective discriminant of clay components, 
although similar criteria apply to carbonates and dry vegetation 
(Fig. 2). Band ratio 5/7 DN values in the Kalka-Mount Davies 
area represent the relative abundance of clay components in 
the weathering products of gabbroic rocks, carbonate weathering 
of peridotite, and calcrete deposits, and as are mixed with 
iron oxide in the weathering products of felsic rocks and their 
alluvial derivates (Fig. 7). The second principal component 
of the combined band ratios (4/3;5/7) allows the separation 
of the clay component from the vegetation component. The 
inverted ILR-7 image, which represents strong absorption of 
band 7, owing to clay minerals, indicates clay/carbonate 
weathering of gabbroic rocks as high DN values, but represents 
clay components shed from felsic granulite to a lesser extent 
(Fig. 5b). 

Quartz/silica. The uniformly high reflectance of quartz and 
silica in all bands can be used to separate these components 
by means of adding the DN values of several spectral bands, 
e.g. bands [1 +3+5+ 7] or bands [1 + 7], resulting in high combined 
reflectance values compared to other materials (Fig. 4d). The 
identified quartz/silica component can be combined with 
clay/carbonate and iron oxide, forming a diagnostic three-min•
eral components RGB image, for example: pc2[4/3;5/7] : 5/4 : 
[1 +3+5+7], representing clay/carbonate-iron oxide-quartz/sil•
ica (Fig. 8). 

Green vegetation. Band ratio 4/3 DN values effectively 
discriminate green vegetation (Fig. 2), which under the arid 
conditions of the Tomkinson Ranges concentrate along creeks, 
southern slopes, strike valley depressions, alluvial collars 
around felsic rocks outcrops, vegetation-fringed tracks, and 
airstrips. In view of the strong absorption by the chlorophyll 
of green vegetation in band 3, an inverted log residual image 
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Figure 10. (A, above) pc2[4/3;5/7l:5/4:4/3 image eastern part of the Blackstone layered gabbro/troctolite; (8, below) corresponding 
geological overlay (for explanation of symbols refer to Fig. 3). The Blackstone intrusion is similar to the Bell Rock intrusion in 
mineralogy, magmatic stratigraphy, styles of magmatic layering, and degree of fractionation, and is considered its equivalent (Daniels 
1974). It consists of a >3600 m thick south-younging sequence of highly fractionated troctolites and magnetite rick gabbro, and minor 
olivine gabbros, anorthosites (8allhaus & Glikson 1995-this issue). Along the north the intrusion is recrystallised into phlogopite-bearing 
mafic granulites. Along its southern contact it is faulted against the Tollu Group volcanics. The Landsat image allows effective 
delineation of thin magnetite-rich gabbro units (Gt), otherwise difficult to map in the field, and showing as green strike lineaments 
between the clay-weathered gabbro zones. The iron oxide-rich alluvial shed from the intrusion is deep apple green. Creeks are 
marked by yellow, namely mixtures of iron oxide and clay. 
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of this band [ILR-3] is also useful in fingerprinting green 
vegetation, yielding high DN values for green vegetation 
(Fig. 5c). However, vegetated alluvial collars around felsic 
rock outcrops are only weakly displayed on this image, possibly 
owing to variations in the type of plants. 

Other image processing methods 
Pixel unmixing and vegetation screening analysis: Pixel 
unmixing analysis (Bierwirth 1990; P.N. Bierwirth pers. comm., 
1994) depends on a choice of realistic spectrally distinct 
end-members identified in the field. Similar spectral patterns 
are difficult to separate, e.g. distinctions between clay and 

carbonate and between haematite and goethite are not readily 
obtained on Landsat-5 TM images. Model end-members can 
include dry vegetation and green vegetation (higher 4/3 and 
2/3 band ratio than dry vegetation). The number of end 
members can not exceed the number of bands, namely up to 
six bands in Landsat-5 TM images (excluding the thermal 
band 6). Modelling of end member abundances by pixel 
unmixing allows subtraction of the reflectance effect of dry 
and/or green vegetation end members in each band from the 
primary (radiance-corrected) Landsat-5 TM band DN value 
in order to obtain the devegetated images. 

