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Views of the Ewarara pyroxenite intrusion, north of Kalka, South Australia:
Landsat-5 Thematic Mapper directed principal components/band ratio
pc2(4/3;5/7):5/4:4/3 RGB image, showing the Ewarara (left of top centre),

Kalka (left of centre), and Mount Davies (bottom centre) intrusions;

aerial photograph, showing the Ewarara intrusion emplaced concordantly

to discordantly into layered granulite-facies felsic gneiss (top left and bottom right);
Ewarara Creek and hills, looking west; photomicrograph of spinel-olivine websterite
(sample 91985001E), containing large orthopyroxene grains, with olivine and
clinopyroxene inclusions, in a partly recrystallised matrix of orthopyroxene,
clinopyroxene, olivine, and minor spirel, biotite, and plagioclase.
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Abstract

The western Musgrave Block in the Tomkinson Ranges, which straddle the South Australian—Western
Australian border, contains the most extensive outcrops of the c¢. 1080 Ma layered mafic—ultramafic
intrusions of the Giles Complex. Detailed to semi-detailed geological, petrological, and structural
mapping of many of these bodies, and of their granulite-facies country rocks (Mount Aloysius
Complex) was carried out. The Giles Complex consists of at least 17 intrusions and/or faulted
segments of intrusions, of several types: (1) large (1040 km along strike) clinopyroxene—orthopy-
roxene—plagioclase gabbro and olivine—clinopyroxene—plagioclase troctolite bodies, locally magnet-
ite-rich, with little or no ultramafic component (Jameson Range, Blackstone Range, Cavenagh Range,
Bell Rock, Hinckley Range); (2) large gabbroic bodies with a significant ultramafic component
(Michael Hills, Mount Davies, Kalka); (3) medium-sized (<10 km) layered gabbro—pyroxenite
intrusions (Murray Range, The Wart, Wingellina Hills, Claude Hills); (4) small (<5 km) bodies of
pyroxenite and minor melagabbro (Gosse Pile, Ewarara); and (5) stratiform lenses and tongues of
anorthosite emplaced into felsic granulite near Teizi. Some of these bodies, e.g., Blackstone Range—Bell
Rock, The Wart-Bell Rock, and Kalka—Gosse Pile, may have originally been continuous, but most
appear to be discrete sill-like bodies, rather than tectonic slices of a single Bushveld-type lopolith.

The various intrusions cannot be related to a single liquid line of descent of a single continuously
fractionating parent magma, but crystallised from separate batches of variably fractionated parent
melts. Phase equilibrium considerations show that at least three parent magmas (primitive, gabbroic,
and troctolitic), related to a primitive mantle-derived parental liquid or liquids by various degrees
of polybaric pyroxenetolivine fractionation, were involved. The Wingellina Hills, Murray Range,
and The Wart intrusions were derived from near-primitive (i.e., little-fractionated) olivine-normative
tholeiitic melts; the Bell Rock, Jameson Range, and Blackstone Range troctolitic bodies were derived
from strongly fractionated, relatively silica-undersaturated melts with olivine and plagioclase as
liquidus phases; the Hinckley Range gabbronorite falls between these extremes, having crystallised
from a moderately fractionated, near silica-saturated melt. The geographical distribution of the
intrusions appears to reflect vertical stacking of individual magma chambers within the Mesoproterozoic
crust controlled by magma density. The ratio of mafic to ultramafic components in the intrusions
increases south-southwestwards, implying decreasing density with progressively shallower crustal
levels, from peridotite and pyroxenite-dominated intrusions along the northeastern Tomkinson Ranges,
through gabbro-dominated intrusions with significant to minor pyroxenite, to troctolitic intrusions
in the southern and western parts of the western Musgrave Block.

The following sequence of events is proposed for the western Musgrave Block:

e c. 1550 Ma and c. 1300 Ma felsic igneous rocks, including some which probably represent new
felsic crust, together with subordinate sedimentary and mafic igneous rocks, form protoliths of
the high-grade metamorphic Mount Aloysius Complex.

e Granulite-facies metamorphism and deformation about 1200 Ma ago involved mostly penetrative
pure shear during D, and D, at >750°C and 5%l kb. Metamorphism was associated with
emplacement of post-D,, pre-D, orthopyroxene granites (‘charnockites’) and post-D, granitoids,
including rapakivi types (11884 Ma) and syenites. Leuconorite was emplaced at 1176+5 Ma.

e Emplacement of voluminous mafic—ultramafic magmas of the Giles Complex occurred 107843 Ma
ago, with near-isobaric cooling from 1150° to 750°C at 6x1 kb for the Wingellina Hills intrusion
and lower pressures (about 4 kb) for troctolitic bodies in the southwestern part of the area.
Pervasive granite veining, probably representing back intrusion of crustal melts, was associated
with recrystallisation to mafic granulite of marginal parts of the Giles Complex (during D,),
particularly in the western Hinckley Range. Extrusion of the bimodal Tollu Group volcanic rocks
onto an uplifted and eroded basement of amphibolite-facies granitic gneisses was coeval with
the Giles magmatism. The basement was apparently metamorphosed at shallower crustal levels
than the granulite-facies gneisses into which the Giles Complex was emplaced, and may, in part,
represent younger felsic crust. Some associated dolerite dykes may well be feeders to Giles
Complex intrusions.



e Penetrative simple shear deformation (D;) produced near-vertical high-strain zones, apparently
under high-pressure conditions (650-700°C, ~11 kb). This may reflect increased lithostatic
pressures associated with emplacement of the thick (>10 km in total) sills and lopoliths of the
Giles Complex. It was apparently followed by near-isothermal decompression, associated with
major uplift and erosion of more than 12 km of crust, to about 4 to 5 kb.

e Post-D; type C olivine dolerite dykes were emplaced about 1000 Ma ago, although their age is
not well constrained. They are chemically and isotopically similar to the slightly older (~1080 Ma)
Kulgera (eastern Musgrave Block) and Stuart (Arunta Block) dyke swarms.

e Type B quartz dolerite dykes were emplaced about 800 Ma ago. They are chemically and
isotopically equivalent to the Amata dykes (eastern Musgrave Block) and the Gairdner dyke
swarm (Gawler Craton), and so form part of a very extensive swarm.

e At least four phases of mylonite and ultramylonite zone formation (D, ;) post-date type B dykes.
The c. 550 Ma east—west-trending D, ultramylonite—pseudotachylite zones are the largest, and
were formed during major northward thrusting of the Giles Complex and host gneisses in the
Petermann Ranges orogeny. They are best developed in the Bates 1:100 000 sheet area, where
they form the western extension of the Woodroffe Thrust, and formed at elevated pressures
(>750°C, 14.0%1.1 kb) along the sole of the thrust; sub-eclogite-facies garnet—clinopyroxene-bearing
assemblages were formed. Other major thrusts include the marginal thrust of the Officer Basin
and the Bell Rock—Blackstone Range thrust fault, which led to the erosional removal of the Tollu
Group volcanic rocks from the Tomkinson Ranges and eastern parts of the Musgrave Block.

The Giles Complex, together with coeval mafic volcanic rocks of the Tollu Group (Mummawarrawarra
Basalt) and mafic dykes, was derived by melting of an enriched source, probably involving
subcontinental lithospheric mantle. A major thermal perturbation, perhaps resulting from lithospheric
thinning associated with crustal extension, and/or mantle plume activity, was clearly necessary to
account for the scale of melting involved. The emplacement of voluminous mafic—ultramafic magma
with associated felsic plutonic and volcanic activity is a classic example of a coeval mafic magmatism
and crustal anatexis in pre-existing sialic crust.

XV
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Introduction

The Giles Complex consists of a suite of massive, partly
deformed and recrystallised, layered mafic—ultramafic intru-
sions emplaced within the southern granulite-facies zone of
the Mesoproterozoic Musgrave Block (Fig. 1). Part of this
zone occupies an approximately 200x40 km east-west-trending
belt in the western part of the Musgrave Block, and includes
the Tomkinson Ranges, Blackstone Range, Cavenagh Range,
Jameson Range, and smaller groups of hills (Fig. 2; Plates 1-3).
The layered intrusions of the Giles Complex represent the
most extensive mafic igneous activity recognised in exposed
deep levels of the continental crust in Australia and even
world wide (Nesbitt et al. 1970; Daniels 1974; Ballhaus &
Glikson 1989, 1995; Ballhaus & Berry 1991; Ballhaus 1993).
As such, they are of outstanding geological interest, as well
as having economic potential for both platinum-group elements
(PGE) and base metals, such as Ni. This Bulletin, and the
accompanying maps, reports, and datasets, are the principal
results of AGSO’s Musgrave Project, initiated in 1987 as a
specialised study of the Giles Complex and continued in 1990
within the framework of the National Geoscience Mapping
Accord (NGMA).

The western Musgrave Block high-grade metamorphic
terrane is included within the Mann (South Australia) and
Cooper and Scott (Western Australia) 1:250 000 sheet areas,
about the Surveyor General’s Corner of these states and
Northern Territory (Fig. 2). Early geological observations in
this area (Sprigg & Wilson 1959) were followed by regional
geological mapping by Daniels (1970, 1971a, b, 1972, 1974),
Thomson (1965a, 1975, 1980) and Thomson et al. (1962).
Detailed mapping and petrological studies of layered intrusions
of the Giles Complex in South Australia were conducted by
University of Adelaide researchers (Nesbitt & Kleeman 1964;

Nesbitt & Talbot 1966; Goode & Krieg 1967: Nesbitt et al.
1970; Goode & Moore 1975; Goode 1975, 1976, 1977, 1978;
Moore 1971a, b). Geochemical studies of the granulite-facies
metamorphic rocks were conducted by Wilson et al. (1960),
and Gray (1977), and isotopic studies by Compston & Nesbitt
(1967), Arriens & Lambert (1969), Gray & Oversby (1972),
Gray (1978), Gray & Compston (1978), Gray & Goode (1981,
1989), Webb (1985), and Maboko et al. (1991).

Some of the more significant suggestions made during
these studies of the Musgrave Block, mainly in the South
Australian part of the Tomkinson Ranges, include (1) an
interpretation of the Giles Complex as tectonic slices of an
originally continuous lopolith (Nesbitt et al. 1970), (2) a view
of the latitudinal Hinckley Fault as a lineament separating a
high-pressure terrane to the north from a younger, lower-pres-
sure terrane to the south (Nesbitt et al. 1970; Gray 1978),
(3) metamorphism of the northern terrane at very high pressures
of about 10-12 kb (Goode & Moore 1975), and (4) increased
differentiation with higher stratigraphic levels in some Giles
Complex intrusions (Ballhaus 1993). However, there remained
a number of major questions relating, in particular, to the
origin of the Giles Complex, such as (1) the conditions under
which the mafic—ultramafic intrusions were emplaced, includ-
ing the pressure—temperature (P-T) history of the country
rocks, (2) the original spatial relationships between individual
mafic—ultramafic bodies, (3) the age(s) of emplacement, (4)
the effects of emplacement on the granulite-facies country
rocks and possible genetic relations between the Giles Complex
and spatially associated granitoids, (5) the relations between
the Giles Complex and associated mafic dykes, including
identification of feeders of the layered intrusions, (6) the
deformation history of the Giles Complex and associated
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the Tomkinson Ranges—Blackstone Range region.

rocks, and (7) the origin of the mafic igneous activity and
its possible lateral extent across central Australian Precambrian

terranes. This Bulletin addresses these questions using the

Field mapping in the western Musgrave Range was facili-
tated by 1:20 000 colour aerial photographs, acquired by

AUSLIG in 1987 and designed to cover the better-exposed

results of detailed studies of the field relationships. structure,

parts of the western Musgrave Block, including the Tomkinson

petrology, and geochemistry of the principal rock suites in
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Ranges, Blackstone Range, Cavenagh Range, Murray Range,
and Jameson Range. Image processing of Landsat-5 Thematic
Mapper (TM) and of Geoscan Mark-I airborne multispectral
scanner (AMSS) data were conducted by C.J. Simpson (un-
published data), Glikson (1993, 1994), and Glikson & Creasey
(1995). Total magnetic intensity (TMI) data are based on
north-south-oriented 1600 metre-spaced AGSO aerial surveys.

The survey reported here proceeded in the following stages:

1987 Studies of the field relationships of, and systematic
sampling traverses across, layered intrusions of the
Giles Complex (Bell Rock, Hinckley Range, and Michael
Hills) by A.Y. Glikson and C.G. Ballhaus. Detailed
mapping of the Wingellina Hills layered intrusion by
C.G. Ballhaus and A.Y. Glikson. Correlations of re-
motely sensed data by C.J. Simpson.

1988 Continued studies and systematic sampling of Giles
Complex intrusions (Latitude Hill, The Wart, Bell Rock,
Blackstone Range, Murray Range, Morgan Range, Cave-
nagh Range, and Jameson Range) by A.Y. Glikson and
C.G. Ballhaus. Structural synthesis by T.C. Pharaoh.

1990 Redefinition of the Giles Project as the Musgrave
NGMA Project. Field mapping conducted in the Davies
(South Australia) and Bell Rock (Western Australia)
1:100 000 sheet areas by A.Y. Glikson and A.J. Stewart,
including detailed mapping of the Champ de Mars area,
the western part of the Ewarara area, and Mount Aloysius
by A.J. Stewart, and mapping of the Ewarara-Teizi
and Mount West areas by A.Y. Glikson.

1991 Completion of field mapping in accessible parts of the
Bell Rock, Bates, Blackstone, Holt, and Finlayson
1:100 000 sheet areas by A.Y. Glikson and A.J. Stewart.
Detailed mapping of Mount Aloysius by A.J. Stewart.
Detailed structural studies in the western Hinckley
Range and Champ de Mars areas by G.L. Clarke. Rock
sampling for geochemical and isotopic studies by J.W.
Sheraton and S-S. Sun.

Other reports and papers based on the present project include
Ballhaus (1993), Ballhaus & Berry (1991), Ballhaus & Glikson
(1989, 1992, 1995), Clarke (1992), Clarke & Powell (1991),
Clarke et al. (1992, 1993, 1995a, b), Feeken (1992), Feeken
et al. (1991), Glikson (1993, 1994), Glikson & Ballthaus
(1989), Glikson & Creasey (1995), Glikson & Mernagh (1990),
Glikson & Stewart (1992), Glikson et al. (1990a, b, 1991,
1995), Pharaoh (1990), Sheraton & Sun (1995, in press),
Stewart (1993, 1995a, b), Stewart & Glikson (1991), Sun &
Sheraton (1992), and Sun et al. (1996a, b). Some of these
appear in a special issue of the AGSO Journal of Australian
Geology and Geophysics (volume 16, numbers 1 & 2, 1995).
This Bulletin is accompanied by the 1:100 000 (with 1:50 000
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insets) Geological Map of the Giles Complex and Environs,
Western Musgrave Block, Central Australia (Plates 1-3).

Terms used in this Bulletin follow the Glossary of Geology
(Bates & Jackson 1987). The classification of Streckeisen
(1976) and LeMaitre (1989) is used for igneous rocks and,
where appropriate, their metamorphosed equivalents. Felsic
granulite has a mafic mineral content of less than 15 percent,
intermediate granulite 15 to 35 percent, and mafic granulite
more than 35 percent. Anorthite (An) contents of plagioclase
were mostly optically estimated from albite twinning. Grain-
size terms are: fine, less than | mm; medium, 1 to 5 mm;
and coarse, more than 5 mm. Terms used to describe thickness
of igneous or metamorphic layering are: thin-layered, less
than 5 ¢cm; medium-layered, 5 cm to 2 m; and thick-layered,
more than 2 m. The fold terminology follows Fleuty (1964),
and the cumulate terminology used in descriptions of the
Giles Complex is that of Irvine (1982).

Microprobe analyses of minerals from Giles Complex
intrusions were carried out by C.G. Ballhaus on a Cameca
SX50 Camebax electron microprobe in the Central Science
Laboratory of the University of Tasmania. Analyses of minerals
appropriate to constraining the P-T history of the western
Musgrave Block were made by G.L. Clarke on the University
of Sydney ETEC autoprobe and the University of Melbourne
Cameca SX50 Camebax microprobe, both operated with an
accelerating voltage of 15 kV and a beam width of 1-10 nm.
Data were reduced using ZAF (Sydney) and PAP (Melbourne)
matrix corrections.

Almost 600 whole-rock chemical analyses were carried
out as part of the project. These comprise: (1) about 120
analyses of high-grade metamorphic rocks, mostly felsic or-
thogneisses, but including some paragneisses and mafic
granulites; (2) about 150 syn to post-metamorphic granitic
rocks; (3) about 240 analyses of Giles Complex mafic—ul-
tramafic rocks, mostly from the Bell Rock, Blackstone Range,
and Jameson Range troctolite/gabbro intrusions and the Murray
Range pyroxenite/peridotite/gabbro intrusion; (4) about 50
analyses of dolerite and metadolerite dykes; and (5) about 50
analyses of mafic to felsic volcanic rocks from the Tollu
Group. These analyses are stored in the AGSO ROCKCHEM
database, and may be purchased separately or as part of the
complete database. Most elements were determined by X-ray
fluorescence spectrometry (XRF), major elements on glass
fusion discs, using the method of Norrish & Hutton (1969),
and trace elements on pressed powder pellets, using the method
of Norrish & Chappell (1977). FeO was determined volumet-
rically, H,O and CO, gravimetrically, and Li, Be, and Ag by
atomic absorption spectrophotometry. Further details of meth-
ods and accuracy are given by Cruickshank & Pyke (1993).
Details of the analysed samples are given in Appendixes II
and III.



4 Mapping and remote sensing methodology

Mapping and remote

Mapping of high-grade
metamorphic terranes

Outcrop-scale to meso-scale (up to a few hundred metres)
lithological interleaving, penetrative deformation, and a scarcity
of marker units are characteristic of high-grade metamorphic
terranes, complicating regional-scale mapping (Glikson &
Stewart 1992). The resolution of primary lithological rela-
tionships generally requires mapping of the least-deformed
structural windows. In the Musgrave Block, the size of the
terrane and limits on the time available for field work dictated
that mapping proceeded in the following stages: (1) numerous
detailed observations in relatively well-exposed creek bed and
waterfall localities, (2) less detailed mapping of less well-ex-
posed areas, and (3) interpolations between ground observa-
tions, utilising aerial photographs and multispectral images.
While all the recorded information is digitally stored on
Intergraph and Arc/Info systems, hard copy presentation is
best achieved on a variety of scales, including (1) a 1:100 000
scale map (Plate 1), (2) 1:50 000 scale insets (Plates 2 & 3),
and (3) small-scale figures presented with the text of reports.
On 1:100 000 and 1:50 000 maps, lithological units which
are less than 100 m thick could not be polygonised and are
therefore represented as line units on Plates 1 to 3.

The pixel sizes for airborne magnetic and radiometric data
flown at 1500 m line spacing are an order of magnitude larger
than are necessary to resolve lithological units in high-grade
metamorphic terranes. On the other hand, remotely sensed
multispectral 10 m and 30 m pixel data have proved successful
in providing targets for field mapping of features otherwise
difficult to chart in the field. The generally excellent outcrop
and the dry climatic conditions of the western Musgrave
Block result in the accentuation of lithological differences on
thin weathering crusts, whose clay/iron oxide/silica ratios
correlate with the primary lithologies and are amenable to
colour aerial photo and remotely sensed correlations. Examples
in the present study include:

1. Discrimination between gabbro and ferrogabbro, due to
the more clay-rich weathering crusts on gabbro, relative
to more iron oxide-rich weathering crusts on ferrogabbro,
e.g., in the Bell Rock (Fig. 89) and Blackstone Range
intrusions (Fig. 108).

2. Discrimination between felsic granulite and calc-silicate
and/or anorthosite units interlayered on a small scale,
due to the more clay-rich weathering crusts on anorthosite,
and more quartz-rich nature of weathered felsic granulite,
e.g., in the Teizi area (Fig. 53).

3. Discrimination between gabbro and gabbro-derived mafic
granulite, due to the silica-rich surfaces on the felsic
vein-intruded mafic granulite, e.g., in the western Hinckley
Range (Fig. 79) and northern Michael Hills (Fig. 71).

4. Discrimination between interlayered gabbro and py-
roxenite, due to the more iron oxide-rich weathering
surfaces on pyroxenite (although discrimination between
pyroxenite of various types and ferrogabbro requires close
ground control), e.g., in the Michael Hills and Kalka
intrusions (Fig. 50).

5. Estimation of the degree of lateritisation of bedrock types,
due to differences in the degree of iron oxide enrichment
of weathered surfaces, e.g., pyroxenite along the northern
flank of the Kalka intrusion (Fig. 50).

6. The use of composition of alluvial deposits as fingerprints
allowing identification of their source terranes, e.g., clay-

sensing methodology

rich rings around isolated outcrops of felsic granulite and
iron oxide-rich material shed from outcrops of mafic
rocks (Fig. 50).

The remote sensing methods used in the present study (Glikson
1993, 1994; Glikson & Creasey 1995) are described below,
and in more detail in Appendix L.

Multispectral analysis

A study of Landsat-5 Thematic Mapper (TM) multispectral
image data (6 bands with a 30x30 m pixel size, and a seventh
thermal band with 120x120 m pixel size) was conducted in
conjunction with the detailed geological mapping of the
Tomkinson Ranges (Glikson 1993, 1994; Glikson & Creasey
1995). Remotely sensed data available for the Tomkinson
Ranges include the Landsat-5 TM 180 x 180 km scene path
105, row 78 (scanning date 27 October 1986). Statistical data
for the image, sub-image, and relatively lithologically homo-
geneous test areas are given in the above references. The
Landsat data are affected by the additive atmospheric radiance
(path radiance or multiple atmospheric scatter) and by mul-
tiplicative 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. This involves removal of the
atmospheric influences, sensor gains, and sensor offsets from
the scanned data. Ideally, direct comparisons should be made
between the remotely sensed data and field or laboratory
spectral measurements. For this purpose, relatively homoge-
neous 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 Tomkin-
son Ranges by C.J. Simpson in 1987, but no homogeneous
pixels consisting of a single component could be identified.
Chrysoprase open cuts in silcrete near the Wingellina and
Kalka settlements show high reflectance, as well as spectral
features suggestive of contamination with iron oxide and clay.
A eucalypt and grass-rich patch at the Wingellina school
grounds provides a relatively homogeneous green vegetation
pixel.