In the present study (Glikson 1994) the following field•
measured end member spectra were selected: (1) kaolinite; 
(2) calcite; (3) hematite; (4) goethite; (5) silica; (6) eucalyptus 
green vegetation; (7) dry vegetation; (8) spinifex vegetation 
(similar to green vegetation). Comparisons between pixel-un•
mixed model images and selected band ratio images confirm 
the unmixing model with regard to (1) the unmixed clay 
component, correlates with band ratio 5/7 images; (2) the 
unmixed iron oxide component correlates with band ratio 5/4 
images, and (3) the unmixed green vegetation component 
correlates with band ratio 4/3 images. On the other hand, no 
discriminations of clay from carbonate, of haematite from 
goethite and of silica have proven possible: (1) kaolinite, 
representative of clays in general, is suggested in the weathered 
surfaces of felsic igneous and metamorphic rocks and derived 
alluvial materials-the latter forming distinct rings and fringes 
juxtaposed with felsic igneous and metamorphic outcrops; 
(2) clay/carbonate mixtures are suggested in the weathering 
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surfaces of gabbroic igneous rocks; (3) carbonates and car•
bonate/silica mixtures are represented by calcrete along creeks 
and by calcrete rises beneath alluvial surfaces; (4) haematite 
and/or goethite dominate outcrops of orthopyroxenites, ferro•
gabbro, lateritic deposits and iron oxide-rich alluvial deposits 
derived from mafic igneous rocks. Attempts to model goethite 
are unsuccessful, in part due to its spectral overlap with 
vegetation; (5) silica is not discriminated except as a generally 
high to very high reflectance, i.e. in silcrete open cuts near 
Wingellina and Pipalyatjarra; (6) green vegetation is well 
represented along creeks and in fireburn areas covered by 
young green spinifex regrowth, allowing discrimination of 
fireburn outlines. These areas offer geological 'windows' 
through which the spectral patterns of mineral components 
are better manifest than in old growth areas covered by the 
highly reflective dry vegetation. 

In view of the near overlap between the band ratio 5/7 of 
dry vegetation and clay, removal of the dry vegetation 
component in the unmixing analysis may result in loss of 
information with regard to the clay component, as indicated 
by comparisons between the original data and devegetated 
images with log residual images. Comparisons between single 
band pixel-unmixed images and band ratio images indicate 
the following similarities and differences (Glikson 1994): The 
haematite end member band of the pixel-unmixed image shows 
important features in common with the 5/4 band ratio image. 
Both images show very high reflectance for laterite and for 
oxidised mafic-derived colluvium, intermediate reflectance for 
felsic granulites and low reflectance for clay/carbonate weath•
ered mafic rocks and for clay and quartz-rich girdles around 
felsic outcrops. The correlation between the clay end member 
band of the pixel unmixed image and the band ratio 5/7 image 
is not as good, although c1ay/carbonate-rich areas at the centre 
of Mount Davies and clay/quartz-rich alluvial girdles around 
felsic granulite outcrops are expressed by high DN values in 
both types of images. The otherwise poor correlation arises 
due to superposition of vegetation on the band ratio 5/7, 
requiring comparisons with devegetated images. A close 
similarity is shown between the green vegetation end member 
in the pixel unmixing image and the 4/3 band ratio image. 
Both images display the greater concentration of green 
vegetation in creeks, strike-parallel depressions of less resistant 
lithologies and some southern slopes, i.e. Gosse Pile. 

In attempting to produce devegetated images based on the 
pixel unmixing analysis it is evident that, since field-measured 
spectra indicate a close coincidence between the 5/7 ratios of 
dry vegetation and clay, a significant loss of mineral-related 
data occurs upon subtraction of the dry vegetation end member. 
For this reason, only green vegetation subtraction was applied 
to the Tomkinson Ranges scene. The comparison between 
original (dark pixel-corrected) images and devegetated images 
(Glikson 1994) shows (1) a consistent reduction in the band 
ratios 4/5 and 5/7 of the devegetated spectra, consequent on 
the removal of the positive 5/7 and 5/4 ratios of green 
vegetation, and (2) a consistent decrease in the band ratio 4/3 
of the devegetated spectra, due to the removal of the high 
band ratio 4/3 of green vegetation; (3) lowering of the band 
ratios 2/1 and 2/3, which are high in green vegetation. 
Devegetated images of the Tomkinson Ranges show that, 
whereas sharpening of the images and good definition of some 
lithological units are obtained, much of the detail shown in 
the original images and in log residual images and ratio images 
is lost. This may indicate that green vegetation concentrations 
help define surface mineral types. 

Unsupervised classification: Unsupervised image classifi•
cation involves comparisons between nearest-neighbour pixels, 
calculation of mid points, and migration of means by an 
iterative process-grouping analogous spectra into a user•
specified number of classes. The method differs from supervised 
classification where specifie.d spectral types are derived from 

training areas, a process involving a priori categorisation of 
the classes, or SUbjective selection. Unsupervised classification 
can be performed either on raw spectral data, corrected spectral 
data or processed images. On classified images each spectral 
group is given a separate color, allowing its visual distinction. 
In this study unsupervised classification images produced on 
the lIS system, using 20 and 30 class selections allow the 
following correlations: 
• A 20-c1ass image differentiates between the following 

surface types: 
1. gabbro. 
2. ferrogabbro and pyroxenite. 
3. felsic granulites and granites. 
4. quartz-rich alluvial deposits . 
5. weathered felsic granulites. 
6. vegetated dune areas. 

• A 30-c1ass images differentiates between the following 
surface types: 
1. mafic and ultramafic rocks. 
2. felsic granulites and granites. 
3. quartz-rich alluvium. 
4. vegetated dunes. 

The above suggests that an increase in the number of classes 
may result in subdivisions whose significance in terms of 
correlation with surface types is unclear. In view of the limited 
resolution of classified raw data images, unsupervised classi•
fication was performed on geologically particularly useful 
images, for example RGB pc2(4/3:5/7) : 5/4 : 4/3 image. The 
classification process results in image degradation due to the 
averaging of pixel arrays, generally diminishing the resolution 
of individual surface type. Thus, whereas the classified image 
still allows a discrimination between gabbro, iron oxide-rich 
ferrogabbro/pyroxenite/laterite, felsic granulite and weathered 
felsic granulite-its spatial resolution is distinctly inferior as 
compared to that of the unclassified image. 

AMSS Geoscan MK-J image correlations: Two runs of 
AMSS Geoscan 13-band 10 metre-pixel MK-I imagery flown 
over the Tomkinson Ranges have been provided by Geoscan, 
courtesy of Dr J.L. Daniels, for lithological comparisons. The 
two runs, covering 5 km wide east-west and north-south 
strips (Fig. 1), allow further discrimination thanks to the 
smaller pixel size as well as additional information derived 
from bands in the thermal range. A comparison between the 
AMSS Geoscan MK-I band intervals and those of Landsat-5 
TM are given in Table 1. The data allow correlations with 
surface type not readily identified by Landsat-5 TM data, as 
follows (Honey & Daniels, 1986, 1987): 

bands 6/7 ratio-highlights kaolin-rich areas. 
bands 6/8 ratio-highlights sericite and smectite-rich areas. 
bands 6/9 ratio-highlights carbonate-rich areas 
bands 7/8 ratio-positive discrimination of smectites. 
bands 8/7 ratio-bright areas for high alunite 
bands 11/10 ratio-highlights areas of high free silica. 

Comparisons between RGB ratio images of the above bands 
(6/8:6/9:5/4,6/8:6/9:11/10,10:11:12) for the Tomkinson Ranges 
area allow the following observations and correlations: 
1. The 6/8 band ratio is manifest in clay/arkose-rich pediments 

which fringe felsic granulites and granites, as a patchy 
pattern over weathered clay-bearing outcrops of felsic 
granulites and over calcrete. 

2. The 6/9 band ratio is manifest over outcrops of gabbro of 
the Giles Complex. 

3. The 5/4 band ratio is manifest over gabbro of the Giles 
Complex and more strongly on oxidised mafic detritus and 
alluvium derived from mafic sources-representing iron 
oxide, although the AMSS Geoscan band 5 is different 
from the Landsat-5-TM band 5 interval. 