Image processing methods applied in the present study,
following warping to the Australian Metric Grid (AMG)
co-ordinates, included: (1) single band dark pixel correction;
(2) band ratioing; (3) logarithmic residual (Green & Craig
1985), in which individual band digital number (DN) values
are normalised through division by the within-pixel band
mean, the resulting value being further normalised through
division by the pixel array bands mean; (4) principal component
analysis of single bands; (5) directed principal component
analysis of band ratios: pc2(4/3;5/7), displayed as red, green,
and blue (RGB) (Fraser & Green 1987); (6) pixel unmixing
analysis, applying radiance correction for atmospheric scatter
and resolving the proportions of individual end members
(Bierwirth 1990); (7) devegetation of single band images,
subtracting the vegetation end members resolved by the pixel
unmixing analysis of Bierwirth (1990); and (8) unsupervised
classification (Appendix I).

Significant correlations were found between images which
emphasise iron oxide and clay—carbonate-dominated weath-
ering surfaces and primary rock types. Discrimination of iron
oxide is facilitated by several methods, including (1) log
residuals of bands 5 and 7, (2) the 5/4 band ratio, and (3)
the iron oxide end member of pixel-unmixed images. Dis-
crimination of iron oxide, as shown by the 3/1 band ratio, is



partly masked by vegetation. Separation of goethite from
haematite on Landsat-5 TM images was found to be difficult.
Discrimination of clay and/or carbonate is facilitated by the
following methods: (1) a high 5/7 band ratio, (2) the clay
end member of pixel-unmixed images, (3) pc2(4/3;5/7) RGB
images, and (4) indirectly by band 4, which highlights green
vegetation, commonly implying clay-rich soils. Method 3 was
found to be particularly effective in resolving clay from
vegetation. Discrimination between carbonate and clay is
difficult, but calcrete banks along creeks are characterised by
a high albedo relative to clay. Discrimination of quartz and
silica-rich weathering crusts is allowed by the combined high
reflectance of bands 1 and 7, but this may be partly masked
by clay or iron oxide coatings. This effect is particularly
pronounced for deposits containing abraded quartz (e.g., dunes),
as represented by the bands 147 component, e.g., the
pc2(4/3;5/7) : 5/4 : 1+7 RGB image type that corresponds to
devegetated clay : iron oxide : quartz—silica ratios (Figs 27,
50, 60, 71, 101).

Effective discrimination between a wide range of materials
is allowed by (1) RGB images, which combine principal
components of mineral and vegetation ratios with band ratios,
(2) log residual images (Green & Craig 1985), and (3) pixel
unmixing images, which allow resolution of some individual
end members in composite pixels according to the method
of Bierwirth (1990). A combination of the various image
processing methods with a sound field knowledge of the
petrological, structural, and morphological characteristics of
the terrane allows discrimination of several surface types
(Glikson 1994), including: (1) peridotite (partly magnesite
covered); (2) orthopyroxenite (iron oxide-rich weathering);
(3) clinopyroxenite (weaker iron oxide weathering); (4) gabbro
(clay and carbonate-dominated weathering); (4) ferrogabbro
(iron oxide-rich weathering); (5) anorthosite (high albedo
carbonate-rich weathering); (6) mafic granulite (iron oxide
and silica-rich crusts); (7) felsic granulite and granite (clay
and silica-rich crusts), commonly crossed by lineaments rep-
resenting the iron oxide-rich weathering of mafic dykes; (8)
laterite (iron oxide-rich); (9) calcrete (high-albedo, common
along creeks); (10) silcrete (very high albedo); (11) mafic
source-derived alluvium (iron oxide-dominated); (12) felsic
source-derived alluvium (clay and quartz-dominated); and (13)
clay pans and silty (in places ferruginous) dry lake (playa)
deposits. Discrimination of the composition of small isolated
bedrock outcrops (inselbergs) is facilitated by their associated
haloes of derived detritus, namely iron oxide-rich detritus
around mafic outcrops and clay+quartz-rich detritus around
felsic outcrops. Discrimination between old vegetation and
fireburn varies between mafic terranes, where the increase in
albedo in burnt areas is small and is highest in band 4, and
felsic terranes, which show a stronger increase in albedo with
a maximum in band 5. Burnt dune areas are brightest in band
4, signifying regrowth of green vegetation.

Preliminary image processing of two 5 km-wide strips of
Geoscan Mark-I (13 bands, 10x10 metre pixel) airborne scanner
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imagery of the Tomkinson Ranges shows the superior spatial
resolution and the significance of the thermal bands of this
imagery (Honey & Daniels 1985, 1986). Quartz and silcrete-rich
areas are expressed by a high 11/10 band ratio. Logarithmic
residual images, for example RGB log residual bands 9:4:1,
effectively resolve detailed lithological contrasts on a scale
close to that of individual outcrops. An example is the Wingel-
lina lateritic nickel deposit, where logarithmic residual images
are capable of outlining areas underlain by fresh to weakly
weathered gabbro from areas underlain by lateritised mafic
and ultramafic rocks.

From the above, and as documented in more detail in
Appendix I, the remotely sensed data allow discrimination of
the following rock types:

Bedrock

layered to massive felsic to intermediate granulite.

2. massive to foliated granitoids associated with felsic
granulite.

3. mafic granulite of two types: (1) associated with felsic
granulite, and (2) recrystallised gabbro of the Giles Com-
plex.

gabbro, gabbronorite, and norite of the Giles Complex.
anorthosite of the Giles Complex.

pyroxenite of the Giles Complex.

peridotite of the Giles Complex.

mafic—ultramafic plugs.

© 0 N oL p

mafic, intermediate, and felsic volcanic rocks

Duricrust
10. calcrete and magnesite.
11. ferricrete and laterite.

12. silcrete.

Surface deposits

13. colluvium (coarse-grained arenite and conglomerate as-
sociated with pediments).

14. mafic source-derived alluvium, including plains and creek
terrace deposits.

15. felsic source-derived alluvium, including plains and creek
terrace deposits.

16. mixed source-derived alluvium, including plains and creek
terrace deposits.

17. clay pans of clay or iron oxide-rich signature.

Good correspondence is observed between these groupings
as mapped in the field and as observed on Landsat imagery,
e.g., compare Plates 1 to 3 with Figures 27, 50, 53, 60, 71,
79, 89, 101, and 108.
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Morphology and surface deposits

Geography and history of
exploration

The Tomkinson Ranges—Blackstone Range-Jameson Range
region straddles the Western Australia—South Australia—North-
ern Territory borders around Surveyor General’s Corner
(129°00°’E  26°00’S), forming a 200x50 km west-northwest-
trending belt (Fig. 2). The region includes four permanent
Aboriginal settlements: Irrunytju (Wingellina), Pipalyatjara
(Mount Davies), Blackstone, and Monte Maru (Jameson), as
well as several outstations. Chief access tracks connect with
Amata (east along the Gun Barrel Highway), Giles weather
station (north along the Gun Barrel Highway), and Docker
River and Warburton (west). Average daily summer tempera-
tures range between 21°C and 36°C, and winter temperatures
between 3°C and 18°C. Median annual rainfall is between
150 and 200 mm, with an average of 20 rainy days per year,
principally during the summer months. Average annual mois-
ture evaporation is about 3500 mm, resulting in arid conditions.
Except for a few soaks or springs in creek beds, no permanent
surface water exists in the area, and Aboriginal communities
obtain water from bores, some of which contain dangerously
high concentrations of nitrate.

A number of exploring parties travelled through the region
in the late 19th and early 20th centuries. Ernest Giles and
William C. Gosse traversed the area south of the Hinckley
Range in separate exploratory parties in 1873. John Forrest
traversed the country on his journey from Perth to the overland
telegraph line in 1874. S.G. Hubbe travelled south of the
Hinckley Range in search of a stock route to the west in
1895. R.T. Maurice, exploring a route from Fowlers Bay to
the Rawlinson Range for the South Australian Department of
Mines, passed through the Tomkinson Ranges in 1901. L.A.
Wells went on a prospecting journey to the northwest of South
Australia, which included the Tomkinson Ranges, in 1903.
Frank Hann carried out investigations in the southern Tomkin-
son Ranges in 1907. Further details of the exploration of the
area are given by Daniels (1974) and Feeken (1992).

A comprehensive geographical account of the Cooper,
Scott, Bentley, and Talbot 1:250 000 sheet areas was given
by Daniels (1974), who provided information on the flora
and fauna of the Tomkinson Ranges. Laut (1977) reported on
the Tomkinson Ranges in a report for the CSIRO Division
of Land Use. Laws (1982) provided hydrological information
for Aboriginal communities in the Blackstone region. The
Southwestern Mining Company (unpublished reports, Mines
Department, Western Australia) added some environmental
information based on regional mapping and prospecting for
lateritic nickel in the western Musgrave region. The surface
deposits and vegetation of the Tomkinson Ranges were dis-
cussed by Feeken (1991, 1992).

Morphology

The Tomkinson Ranges—Blackstone Range-Jameson Range
region consists of a series of ridges (Fig. 3A) and inselbergs,
separated by alluvial flats and valleys (Fig. 3B) and dune-
covered plains (Feeken 1991, 1992). Most outcrops are strongly
dissected, reaching elevations of about 1000 m above sea
level in the Hinckley Range (1014 m; Fig. 77A), Mount
Davies (1053 m), Ewarara (1018 m), Dulgunja Hill, near
Kalka (1009 m; Frontispiece; Fig. 3A), Teizi hills (871 m),
Mount Aloysius (982 m; Fig. 3C), Bell Rock Range (874 m;
Fig. 87A), Michael Hills (838 m), and Mount West (858 m).
Duricrusts form low rises above valley floors and plains.
Elevated morphological units in the Tomkinson Ranges

consist of mafic and, to a lesser extent, ultramafic rocks.
These include the Hinckley Range, Bell Rock, Kalka, Mount
Davies, Michael Hills, and The Wart (southern Mount West)
intrusions, which weather to typical jagged ridge profiles
(Figs 3A, E, F). Other elevated units consist of felsic granulite
and granitic gneiss, including Mount Aloysius, Mount West,
Ewarara, and numerous scattered outcrops. Ridges of gabbro
or pyroxenite display jagged skylines and may contain promi-
nent rock piles of slumped subangular boulders several metres
across with little soil or vegetation in between. Examples of
such boulder piles are common in the Bell Rock Range
(Fig. 87A), where they consist largely of gabbro, and on the
Kalka and Ewarara (Fig. 3E) intrusions, where the boulders
consist mainly of pyroxenite. Boulder piles are formed where
removal rates of fine grained inter-boulder material from steep
rock falls exceed the erosional rates of resistant, little-weathered
boulders of dolerite, gabbro, or pyroxenite. Where weathering
of the gabbro is more advanced, the rocks display onion-like
exfoliation features. No boulder piles are developed in mafic
granulite which was formed by recrystallisation of gabbro,
e.g., in the western Hinckley Range and Wingellina Hills.
Mafic granulite is usually less resistant to erosion than gabbro,
and forms more subdued morphological features. Mafic dykes
which cut gabbro outcrops are commonly less resistant and
thus tend to form local depressions (Fig. 87A). In contrast,
mafic dykes cutting mafic granulite stand out as narrow ridges,
as is common in the Wingellina Hills.

Felsic metamorphic and igneous rocks display relatively
rounded, turtleback or inselberg morphological features, readily
distinguished from the jagged mafic rock outcrops. Granite
gneiss forms oval domes and tors in several areas, e.g., Champ
de Mars (3G, H), and inselbergs surrounded by dunes, e.g.,
north of the Blackstone Range and west of the Bell Rock
Range. Outcrops of felsic granulite, including quartz-rich
metasedimentary units, may display transposed sedimentary
layering, imparted by relict quartzite units, with good examples
at Mount Aloysius and in the Ewarara—Teizi area. Mafic dyke
swarms which intrude felsic rock commonly stand out as
narrow knife-like ridges (Fig. 138A, B). Granitic veins in-
truding mafic granulite are generally more resistant to weath-
ering than the latter, and form light-coloured bouldery ridges.

Surface deposits

Bedrock ridges are commonly engulfed by colluvial deposits,
e.g., along the southeastern margin of the Hinckley Range
and around the base of the Michael Hills. Elsewhere, notably
at the base of Mount Davies and large parts of Ewarara-Teizi
range, colluvium forms isolated occurrences. Pediments are
associated with colluvium or are interspersed with alluvial
fans, jutting out into the plains.

Intermontane valleys and intersecting plains in the Tomkin-
son Ranges show a general decrease in elevation towards the
southwest, expressed by a southward-stepping decline from
about 700 m above sea level in the northeast (Ewarara—-Teizi
area) to about 550 m in the south and southwest (south of
Michael Hills), each step involving a fall of about 50 m.
Plains and valleys are covered by lithic materials, which grade
from gravel in parts of the flood plains and alluvial plains,
through coarse sand in alluvial fans, to clayey red to red-brown
soil at the centres of alluvial plains.

Sandy plains and dunes are widespread in the northwest,
north, northeast, and south of the study area. Some dunes,
particularly those near the northeastern edge of the Hinckley
Range, contain interbeds of fine magnetite grains. Individual
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Figure 3. Morphological features of the Tomkinson Ranges. (A) Dulgunja Hill, near Kalka from the Hinckley Range. (B) Part
of the Champ de Mars valley, between the Hinckley Range and Michael Hills. (C) Mount Aloysius from the south. (D) Valley
in the western Hinckley Range. (E) Ewarara hills from the south. (F) Jameson Range from the southeast. (G) Granite tors,
Carruthers Creek. (H) Granite tors, Champ de Mars valley.
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dunes average 10 m in height, and are of several types.
Network dune patterns display gradational changes to broad-
crested linear dunes, some chain-forming, e.g., southwest of
Mount Aloysius and northwest of the Bell Rock Range. Other
sets of dunes are irregular and widely spaced. South of Mount
Davies, a parallel system of narrow, single-crested dunes
trends consistently southeast for many kilometres. Another
type of dune occurs in groups or as isolated rises, which
mostly fringe the northern, wind shadow, margins of small
outcrops and inselbergs, e.g., west of the Hinckley Range, at
Wandu Hill, and north and south of Mount Davies.

Drainage patterns, well defined within ridge areas, become
diffuse and are rapidly lost once they enter the plains. The
catchment areas of southward-directed drainage are larger
than those of northward-directed drainage areas, a pattern
clearly related to the general southward decrease in plain
elevation. Consequently, northward-flowing streams are short,
while the longest southward-running stream beds — Carruthers
Creek and Pidgingadinga Creek — are a little over 25 km
long and terminate in large floodplains. Sporadic intense
downpours result in high-level debris along creeks, with the
level of flood waters indicated by vegetation debris caught
above creek banks and in trees.

Calcrete duricrusts are common along creeks and in the
vicinity of mafic and ultramafic rock outcrops, but are less
common or absent around felsic rock outcrops. Ferricrete
outcrops occur mainly, but not exclusively, above ultramafic
rocks, e.g., north of Wingellina, north of Dulgunja Hill, and
at Mount Davies. Relict lateritic profiles also occur above
felsic rocks, e.g., west of Teizi bore. Silcrete duricrusts may

form part of relict lateritic profiles, e.g., 4 km east of Wingellina
and along the southern flank of Dulgunja Hill. Silcrete is
commonly interlayered with calcrete along creek beds.

Vegetation patterns

The distribution of vegetation in the Tomkinson Ranges is
correlated with surface deposits. The floral habitat is dominated
by mulga, spinifex, and annual and perennial grasses. Mulga
can occur on plains, on outcrops, or among dunes, with or
without other vegetation. An inverse relationship is seen
between mulga and spinifex, i.e., mulga decreases or is totally
absent where heavy spinifex growth occurs. In some areas,
mulga has died back extensively in the recent past, as in parts
of the valley between the Wingellina Hills and northern
Hinckley Range, and the plains around Poonawarra, south of
Michael Hills. In these areas, over 70 percent of the mulga
has died, and little regeneration is evident. This decline is
not obviously correlated with burning or with the rabbit
population, and may suggest the effects of disease or long
term climatic change. Spinifex tussocks dominate mafic and
ultramafic rock outcrops, but are also common over some
felsic rock terrains, as at Mount West, as well as in plains.
Bunch grasses dominate on the plains and are also important
on felsic granulite and granitic outcrops. Corkwood trees
(Hakea sp) are locally prominent and commonly occupy
margins of outcrops, including pediments and alluvial fans.
Two species of Grevillea are prominent in dune fields on or
near dune crests, and dense interdunal desert heath (Thryp-
tomene) is associated with species of native fuchsia, and
cassia.
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Geological and geophysical framework

Stratigraphy of igneous and

metamorphic units

The geology and bedrock stratigraphy of the Giles Complex
and associated rock units, as determined by field relationships
and isotopic age studies (Table 14) are summarised in Fig-
ures 2, 4, and 5, and Plate 1. The following stratigraphic
sequence has been established:

MAFIC DYKES:

DB Type B quartz dolerite dykes: post-D;, unmetamor-
phosed.

DC Type C olivine dolerite dykes: post-D;, unmetamor-
phosed.

DA Type A intergranular dolerite dykes: post-D,, pre-Ds,
commonly metamorphosed.

BENTLEY SUPERGROUP (BS):

Tollu Group (TG):

BTH Hogarth Formation: mafic volcanic rocks.
BTS Smoke Hill Felsic Volcanics: rhyolite.

BTM Mummawarrawarra Basalt: amygdaloidal basalt and
tuff.

BTD MacDougall Formation: basal quartz-pebble conglom-
erate, interbedded with cross-bedded arkose and sand-
stone

GRANITIC ROCKS:

GT  Felsite, granophyre, granite (including rapakivi types),
and pegmatite veins and dykes: syn to post-Giles Com-

128°45'
25°57'30"

WESTERN AUSTRALIA

plex, post-D,, pre-Ds.

GP  Porphyritic and rapakivi granite stocks and associated
felsite, granite, and pegmatite veins: pre-Giles Complex,
post-D,, pre-Ds.

GCH Orthopyroxene granite gneiss (charnockite) pods in
felsic granulite: post-D,, pre-D,.

GILES COMPLEX MAFIC-ULTRMAFIC INTRU-
SIONS (GC):

HRG Hinckley Range gabbronorite intrusion (<6000 m): oli-
vine gabbro, gabbronorite, troctolite, anorthosite, py-
roxenite, marginal microgabbro, olivine-spinel mafic
dykes; the western part of the HRG is extensively
recrystallised to mafic granulite, intruded by felsic
dykes.

BRTG Bell Rock troctolite/gabbro intrusion (c. 3800 m): troc-
tolite, gabbroic troctolite, anorthosite, gabbro, micro-
gabbro, minor dunite, magnetite-rich troctolite, and pods
and lenses of cumulus magnetite.

TWGPThe Wart gabbro/pyroxenite intrusion (c. 1900 m): feld-
spathic clinopyroxenite, clinopyroxenite, wehrlite, peri-
dotite, olivine melagabbro, mafic dykes: possibly a
basal segment of the Bell Rock troctolite/gabbro.

MHG Michael Hills gabbro intrusion (<8000 m): gabbro, or-
thopyroxenite, olivine-bearing ultramafic cumulates,
abundant late sills of microgabbro.

LHGP Latitude Hill gabbro/pyroxenite intrusion (c. 8000 m):
dolerite-textured gabbronorite, pyroxenite, feldspathic
peridotite, gabbro, anorthosite, marginal microgabbro;
a segment of the Michael Hills gabbro intrusion.

26°07"

S Ry

Hil
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wannn Ductile shear zone, locally

i Mafic granulite ; 3
Granite (including relict recrystallised gabbro) gg”’egf 5}/5‘:3:‘10'30“)' lite
Ultramafic cumulates Felsic to intermediate granulite ;

(pyroxenite, peridolite, dunite) :l (foliation trend) —+ »;nl/:orm
Layered gabbroic cumulates I logical bounda. —4— Synform o
(pyyroxenge, peridolite, dunite) g:glto gical Jodncary — — — Layered and foliation trend

7y Strike and dip of foliation

Figure 4. Geological map of the Tomkinson Ranges, showing locations of Figures 153 (top left) and 154.
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Mafic granulite
(recrystallised gabbro)

i+ +| Rapakivi granite

Porphyritic to even-grained granite

== Gabbroic rocks of
{ the Giles Complex

————| Post-D,, pre-D. orthopyroxene granite
4 Layered felsic-mafic granulite

R D7 retrograde shear zone
v Thrust fault (Ds)
—— Type B,C mafic dyke

Michael Hills gabbro

Hinckley Range gabbronorite

18/A/33

Figure 5. Block diagram showing relationships between geological units and structural elements in the Hinckley Range area

(after Clarke 1992).

MDGPMount Davies gabbro/pyroxenite intrusion (>7000 m):
gabbro, gabbronorite, pyroxenite, peridotite.

KNP Kalka norite/pyroxenite intrusion (>5000 m): norite,
anorthosite, olivine gabbro, olivine websterite, peri-
dotite.

GPP Gosse Pile pyroxenite intrusion (>2000 m): orthopy-
roxenite, olivine orthopyroxenite, websterite, peridotite,

norite.

EWP Ewarara pyroxenite intrusion (>500 m): bronzitite, har-
zburgite, pyroxenite, melagabbro.

WGP Wingellina Hills gabbro/pyroxenite intrusion
(>1600 m): gabbro, gabbronorite, olivine gabbro, cli-
nopyroxenite, wehrlite, minor peridotite.