4. The 11/10 band ratio is manifest over quartz-rich alluvial 
materials derived from felsic sources and also over silcrete. 

AMSS Geoscan MK-I log residual images help to accentuate 
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lithological distinctions. For example, a RGB log residual 
9:4: 1 image of the Wingellina area clearly expresses the 
difference between weathered outcrops of gabbro and laterite. 

Further processing of AMSS Geoscan MK-I images will be 
reported elsewhere. 

Figure 11. (A) pc2[4/3;S!7]:S/4:4/3 RGB image, Teizi bore area interlayered felsic granulites-anorthosites and Gosse Pile layered 
intrusion; (B) corresponding geological overlay (for explanation of symbols refer to Fig. 3). The southwestern part of this image 
includes the Gosse Pile pyroxenite consisting of >2000 m thick south-younging sequence of pyroxene-dominated cumulates separated 
by a major fault from the Mount Davies intrusion (Moore 1971). Thin noritic intrusives at the base of the body are interdigitated 
with felsic granulites, and are overlain by a discrete, deeply weathered and valley-forming body of serpentinised peridotite. The 
overlying layered sequence consists of orthopyroxenite, websterite and norite. The pyroxenites (px) are dominated by iron oxide-rich 
weathering crusts, and the different shades of green reflect the importance of this component, i.e. clinopyroxene-plagioclase-rich 
rocks have higher clay content in the weathering crust and thus a red component resulting in yellow. The peridotite strike depression 
is characterised by calcrete/magnesite crusts showing in red and white. Shed iron oxide-rich alluvials show in deep apple green (Fg). 
Shaded southern slopes (Ss) display green vegetation superposed on pyroxenite bedrock, resulting in deep azur blue. The Teizi anorthosite 
suite (Gray, 1967) includes several massive bodies (An) and numerous thin recrystallised tongues intercalated with felsic granulites 
(Fg). the anorthosites show in red, representing clay/carbonate-dominated weathering, and the felsic granulites in green and yellow, 
representing iron oxide/clay mixtures. The Landsat identification of the thin recrystallised anorthosite units allows their effective 
delineation to a greater extent than time-consuming field work. The sequence is cut by east-west to northwest-striking mafic dykes 
(Md). Alluvium derived from felsic granulites is typically clay-rich (Fc), showing in red or in purple where sustaining green vegetation. 
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The following observations are allowed by the Landsat-5 TM 
study of the Tomkinson Ranges: 
• Landsat-5 TM images furnish an ideal method for finger•

printing and correlating a range of surface types, under 
the arid conditions of central Australia, including weathered 
bedrock, duricrust and alluvial deposits, provided the 
composition of surface types is ascertained in the field. 
Once correlations are established, interpolations and ex•
trapolations of the data can be pursued with a high degree 
of confidence, provided the morphological and structural 
patterns of the units in question are taken into account. 

• Vegetation and fireburn patterns have only a limited masking 
effect on the mineral-produced reflectance. In the lack of 
field spectrometric calibration, band ratio images, logarith•
mic residual images, principal component analysis of 
vegetation and mineral ratios, and pixel unmixing analysis 
yield significant correlations with surface types tested in 
the field. 

• Landsat-5 TM and AMSS Geoscan MK-I visible to infrared 
spectra are capable of characterizing individual components 
of the layered mafic/ultramafic Giles Complex with differing 
orthopyroxene:clinopyroxene:plagioclase ratios. 

• Identification of iron oxide is best facilitated by the band 
ratio 5/4; clay, by the band ratio 5/7 and by the 2nd 
principal component of combined band ratios (4/3;5/7); 
quartz/silica, by a combination of bands [1+3+5+7]; and 
green vegetation, by the 4/3 band ratio. 

• Separation of hematite from goethite, and clay from 
carbonate could not be achieved on images from Landsat-5 
TM. However, in some instances, these components can 
be identified from their mode of occurrence, for example 
calcrete banks along creeks. 