CHPG Claude Hills peridotite/gabbro intrusion: a thin poorly
exposed sliver of altered peridotite, pyroxenite, and
gabbro.

MPG Murray Range pyroxenite/peridotite/gabbro intrusion
(c. 2600 m): pyroxenite, peridotite, harzburgite, dunite,
gabbro, gabbronorite.

UP  Ultramafic plugs and stocks of pyroxenite, peridotite,
and dunite; mainly in the Ewarara area and probably
related to the Ewarara pyroxenite.

BTG Blackstone Range troctolite/gabbro intrusion
(c. 3600 m): troctolite, olivine gabbro, anorthosite.

CG Cavenagh Range gabbro intrusion: flat-lying gabbro
and gabbronorite, intruded by a dense (10-100 m)
network of mafic dykes.

JTG Jameson Range troctolite/gabbro intrusion (c. 2500 m):
troctolite, gabbroic troctolite, anorthosite, monominer-

alic vanadiferous magnetite units.

GRANULITE-FACIES PARAGNEISS AND OR-
THOGNEISS:

MAC Mount Aloysius Complex: granulite-facies felsic gneiss,
intermediate gneiss, and minor mafic granulite, inter-
layered on scales ranging from centimetres to hundreds
of metres; the granulites are intruded by a few small
bodies of granite, syenite, and pegmatite, and include
garnet and sillimanite-bearing metasedimentary varieties
and quartzite units; lithological types include fns, fg,
fna, fam, fn, fnk, fng, fni, fav, fns, and mn (see Plates
1-3); deformed by at least three deformation phases
(D,_;) and intruded by mafic dykes.

Units included in the MAC:

MWG Gneiss at Mount West: dominated by granitic orthogneiss
and including units or enclaves of paragneiss and minor
mica schist.

ETG Granulite of the Ewarara-Teizi area: dominated by
paragneiss, including interlayered felsic granulite, por-



phyroblastic orthogneiss, and minor mafic granulite,
anorthosite, quartzite, garnet and sillimanite-bearing
granulite, and marble.

WIG Granulite at Wandu—Ilitjata: dominated by layered felsic
granulite, including minor quartz-rich granulite, garnet—
sillimanite granulite, and mafic granulite.

Regional structure

The regional structure of the western Musgrave Block is
reflected by the total magnetic intensity (TMI) map (Tarlowski
& Simonis 1992), shown in Figures 6 and 95. In the central
Musgrave Block, west-northwest-trending magnetic lineaments
are associated with the Mann Fault and Davenport Shear,
which juxtapose blocks of granulite-facies gneiss with blocks
of amphibolite-facies gneiss (Forman 1972; Collerson et al.
1972). In the western Musgrave Block, the Hinckley Fault
follows a similar trend, but separates granulite-facies rocks
to both the north and south. The trace of the Woodroffe Thrust
Fault is less well defined, due to the low dip (20-30°) of
this structure. The edge of the Musgrave Block is clearly
defined by the contrast between the low frequency anomalies
associated with areas of Neoproterozoic to Palaeozoic sedi-
ments of the Officer Basin in the south, and the high frequency
anomalies associated with the Musgrave Block. At the western
end of the block, distinctive magnetic anomalies associated
with the Tollu Group volcanic rocks of the Bentley Supergroup
persist for some distance to the west, indicating only a thin
sedimentary cover in this area.

Several lineaments with north-northwest or northwest trends
cut across the western end of the Musgrave Block, intersecting
the west-northwest-trending structures (Figs 6, 95). One major
lineament, which runs from Baggaley Hill to the Murray
Range, west of the Bell Rock Range, appears to be associated
with significant displacement at the margins of the Musgrave
Block. Bending of the high-frequency anomalies associated
with the Giles Complex bodies suggests that this zone has a
dextral displacement of about 30 km. This lineament could
be the cause of the re-orientation of structures in the north-
west-trending zone from Mount West to Mount Aloysius and
the reason for the major re-entrant in the anomaly pattern in
the southern part of the block. Daniels (1974) inferred that
the Tollu Group occupies large cauldron-subsidence structures
above a contiguous layered mafic lopolith which includes the
Bell Rock, Blackstone Range, and Cavenagh Range bodies.
TMI data strongly suggest the existence of a 15 km diameter
circular structure in the Tollu area, south of the Bell Rock
Range (Fig. 95), but this is cut off from the Bell Rock and
Blackstone Range intrusions by major faults.

Comparisons between the TMI (Fig. 6) and Bouguer anom-
aly (Fig. 7) maps with the geological maps of the Tomkinson
Ranges and environs (Figs 4, 8; Plates 1-3) indicate the
following features:

1. TMI highs may coincide with layered intrusions of the
Giles Complex, notably the Bell Rock intrusion, or
may coincide with felsic granulite terranes, such as
Mount Aloysius, Kunatjara, and much of the Ewarara—
Teizi area.

o

TMI lows may also coincide with layered intrusions
of the Giles Complex, e.g., the Hinckley Range, Mount
Davies, Gosse Pile, Ewarara, and Kalka intrusions.

3 Some intrusions include both high-TMI and low-TMI
zones, e.g., the Michael Hills and Kalka intrusions.
This suggests that remagnetisation of the high-grade
terrane during metamorphism and shearing overprinted
primary magnetisation patterns (Mutton et al. 1983).

4. Boundaries between TMI highs and lows commonly
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coincide with major fault lineaments, principal examples
being (1) the fault-bounded western and eastern margins
of the Bell Rock intrusion, (2) the northeastern boundary
of the Bell Rock intrusion, which may signify a western
extension of the Hinckley Fault, and (3) part of the
Numbunja Fault (Figs 4, 6, 8). However, anomaly
boundaries are more commonly displaced from, although
they may parallel, major faults, e.g., the Champ de
Mars Fault, much of the Hinckley Fault, the Wingellina
Fault, and part of the Numbunja Fault (Figs 4, 6, 8).
This suggests that the major faults dip at shallow to
moderate angles, rather than being near-vertical.

= A close coincidence exists between Bouger anomaly
highs and the central parts of layered intrusions of the
Giles Complex, including the Bell Rock, Michael Hills,
Hinckley Range, and Mount Davies intrusions (Fig. 7).
Conversely, Bouger anomaly lows coincide with felsic
granulite-granite terranes, e.g., Mount West, Champ de
Mars, and Wandu Hill. The Mount Aloysius felsic
granulite massif and the Ewarara-Teizi felsic granulite
ridges are marked by steep northward-dipping gradients.
Steep gradients also mark the fault boundary between
the Bell Rock intrusion and the granitic basement and
overlying Tollu Group volcanic rocks to the southwest
(Fig. 7).

Large-scale structures in the western part of the Musgrave
Block are dominated by east-west-trending open concentric
folds with steeply plunging fold axes, represented by flexuring
of segments of the Giles Complex, e.g., the synformal flexure
of the Michael Hills and antiformal flexures of Latitude Hill
and Mount Davies (Fig. 4). These folds are in places related
to movements along shear zones, e.g., the Champ de Mars
and Numbunja Faults, reflecting adpression of the folds during
ductile deformation. Most of these zones have an east-west
trend, but on Mount Aloysius, the trend of the folds and limb
attenuation zones is northwest. The east-west-trending defor-
mation zones transect the felsic granulite and may continue
into, or define the margins of, truncated layered intrusions of
the Giles Complex.

Field and age relationships

The tectonic, metamorphic, and igneous evolution of the
western Musgrave Block is summarised in Table 14 and
Figure 5, and described in more detail in the sections on the
Mount Aloysius Complex (Tables 1-4) and on the metamorphic
and structural history. Hence, only a brief outline is given
here in order to set the context for later sections of this
Bulletin which deal with specific aspects of the geological
history.

The oldest components identified in the Tomkinson Ranges
are interlayered granulite-facies gneisses of both sedimentary
and igneous origin. Metasedimentary rocks (paragneiss) include
widespread, but volumetrically minor, orthoquartzite, calc-sili-
cate granulite, and garnettsillimanite-bearing gneiss. Meta-
igneous rocks are predominantly granitic (s.l.) orthogneiss,
with minor mafic granulite. Protoliths of felsic orthogneisses
appear to have been emplaced about 1550 and 1300 Ma ago,
on the basis of Rb-Sr isochron ages (Gray 1978) and U-Pb
zircon and Sm-Nd data (Sun et al. 1996a). High-grade meta-
morphism is estimated to have occurred at 119846 Ma (the
U-Pb zircon age of syn-metamorphic granite gneiss, Sun &
Sheraton 1992; Sun et al. 1996a), consistent with a Rb-Sr
isochron age of 1204x17 (Gray 1978).

Evidence for two early deformation events (D, and D,),
which accompanied granulite-facies metamorphism, is pre-
served (Figs 31, 32). Except for F, hinges, S, has been rotated
into parallelism with S,, and only rarely can isoclinal F, folds
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Figure 7. Bouguer gravity anomaly image of the Tomkinson Ranges; lighter areas are more positive.

be identified. D, produced mesoscopic to macroscopic isoclinal
reclined F, folds, with an axial planar foliation (S,) which is
the pervasive gneissosity in the granulites (Clarke 1992; Clarke
et al. 1995a). D, involved mostly pure shear, and resulted in
a shallowly dipping reclined or recumbent terrane. Syn-meta-
morphic orthopyroxene granitoids (‘charnockites’) were em-
placed between S; and S,, and form pods and lenses of
orthogneiss.

The field relations of the Giles Complex are commonly
difficult to interpret, because, in most cases, the contacts are
either unexposed or faulted (Fig. 4; Plates 1, 2). However,
cross-cutting contacts with felsic granulite at the western tip
of the Hinckley Range intrusion (Fig. 158D) indicate that its
emplacement postdated S,, although the contacts have been
largely disrupted by later deformation (D5 and younger events).
Well-exposed intrusive contacts are seen along the northern
basal contact of the Kalka intrusion (Fig. 49), the southern
upper contact of the Mount Davies body (Fig. 55; Nesbitt et
al., 1970), and in The Wart intrusion.

In some places, notably the western and southern parts of

the Hinckley Range gabbronorite intrusion, marginal gabbroic
rocks are extensively intruded by veins of K-feldspar megacrys-
tic granite, locally with rapakivi textures, and microgranite,
in places containing xenoliths of mafic granulite and amphi-
bolite. Such felsic veins are interpreted as back intrusions
generated by partial melting of felsic country rocks (Figs 77E,
F, 87G, H). This is suported by U-Pb zircon dating, which
indicates that at least some granitic veins are about 1050-
1080 Ma old, very similar to the age of both the Giles
Complex (107843 Ma) and the coeval Tollu Group volcanic
rocks (1078+5 Ma, Sun et al. 1996a, b). However, some
petrographically similar granitic rocks, also including K-feld-
spar megacrystic varieties, are considerably older (118814 Ma,
Sun et al. 1996a). Contact effects generally die out rapidly
into the interior of the mafic bodies.

The metamorphic country rocks and the Giles Complex
are intruded by at least three generations of mafic dyke. The
oldest, defined as type A and consisting mostly of northwest,
or, less commonly, northeast and north-trending intergranular
dolerites, is deformed by the next major phase of deformation
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(D3). This produced the near-vertical, southeast-trending
granulite-facies Sy mylonitic foliation present throughout much
of the western Musgrave Block. Much of the marginal re-
crystallisation of Giles Complex gabbroic rocks to mafic
granulite, which was particularly extensive in the western
Hinckley Range, was associated with D;. D5 structures comprise
upright to reclined, tight to isoclinal, mesoscopic F; folds,
with a steeply south-dipping S; axial plane mylonitic foliation
(Fig. 30). A steeply plunging southwest-trending L, stretching
lineation suggests southwest-directed compression and recrys-
tallisation under dominantly simple (rotational) shear.

In general, D; is difficult to detect in massive gabbro.
However, in felsic vein-injected recrystallised gabbro (mafic
granulite), S;—L; fabrics are dominant, and include penetrative
rodding of felsic stringers related to simple shear rotation.
Apart from those in the western Hinckley Range, deformation
zones intruded by granitic veins, and probably also of D;
age, occur in (1) the eastern fault margin of the Bell Rock
intrusion (Fig. 87G, H), (2) the eastern faulted margin of The
Wart intrusion (Fig. 64C), (3) a granite vein-rich zone of
recrystallised gabbro south of the Wingellina Fault, and (4)
the southern fault-bounded annealed portion of the Gosse Pile
intrusion (Moore 1971a, b).

Type A dykes display marginal to complete recrystallisation
of primary igneous textures to granulite-facies S; assemblages;
their trend results from F; folding and is mostly aligned with
the southeast-trending S; foliation. Mostly northeast-trending
(rarely northwest-trending) type C olivine dolerite dykes,
commonly fine grained and pyrite bearing, cross-cut S; fabrics
and therefore postdate D;. Northeast-trending type B quartz
dolerite dykes, represent the youngest mafic intrusions in the
area. Both dyke types are pre-D, (Clarke et al. 1995a).

The Hinckley Range and Kalka layered intrusions are
bounded to the south by mainly east-west shear zones (D),
consisting of mylonite and ultramylonite, which define the
Hinckley Fault of Goode (1978) and its offshoots (Figs 4,
78). West of Dulgunja Hill, the Hinckley Fault splits into a
number of west to northwest-trending mylonite zones which
transect the mafic rocks of the Hinckley Range gabbronorite.
The mylonitic D, deformation resulted in zones of intense
recrystallisation, 10 to 100 m wide, with throws up to about
100 m estimated from mafic dyke displacements. Southeast-
directed transport is indicated by S,-L, geometry, including

augen in deformed rapakivi granite in the Champ de Mars
valley.

Many of the Giles Complex intrusions are cut and separated
from each other by major mylonitic shear zones, which form
an anastomosing pattern associated, in part, with faulted felsic
granulite—granite core zones. The latter occupy intermediate
positions between the layered intrusions and commonly formed
loci of granitoid emplacement, the principal examples being
the Champ de Mars and Mount West felsic core complexes
(Fig. 4; Plates 1-3). The tops of the layered intrusions are
invariably truncated by the shear zones, which cannot always
be unequivocally assigned to a particular deformation event;
the main examples are (1) Champ de Mars—north Mount
Davies Fault, which truncates the tops of the north-younging
Michael Hills and Mount Davies intrusions (Fig. 55), (2) the
Wingellina—Kalka Fault, which truncates the tops of the Wingel-
lina Hills and Kalka intrusions (Figs 49, 59), (3) the Mount
Davies—Numbunja Creek Fault, which truncates the tops of
the Mount Davies and Gosse Pile intrusions (Figs 52, 55),
and (4) the Bell Rock—Blackstone magnetic lineament, which
truncates the tops of the Bell Rock and Blackstone Range
bodies, considered by Daniels (1974) to be parts of the same
intrusion (Figs 4, 88, 107). Fault zones developed along the
bases of mafic—ultramafic intrusions include the D, Hinckley
Fault (Fig. 78), and the Mount West shear zones, which
underlie the Bell Rock intrusion (Fig. 88).

In the Hinckley Range area, the dominantly east-west D,
mylonitic shear zones are offset by mainly north-trending D5
ultramylonite zones, which dip steeply east and show evidence
for southwest-directed transport, with reverse throws of a few
hundred metres (Clarke 1992; Clarke et al. 1995a). Broad
east—-west-trending Dy ultramylonite zones are the most promi-
nent of the shear zones, and it is probable that, in at least
some cases, they overprint earlier (e.g., D,) mylonite zones.
The Dg structures include major faults, such as the Champ
de Mars Fault (Figs 4, 5) and the Woodroffe Thrust (Forman
1965) and its western extension in the Bates 1:100 000 sheet
area (Stewart 1995b). The Champ de Mars fault is a zone of
pervasive Dg recrystallisation up to 500 m wide in felsic
rocks, and up to 150 m wide in gabbro, where it is imprinted
by extensive pseudotachylite (Glikson & Mernagh, 1990).
The Woodroffe Thrust and related faults were involved in
northward thrusting of the Musgrave Block over the Amadeus



Basin during the c. 550 Ma Neoproterozoic to Cambrian
Petermann Ranges orogeny (Collerson et al. 1972; Forman
& Shaw 1973; Glikson et al. 1990a; Clarke et al. 1995b),
which resulted in the easterly trend of the Musgrave Block.
This event produced high-pressure garnet+clinopyroxene-bear-
ing assemblages in ultramylonite zones adjacent to the Wood-
roffe Thrust in the Bates 1:100 000 sheet area (Stewart 1995b).
The final deformation recognised in the western Tomkinson
Ranges comprises poorly exposed east-trending D, retrograde
shear zones that dip north and show a reverse sense of
movement.

It has not been possible to distinguish between the D, ;
events at Mount Aloysius (see next section), either because
they are not represented there and the mylonites are of different
generations, because their orientations are highly varied, or,
quite probably, both. In either case, regional correlations are
difficult. Northeast-trending sub-vertical brittle faults, discor-
dant to the strike of the Giles Complex and mostly with a
sinistral sense, e.g., at Mount Davies and the eastern end of
the Hinckley Range, are clearly post-D,. Northwest-trending
faults displace layering in the Michael Hills intrusion with a
dextral sense, and some are co-planar with the axial traces
of northwest-trending cross folds. These conjugate fault sets
may reflect north—south-directed compression, and may there-
fore have formed during Dy. The northwest and northeast
trends of the brittle fracture systems are subparallel to those
of two older (pre-D,) mafic dyke swarms. The dominant
northwest-trending swarm (probably type B) has an en-echelon
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pattern and is compatible with north-northwest compression,
whereas the orthogonal northeast-trending set in the Michael
Hills and western Hinckley Ranges (probably type C) indicates
northeast-directed compression. In contrast, some mylonite
zones are pre-D,, as at Mount Aloysius where both syn-D, and,
in particular, syn-D; mylonites are present (Stewart 1995a).

Northern boundary of the
granulite-facies sector of the
Musgrave Block: the Woodroffe
Thrust Fault

The Woodroffe Thrust is part of a major system of south-dipping
Dy thrust faults that bound the southern margin of the Amadeus
Basin, central Australia (Fig. 9). In the Musgrave Ranges,
the Woodroffe Thrust dips south at 20-30° and separates
high-grade metamorphic rocks in the south (the Fregon sub-
domain of Major & Conor 1993) from medium-grade meta-
morphic rocks in the north (the Mulga Park subdomain of
Major & Conor 1993). In the present study, the Woodroffe
Thrust zone has been traced into the Bates 1:100 000 sheet
area north of the Tomkinson Ranges by Stewart (1995b)
(Fig. 10), some 120 km farther west than recognised by earlier
mapping, and as predicted from airborne TMI data. In this
area, the thrust separates sub-eclogite-facies metamorphic rocks
and granite in the south from deformed amphibolite-facies
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Figure 10. Largest exposure of the Woodroffe Thrust in Bates 1:100 000 sheet area, GR 827632, looking southwest. Entire hill
is mylonite, with the most intense zone arrowed. Striped rock face at centre is location of Figure 13.

granite in the north (Fig. 11). The thrust dips gently south,
and is marked by isolated exposures of mylonite derived from
the granite north of the thrust. Lineations in the mylonite,
and in the northern and southern terranes, are subhorizontal
to gently plunging and east-northeast-trending, oblique to the
strike of the thrust.

In the Bates 1:100 000 sheet area, the Woodroffe Thrust
is defined by a mylonite zone that is about 1 km wide (Fig. 11).
It separates granulite-facies garnet + orthopyroxene =+ clinopy-
roxene * hornblende granite, patchily recrystallised to sub-
eclogite facies (Clarke et al. 1995a), which was thrust over
amphibolite-facies schistose biotite + hornblende granite to
the north. South of the mylonite zone, garnet granite has been
patchily recrystallised to a groundmass of fine-grained quartz,
plagioclase, garnet, and hornblende, enclosing large relict
grains of K-feldspar. One kilometre south of the mylonite
zone, garnet granite is cut by seams of mylonite up to about
1 m thick. North of the mylonite zone, schistose granite shows
effects of the faulting over a much wider area than does the
garnet granite south of the mylonite. The schistose granite is
generally mylonitic and cut by mylonite seams; in places,
however, it is recrystallised to a fine-grained mosaic. Four
kilometres north of the mylonite zone, generally massive
fine-grained recrystallised quartz veins occur throughout a
northwest-trending belt 5 km long (Fig. 11). In some places,
the quartz veins have a relict mylonitic lineation, but elsewhere
are massively brecciated or sheared to quartz augen wrapped
by secondary limonite.

The mylonite zone was derived from the schistose granite,
and displays a transition in rock type, as follows:

e Along the northern and southern margins of the mylonite
zone, the schistose granite is cut by numerous anastomosing
extensional shear bands; these are a few centimetres thick
and 10-20 cm apart (Fig. 12) in the north, and a few

metres thick and several metres apart in the south.

e Near the centre of the zone, friable fine-grained schistose
mylonite with small feldspar augen is intensely foliated
and lineated.

e In the centre of the mylonite zone, the most intensely
deformed rock comprises either thin gently south-dipping
alternating layers of black aphanitic ultramylonite and pale
mylonitic schistose granite (Fig. 13), or gently folded pods
of mylonitic granite in ultramylonite. Steeply dipping ex-
tensional shear zones of mylonite cross-cut the gently
dipping mylonite and schistose granite (Fig. 13).

All the granitic mylonitic rocks consist, in various proportions,
of angular bent porphyroclasts of K-feldspar, sericitised pla-
gioclase, and hornblende (in some samples), in a streaky
groundmass of ribbon quartz and microcrystalline K-feldspar
and uniformly oriented biotite aggregates (Fig. 14). A mafic
dyke with relict garnet is metamorphosed in the mylonite
zone to actinolite, bleached biotite, and sericitised plagioclase.

The mylonite zone is cut by a north-striking cross or tear
fault which also has mylonite along it (Fig. 15) and is similar
in grade to that along the east-west fault, suggesting that the
two faults could have formed at the same time.