• The identification of quartz on weathered rock surfaces is 
obscured by thin films of clay and iron oxide. Free abraded 
quartz in alluvial and dune deposits stands up well through 
addition of Landsat-5 TM bands [1+3+5+7], expressing 
the combined high reflectance of quartz and silcrete. 
Geoscan images allow expression of quartz and silica 

through high band ratio 11/10. 
• The composition of isolated bedrock outcrops (inselbergs), 

which may be too small to identify on Landsat-5 TM 
images, can be identified from associated wider alluvial 
haloes. Mafic bedrock sheds iron oxide-rich alluvium and 
colluvium. whereas felsic bedrock sheds clay and quartz-rich 
alluvium. 

• The present study emphasises the importance of weathered 
surfaces of characteristic lithologic types. The nature of 
these is not necessarily controlled by the major mineral 
composition of the fresh lithologies. For example: (1) the 
weathering crusts of felsic igneous and metamorphic rocks 
yield mixed spectral signatures of iron oxide and clay, 
whereas weathering surfaces of gabbro mainly yield 
clay/carbonate signatures; (2) felsic vein-intruded mafic 
granulites display silica-coated and iron oxide-rich weath•
ering surfaces, contrasted with the clay/carbonate dominated 
weathering surfaces of gabbro, from which the mafic 
granulites are derived by recrystallisation, whereas the 
weathered surfaces of gabbro is dominated by clay/carbon•
ate; (3) anorthosite bands and plagioclase-rich felsic 
granulite bands can be distinguished, owing to the strong 
clay/carbonate reflectance signature of the former and 
clay-iron oxide signature of the latter. 

• Landsat-5 TM and AMSS Geoscan MK-I images are ideal 
for discrimination of palaeoweathering surfaces at high 
topographic levels and representing relicts of an eroded 
peneplain. The identification of these surfaces is enabled 
by the deeper weathering on these rocks, represented by 
clay and richer vegetation. 

• Landsat-5 TM and AMSS Geoscan MK-I images can be 
used effectively to identify calcrete duricrust along creeks 
and elsewhere in connection with searches for suitable 
target areas for hydrological purposes. 

• Although the present study did not focus on the identification 
and correlation of vegetation types, it is clear from 
comparisons between the environmental map of the Tomkin•
son Range (Feeken 1992) and the imagery, that classification 
of areas dominated by grasses, bush, mulga and eucalypt 
habitats can be achieved once the specific spectral differ•
ences between these vegetation types are calibrated. 

• The lithologic surface type variations displayed on the 
Landsat-5 TM images and on AMSS Geoscan images 
provide information which cannot be identified in any other 
way-including field work-in view of the ability of the 
reflectance in the infrared range to distinguish surface 
patterns and variations dependent on cryptic mineralogi•
cal/geochemical patterns undetected in the visible range. 

Whereas, at present, Landsat-5 TM offers the most efficient 
imagery for large-scale regional mapping, especially where 
combined with 10 metre pixel SPOT data, the limits in the 
number of bands and the wide band widths preclude resolution 
of a range of components in the NIR and SWIR range. Future 
application of satellite-mounted multispectral scanners prom•
ises to resolve some the outstanding questions discussed above. 
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Table 1. Spectral bands of Landsat-S TM data correlated with 
AMSS Geoscan MK-I airborne scanner data. 

Landsat-5 TM spectral channel AMSS Geoscan MK-/ 
band (micrometer) band 

1 
2 

3 
4 

5 
7 

6 

0.45-0.52 
0.52-0.60 
0.63-0.69 
0.76-0.90 

1.55-1.75 
2.08-2.35 

10.4-12.5 

1 vis (blue) 
2 vis (green) 
3 vis (red) 
4 near-infrared 
5 near-infrared 
6 sw-infrared 

7 sw-infrared 
8 sw-infrared 
9 sw-infrared 

10 thermal infrared 
11 thermal infrared 

12 thermal infrared 
13 thermal infrared 

spectral channel 
(micrometer) 

0.45-0.5 
0.55-0.6 
0.65-0.7 

0.83-0 .87 
0.93-0.97 
1.98-2.08 

2.16-2.19 
2.205-2.235 

2.3-2.4 
8.5-8.9 

9.7-10.1 

10.8-11.2 
11.5-12.0 

..I11III 
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Table 2. Landsat-5 TM mean radiance DN values for training areas (consisting of relatively homogeneous surface types) in 
the Tomkinson Ranges. 
Values on the left, dark pixel-corrected mean radiance values. Values on the right, mean reflectance corrected for atmospheric 
effects. 