Foliation trends throughout the northern (Fig. 16A) and
southern (Fig. 16B) terranes are at large angles to the east—west
mylonite zone (Fig. 11), which dips gently to moderately
south (Fig. 16C). Lineations in the two terranes are subhori-
zontal to gently plunging and mostly east-trending (Fig. 16D-F)
and indicate a west-southwest—east-northeast movement di-
rection. This coincidence of lineation orientation strongly
suggests a common origin during the c. 550 Ma Petermann
Ranges orogeny. Kinematic indicators are rare, and were
observed in only five exposures at four locations (Fig. 17);
three indicate movement of the top block to the east (Fig. 17A,
C, D), and two indicate movement of the top block to the
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west (Fig. 17B, E). The scarcity of shear indicators suggests
that the fabric is not markedly asymmetrical, implying that
large strain produced almost parallel shearing and flattening
planes.

The Woodroffe Thrust has been interpreted as the root
zone of the Petermann Ranges Nappe at the southwest margin
of the Amadeus Basin (Fig. 9). In the Amata and Kulgera
areas, northward movement on the thrust is well documented
(Collerson et al. 1972; Bell 1978; Edgoose et al. 1993). Both
the Woodroffe Thrust and Redbank Thrust Zone (Goleby et
al. 1988; Shaw & Black 1991; Lambeck & Burgess 1992)
formed in response to north-south compression of the Aus-
tralian plate, which transmitted stress from the plate margins
to the continental interior (Shaw 1991).

Southern boundary of the
Musgrave Block: the Musgrave-
Officer Basin Thrust Fault

The southern boundary of the Musgrave Block forms a major
arcuate feature strongly expressed on Bouguer gravity and
TMI images of Australia. It is manifested by an abrupt gravity
gradient of up to 20 ns?, and by a TMI change from a short

high-frequency wavelength magnetic variation characteristic
of the Musgrave Block to a relatively subdued low-frequency
magnetic signature over the Officer Basin. This boundary is
important in understanding the structure and evolution of the
central Australian region, but until now geophysical investi-
gations of the feature have been hampered by logistic and
access problems.

A major reflection seismic survey of the central Officer
Basin recorded five regional lines, including a traverse across
the southern boundary of the Musgrave Block (line 93AGS01,
Fig. 18; Leven & Lindsay, 1995). These data show a series
of pervasive, north-dipping reflection events within the Mus-
grave Block, which extend from at or near the surface to a
two-way time (TWT) of around 10 seconds (about 30 km
depth), with a northerly dip of around 30°. About 200 km
south of the boundary, deep seismic data (line 93AGSO05:
Fig. 18) show a similar series of roughly parallel north-dipping
basement structures which terminate at the base of the Officer
Basin succession without disrupting the basin sediments. This
suggests that they were truncated by an erosional event before
deposition of the regionally extensive Willouran basal units
of the Officer Basin (Pindyin Sandstone and Alinya Formation
on Fig. 19).

Twenty kilometres north of the boundary of the Officer
Basin, line 93AGSO01 shows a set of prominent north-dipping
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Figure 12. Schistose mylonitic granite sliced by extensional shear zones, northern margin of the Woodroffe Thrust, looking
south. Rock consists of small angular porphyroclasts of strained microcline and oligoclase in a groundmass of recrystallised
granuloblastic microcline, quartz ribbons, strings of broken hornblende grains, and anastomosing aggregates of small strongly
aligned ragged flakes of biotite. Scale in centimetres and millimetres. Same locality as Figure 17E, AMG grid reference (GR)

812635.

Figure 13. Interlayered ultramylonite (dark grey) and mylonite (white) in most intense zone of the Woodroffe Thrust (striped
rock face at centre of Fig. 10), looking southwest. Mylonitic foliation displaced by extensional shear zones (top block down to
left, i.e., east-northeast), one zone 2.5 cm to right of scale, another 9 cm to left of scale. Ultramylonite comprises clasts of
[fractured and subrounded hornblende, nearly strain-free quartz, subrounded plagioclase, pink fractured garnet, rutile, and
titanite in a streaky brown groundmass of very fine-grained biotite, opaque grains, and cryptocrystalline quartz and/or feldspar.

Scale 15 cm long. GR 826630.
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Figure 14. Granitic mylonitic rocks associated with the Woodroffe Thrust, all with crossed polarisers. Longer side of all photos
2 mm. (A) Tonalite at margin of mylonite zone, showing broken oligoclase (left), strained quartz (three large grains, right) and
round titanite grain (centre of top edge); sample 91989421; GR 802643. (B) Granite mylonite at centre of mylonite zone,
showing broken microcline porphyroclasts (top left), large lenticle of flattened elongated quartz (right), and granulated
oligoclase (middle); 91989423A; GR 813635. (C) Granite mylonite at centre of mylonite zone, showing laminae of recrystallised
platy quartz (white, left), extremely flattened little-recrystallised quartz (white, top), unresolvable biotite (black), and granulated
microcline and oligoclase bent around large microcline porphyroclast (bottom); 91989423A; GR 813635. (D) Granite ultramy-
lonite at centre of mylonite zone comprising round porphyroclasts of nearly strain-free quartz (white), subrounded plagioclase
(grey, right of centre), and large broken porphyroclast of hornblende (bottom left) in a dark streaky groundmass of unresolvable
biotite and opaque grains, and small, bent, highly flattened lenses of cryptocrystalline quartz and/or feldspar; 91989425E, GR

826630.

basement structures which bifurcate at a branch point around
3 seconds TWT (about 7.5 km depth) beneath CMP 3300
(Fig. 20). The lower branch of this bifurcation forms a basal
decollement which soles into the evaporitic Alinya Formation
near the base of the sedimentary succession as a blind thrust.
The upper branch of this bifurcated thrust flattens at depths
of less than 2 km. Its surface expression has not been mapped
because of the blanket cover of Pleistocene sand dunes.
However, its surface location corresponds to a significant
topographic ridge, with surface elevation decreasing south-
wards by 40 m over 2.5 km, which can be inferred to indicate
recent thrust movement on this fault zone.

Near the northern margin of the Officer Basin, these
basement features are genetically related to the steep northern
margin of the basin. Figure 21 shows that at the present
northern margin, Palaeozoic strata have been folded into a
homocline. Farther east in the eastern Officer Basin, foreland
basin sediments of Devonian age indicate movement of this
fault system during the Alice Springs orogeny. The margin
is thus erosional, and the original northerly extent of the basin

is unknown. South of this structure (Fig. 21), sediments of

the central Officer Basin have suffered relatively little dis-
ruption, in spite of their proximity to this major thrust boundary.

Figure 21 shows the detailed structure of the northern
margin of the Officer Basin, and the structure of the thrusts
in the Musgrave Block. Only the upper succession of the
Officer Basin strata has been folded into the homoclinal upturn
at this margin. The lower succession, interpreted to include
part of the Alinya Formation and the Pindyin Sandstone, has
been abruptly truncated beneath CMP 4520. North of this,
portions of stratigraphic units with a similar reflection character
to this lower succession are evident, suggesting that, in this
region, the lower succession has failed by thrust faulting,
rather than being folded into a homoclinal upturn. A complex
set of faults has been interpreted in this disrupted zone beneath
the homocline, but these faults do not penetrate into the upper
succession.

South of the thrust margin, the lower succession has been
compressed into several broad kinks over a distance of 30 km
(Fig. 22). These kinks have an amplitude of around 150 m
and are unconformable with the more gently folded strata of
the upper succession. They represent a net shortening of the
lower succession relative to the upper succession, and are
interpreted to have formed by flowage within the Alinya
Formation (an evaporitic unit) in response to the compression
of the Officer Basin sediments during the southward thrusting
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Figure 15. Garnet granite mylonite in tear fault crossing the
Woodroffe Thrust. Augen and lenticles of fine-grained recrys-
tallised K-feldspar (white), deformed and recrystallised
lenticles of quartz (pale grey), and broken and cracked garnet,
in a dark grey groundmass of cryptocrystalline quartz, feld-
spar, garnet microclasts, hornblende grains, opaque grains,
and unresolvable microcrystalline biotite. Scale 15 cm long;
GR 838593.

Figure 16. Stereograms of foliations and lineations in and
near the Woodroffe Thrust. (a) Poles to foliation in schistose
granite of northern terrane. (b) Poles to foliation in garnet
granite of southern terrane. (c) Poles to foliation in main and
subsidiary mylonite zones. (d) Lineations in northern terrane.
(e) Lineations in southern terrane. (f) Lineations in main and
subsidiary mylonite zones. Equal-area plots on lower hemi-
sphere. Stereograms plotted using GEORIENT program
devised by R. Holcombe, University of Queensland.
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Figure 17. Sketches of shear indicators in granitic mylonite,

4 Pts e 9 Pts f  Woodroffe Thrust. (S) Mylonitic foliation. (SB) shear bands
interpreted as extensional because of observed extensional
offsets, large angle to foliation, and paucity of bending of
Joliation near shear bands. (A,B) Northern margin of Wood-
roffe Thrust. (C,D) Southern margin of thrust. (E) Northern
margin of thrust, same locality as Figure 12.



of the Musgrave Block. As this lower succession is not
deformed by the homoclinal structure, its shortening has been
accommodated by kinking and ductile flow within the evaporitic
units south of CMP 4300, and by imbrication and extensive
brecciation north of CMP 4300, forming a triangle zone.

In contrast, the clastic upper succession responded to the
compression by slippage along a bedding plane separating

T T
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'
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the two successions, and back-thrusting over the imbricated
and brecciated lower succession in the triangle zone (Fig. 23).
This back-thrusting of the upper succession must have post-
dated formation of the adjacent brecciated lower succession
in the triangle zone, as faults in this zone do not penetrate
into the homocline. We interpret this structure to be the result
of bedding-plane slippage on a surface within the Alinya
T
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Australia, showing location of the five NGMA seismic reflection traverses.
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Figure 19. Simplified stratigraphic succession of the central
Officer Basin.

Formation, which accommodated different mechanical re-
sponses to compression in the two successions.

The TMI image (Fig. 24) gives a clear picture of the
structure of the Musgrave Block, and provides structural
information over an area of the Officer Basin where the
geology is generally obscured by sand dunes. The image
illustrates the changing nature of the Musgrave Block’s southern
margin along strike. To the west, the TMI image suggests
that this margin is a relatively sharp feature, involving a single
thrust fault or a narrow fault zone, whereas to the east of
meridian 130°30E, the margin gives the appearance of having
a stepped structure, suggesting the presence of multiple thrust
sheets of basement.

This difference in character along the southern margin of
the Musgrave Block corresponds to a change in boundary
structure associated with the thrusting. West of 130°30’E, this
boundary appears to have a relatively simple structure, with
tectonic disturbance of the basin sediments constrained to a
narrow region close to the edge of the Musgrave Block. In
this central region, the Musgrave Block appears to have
encountered little impediment to its southward thrust-sense
movement. In contrast, the structure east of 130°30’E in the
eastern Officer Basin is relatively complicated, as evidenced
by basement-involved thrusting extending a considerable dis-
tance southwards into the basin (Lindsay 1995). Here, move-
ment of the Musgrave Block was obstructed by the Gawler
Craton to the southeast, and the Officer Basin sequence was
deformed in the confined space between the Musgrave Block
and Gawler Craton.