Landsat-5 TM band 1 2 3 4 5 7 

1. igneous and metamorphic rocks 
opx-rich rocks, GP 13 / 12 10 / 18 16 / 21 20/34 40 / 43 38 /62 
cpx-rich rocks, EW 15 / 14 13 / 24 27 / 33 29 / 48 66 / 68 57 / 91 
gabbro, BR 20 / 18 18 / 30 35 / 42 38 / 62 69 / 71 59 / 94 
ferrogabbro, BR 22 / 14 18 / 23 35 / 32 39 / 44 78 / 72 62 / 95 
gabbro, HG 23 / 20 19 / 33 33 / 40 36 / 59 47 / 50 42 / 68 
weather.ed gabbro, HG 17 / 15 17 / 30 35 / 42 38 / 63 56 / 59 47 / 75 
mafic granulite, HG 21 / 19 16 / 27 27 / 33 30 / 51 69 / 71 54 / 86 
norite, KA 23 / 21 22 / 37 42 / 51 41 / 68 64 / 67 57 / 91 
leucogabbro, KA 24 / 21 21 / 36 38 / 46 39 / 64 72 / 74 57 / 91 
anorthosite, TEIZI 27 / 23 27 / 45 52 / 63 54 / 87 89 / 91 65 / 104 
gabbro, MH, firebum 20 / 18 18 / 30 33 / 40 36 / 59 57 / 60 46 / 74 
gabbro, MH, old veg 21 / 19 16 / 28 26 / 32 28 / 46 51 / 54 42 / 69 
felsic granulites 22 / 20 20 / 34 39 / 47 45 / 73 93 / 95 69 / 109 
granite gneiss 19 / 17 16 / 28 30/37 35 / 57 76 / 78 58 / 93 
weathered felsic granulites 18 / 16 17 / 29 34 / 42 41 / 66 74 / 76 53 / 85 
2. duricrust 
laterite, WIN 17 / 16 13 / 24 25 / 31 30 / 50 78 / 80 59 / 95 
laterite, KA 17 / 16 14 / 23 30 / 31 33 / 46 88 / 76 67 / 96 
calcrete, PID 44 / 37 36 / 58 62 / 74 68 / 108 125 / 127 86 / 136 
calcrete, CDM 27 / 24 25 / 42 52 / 62 57 / 911 160 / 118 87 / 137 
silcrete, WIN 51 / 43 41 / 67 65 / 77 65 / 104 120 / 122 81 / 129 
silcrete, KA 55 / 46 43 / 69 63 / 75 67 / 107 139 / 141 87 / 138 
3. alluvial deposits 
alluvium, basic source 23 / 20 19 / 33 35 / 45 37 / 64 75 / 83 62 / 106 
alluvium, felsic source 19 / 17 20 / 34 51 / 61 56 / 90 119 / 121 86 / 136 
silt and clay, CDM 22 / 19 22 / 37 50 / 59 52 / 84 95 / 97 77 / 122 
silt and clay, LW 31 / 27 24 / 40 38 / 46 38 / 63 98 / 100 82 / 129 
dunes, firebum 21 / 19 18 / 31 45 / 54 52 / 84 102 / 104 78 / 123 
dunes, old growth 24 / 21 18 / 31 35 / 43 40 / 65 91 / 93 67 / 108 

BR, Bell Rock range; CDM, Champ de Mars valley; EW, Ewarara Range; GP, Gosse Pile; HG, Hinckley Range; KA, Kalka Hill; LW, Lake Wilson; MH, 
Michael Hills; PIO, Pidingadinga Creek; 1HZI, Teizi bore area; WIN, Wingellina . 

... 
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Table 3. Spectral classifications of surface types in the western Musgrave Block, from Landsat-5 TM images. Note, only the 
more diagnostic criteria identified in the present study are listed. 
image llJ-RGB pc2[4/3;5/7J:5/4:4/3 (clay/carbonate: iron oxide: green vegetation). 
image [2J-RGB log residuals 543 (iron oxide green vegetation: clay/carbonate). 
image [3J-RGB log residuals 741 (iron oxide : green vegetation: clay/carbonate). 
image [4J-RGB 741 
image [5J-RGB pc2[4/3;5/71:5/4:[1+3+5+7J (clay: iron oxide: quartz/silica) 

I. Layered mafic-ultramafic intrusions 
peridotite: commonly coated by laterite, carbonate and silcrete 

orthopyroxenite: iron oxide-rich weathering crusts : 

clinopyroxenite/websterite: iron oxide & clay/carbonate 
weathering crusts 
gabbro/norite: clay/carbonate-iron oxide-bearing weathering 
crusts 

ferrogabbro: iron oxide-rich weathering crusts: 

anorthosite: carbonate/clay weathering crusts 

II. Metamorphic rocks 
mafic granulites: clay, iron oxide and quartz-bearing 
weathering crusts, commonly cut by iron oxide-rich mafic 
dykes 
felsic granulites: clay, iron oxide, quartz-bearing weathering 
crusts, cut by iron oxide-rich mafic dykes. 

III. Felsic igneous rocks 

IV. Volcanic rocks 
mafic/andesitic volcanics 
felsic volcanics 

V. Duricrusts 
laterite 

calcrete 

silcrete 

VI. Alluvial deposits 
felsic source-derived pediment 

mafic source-derived pediment 

mixed alluvial deposits 
dunes 

silt and clay pans 

green vegetation 

image [1] patchy combination of red, green and white; 
image [5] [blue] - where silcrete weathering occurs. 
image [1] green to cyan; 
image [2] yellowish red to orange; 
image [3] purplish red 
image [1] green with red dots. 
image [3] purplish red. 
image [1] mainly red; blue where covered by. green vegetation; 
yellowish to red where covered by dense old dry vegetation 
(spinifex); brown where fireburnt. 
image [2] purple (iron oxide, clay and carbonate). 
image [3] cyan (clay/carbonate + vegetation); 
image [4] purple. 
image [1] apple green to yellowish green. 
image [2] orange to yellowish red. 
image [3] brilliant pink 
image [1] orange red. 
image [3] cyan. 
image [4] cyan (higher reflectance than gabbro) 

Image [1] yellow (red/green), cut by greenlblue mafic dykes. 
image [3] purplish red (iron oxide + clay) with relict cyan 
patches (gabbro). 
image [1] felsic granulites, yellow (red/green); mafic dykes, 
apple green; clay-rich weathering zones, red; shaded/vegetated 
southern slopes display in cyan. 
image [2] felsic granulites: yellowish green, cut by orange red 
mafic dykes. 
image [3] purplish red (iron oxide shed by mafic dykes) and 
cyan (clay+vegetation) weathering surfaces; image [4] purple. 
image [1] yellow (red/green), as for felsic granulites, or in 
places purple (vegetated clay-rich exfoliated outcrops); image 
[4] purple 

image [1] yellow (red/green); image [3] purplish red 
image [1] red (clay weathering); image [3] blue 

image [1] apple green, cyan where covered by dense bush; 
image [2] apple green to yellow, representing iron oxide and 
thick vegetation; image [3] orange red; 
image [4] red 
image [1] orange zones along creeks; image [2] blue 
to purple; image [3] cyan to blue; image [4] cyan 
image [4] high reflectance in all bands (white) 
image [5](blue) 

image [1] pink rings (clay-rich arkose) around felsic granulite 
outcrops; image [3] apple green to bluish green; image [4] cyan 
(vegetation on clay); image [5] (blue) where abraded/washed 
quartz abounds. 
image [1] green to yellow/green colluvium; in places reddish 
clay-rich alluvial zones; image [4] red 
image [1] yellow/redlblue alluvial plains 
image [1] dune crests: thickly vegetated, purple; dune valleys: 
clay/iron oxide-rich, yellow (red/green); heavily vegetated 
dunes, blue with white lineaments (quartz-rich crests); image 
[5](blue) free quartz. 
image [1] orange/brown areas; green where iron oxide-rich 
clay occurs 
image [1] cyan; image [4] green; image [2] yellowish green; 
image [3] apple green. 