Aeromagnetic TMI data were collected along the seismic
lines after seismic acquisition. TMI data along line 93AGS01
have long-wavelength characters south of CMP 4100, and a
short-wavelength (‘high frequency’) response characteristic of
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Figure 20. Portion of the seismic traverse 93AGS01 between CMP 2800 and 4000, showing the top 5 seconds two-way time
(TWT) of the upper crustal structure beneath the southern boundary of the Musgrave Block. A prominent series of north-dip-
ping structures is imaged, the lower set bifurcating around 3 s TWT (about 7.5 km depth) beneath CMP 3300. This lower branch
[flattens and soles into the base of the sedimentary succession farther south.
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Figure 21. Portion of the seismic traverse 93AGS01 between CMP 4200 and 5000 (2 s TWT), showing the sedimentary structure
at the northern margin of the Officer Basin. The sedimentary strata are divided into two successions, the upper succession
folded into a homocline, and the lower succession abruptly truncated beneath CMP 4520. A prominent north-dipping structure
soles into the base of the sedimentary succession at 1.4 s beneath CMP 4800.
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Figure 22. Portion of the seismic traverse 93AGS01 between CMP 5000 and 5600 (2 s TWT), showing the sedimentary structure
south of the northern margin of the Officer Basin. The sedimentary strata are divided into two successions which are

unconformable. The upper succession is gently folded, whereas the lower succession has been folded into additional kink
structures evident beneath CMP 5500 and 5280.
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Figure 23. Line diagram of the structure of reflection events at the northern margin of the Officer Basin, showing the Officer
Basin succession folded and back-thrust over a non-reflective triangle zone which underlies the main thrust zone at the

southern margin of the Musgrave Block.
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Figure 24. TMI image of the Musgrave Block and the north-
ern Officer Basin, showing the locations of the NMGA
seismic traverses.

the Musgrave Block north of this point. Interpretation of the
TMI data indicates that the thin edge of the Musgrave Block
thrust sheet starts at CMP 4100. Seismic data do not image
this portion of the thrust clearly in the top 200 milliseconds,
although the upper branch of the bifurcated thrust structure
appears to flatten near the surface in agreement with the
magnetic interpretation.

Gravity observations were made along the seismic traverses
during seismic acquisition, and the reduced Bouguer gravity
profile along line 93AGSO1 is shown in Figure 25. It is
noteworthy that the major inflection in Bouguer gravity does

not correspond to the location of the homoclinal fold in basin
sediments near CMP 4400, but is displaced to the north.
These data require a causative density contrast to be located
north of this homoclinal fold. This observation is reconciled
in the gravity model by proposing that the upper branch of
the bifurcating thrust is the major thrust zone associated with
the southern margin of the Musgrave Block thrust sheet, as
is also required by the TMI data. The triangle zone between
the Musgrave Block thrust zone and the homocline is proposed
to be a zone of brecciated and disrupted Officer Basin sediments.
The trapezoidal volume above the basal decollement therefore
has a density appropriate to sediments.

Figure 25 shows a model of the density variation which
is consistent with the seismic, TMI, and gravity observations
along seismic line 93AGSO01. Like the model of Milton &
Parker (1973), displacement of the major inflection in the
Bouguer gravity profile approximately 20 km north of the
homoclinal fold zone can be explained by a wedge of disrupted
lower density sediments beneath the basement thrust sheet.
The upper succession of Officer Basin sediments, which forms
the homoclinal structure, appears to have been folded by
back-thrusting over the brecciated and disrupted sediments in
the triangle zone.

In summary, interpretation of these data in conjunction
with gravity and magnetic data indicate that:

1. The region is underlain by a series of pervasive north-
dipping structures which predate formation of the Officer
Basin.

S8}

Reactivation of some of these older (pre-Willouran) struc-
tures produced a major thrust zone which forms the
Officer Basin’s northern margin.

3. This thrust fault zone bifurcates beneath the Musgrave
Block. The lower branch of this bifurcated thrust zone
forms a basal decollement which soles into the base of
the Officer Basin sedimentary succession. The upper
branch flattens near the surface.

4. A trapezoidal wedge or triangle zone of disrupted sedi-
ments was formed in front of the thrust zone.

5. An upper portion of the sedimentary section was excised
by this wedge and has been back thrust into a homoclinal
fold structure.
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Figure 25. Bouguer gravity data measured with a station spacing of 250 m along seismic traverse 93AGS01 were extended to
the north and south with regional gravity data to produce the observed gravity profile. The modelled gravity profile was
calculated from the proposed gravity model, which is consistent with both the seismic data from 93AGS01 and the southern
edge of the Musgrave Block as defined by the magnetic data. The model was adapted from that of Lambeck & Burgess (1992).
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Felsic granulite terranes

The Mount Aloysius Complex and
equivalents

The host rocks of the mafic—ultramafic intrusions of the Giles
Complex consist of massive to layered, mostly felsic, granulite-
facies metamorphic rocks. They crop out as elevated terrains,
e.g., Mount Aloysius (Fig. 3C), northern Hinckley Range,
Ewarara—Teizi area, Wandu Hill, Mount West, and isolated
inselbergs around the Tomkinson Ranges (Figs 3G, H, 4).
Daniels (1974) divided these rocks into two types: (1) well-
layered granulite that is characterised by compositional vari-
ations on a centimetre to metre scale, inferred to be transposed
sedimentary bedding, and (2) poorly-layered felsic granulite,
which includes orthopyroxene-bearing (‘charnockitic’) gneiss,
inferred to be orthogneiss. Felsic granulite, derived from
igneous protoliths is dominant and is interlayerd with minor
mafic granulite layers and lenses (Gray 1977, 1978). A variety
of metasedimentary rocks, including quartzite, metapelite, and
calc-silicate granulite, are commonly intercalated with the
orthogneiss.

The layered granulite, including both the meta-igneous
(orthogneiss) and metasedimentary (paragneiss) components,
predates the Giles Complex, as shown by intrusive contacts
of the latter (Nesbitt et al. 1970; Glikson et al. 1995), the
presence of older D, and D, structural fabrics in the granulite
(Clarke 1992; Clarke et al. 1995a), and isotopic age data.
The granulite also contains massive pods and lenses of granitic
gneiss, foliated orthopyroxene granitoids (charnockites), por-
phyritic and rapakivi hornblende—biotite granitoids, and syenite,
all of which predate the Giles Complex. Protoliths of high-grade
orthogneisses were apparently emplaced about 1550 and
1300 Ma ago, on the basis of Rb—Sr isochron ages (Gray
1978) and U-Pb zircon and Sm-Nd data (Sun et al. 1996a,
b). High-grade metamorphism is estimated to have occurred
at 119846 Ma (the U-Pb zircon age of syn-metamorphic
granite gneiss at Minno, near Mount Davies, Sun & Sheraton
1992; Sun et al. 1996a). This age is consistent with a Rb-Sr
isochron age of 1204+£17 reported by Gray (1978).

The granulite-facies metamorphic rocks of the western

Musgrave Block are collectively termed the Mount Aloysius
Complex (MAC), which is defined in Appendix IV. The
Mount Aloysius Complex comprises all such units throughout
the area, including those referred to on Plate 1 as gneiss at
Mount West (MWG), granulite of the Ewarara-Teizi area
(ETG), and granulites at Wandu-Ilitjata (WIG). In this section,
detailed descriptions of the geology of the type area at Mount
Aloysius, as well as the Ewarara area, are given. The geo-
chemistry and petrogenesis of the felsic gneiss are also dis-
cussed.

The Mount Aloysius type area

Geological framework

The Mount Aloysius massif forms a roughly triangular range
of hills rising to 982 m at Mount Aloysius, 400 m above the
surrounding plain (Fig. 26; Stewart 1995a). Daniels (1974)
mapped the massif as a single unit of layered granulite cut
by dolerite dykes. Gray (1977, 1978) mapped the central part
of the massif, and delineated units of massive granulite, garnet
granulite, layered granulite, and sillimanite granulite. Detailed
mapping of the whole massif by A.J. Stewart in 1990-91
used 1:20 000 colour air photographs supported by Landsat
imagery (Fig. 27). The rock types which crop out at Mount
Aloysius is summarised in Table 1.

The Mount Aloysius massif comprises felsic, intermediate,
and mafic granulite interlayered on scales ranging from cen-
timetres to hundreds of metres (Fig. 28). The granulite is
intruded by a few small bodies of granite, syenite, and
pegmatite, and by abundant dolerite dykes. Layering (S;,) is
compositional and is imparted by changes in mineral propor-
tions and grain size. Thin layers commonly narrow, widen,
bifurcate, or lens out along strike distances of less than a few
metres, and in places cross-cut each other at low angles. Some
mafic layers have even more mafic selvedges. Hence, the
layering is regarded as being of metamorphic differentiation
origin. On the other hand, compositional variations which
occur on a scale of hundreds of metres probably represent
original sedimentary, volcanic, or intrusive units, e.g., units
of felsic garnet granulite and sillimanite—garnet
granulite in the centre of the massif and mafic
granulite in the northwest are probably original
sedimentary and volcanic units, respectively.
The metamorphic layering is broadly parallel
to these macroscopic layers, and may reflect
transposed bedding in rocks of sedimentary
composition. Stratigraphic younging directions
were nowhere recognised.

The following map units are defined in the
Mount Aloysius Complex:

Jns. Felsic sillimanite—garnet granulite of sedi-
mentary origin crops out only in the centre of
the massif. It is fine to medium-grained, dis-
continuously thin layered, and prominently
jointed.

fg. Felsic garnet granulite forms a well-defined
unit in the centre of the Mount Aloysius massif,
and thin layers in the north and south of the
massif. The rock is massive to weakly layered,
and coarse to very coarse grained.

Figure 26. Aerial photograph of Mount
Aloysius.



A.Y. Glikson etal 27

Figure 27. Landsat-5 TM 5/4 band ratio image of Mount Aloysius showing distribution of iron oxide on
weathering surfaces (light areas), with northwest-trending dolerite dykes being clearly shown (compare with

Fig. 29).

fna. This unit is confined to the east, and is composed of
intermediate granulite and felsic granulite which are weakly
layered. The layering is inconspicuous, poorly defined, com-
monly interrupted, and lithological differences between layers
are slight. The rock is medium to coarse grained, and in
places agmatitic. Its boundaries cross-cut the layering in the
adjoining unit fin,mn, and it is interpreted as a mobilised,
locally intrusive unit of orthogneiss.

fn,mn. This composite unit, shown at Mount Aloysius on
Plates 1 and 2, consists of thin to thick layered felsic granulite
(mainly orthogneiss), with numerous mafic granulite interlayers
and rare intermediate granulite. Calc-silicate and quartzite
layers are present in places.

fn. Felsic granulite forms a prominent disrupted layer in the
south of the Mount Aloysius massif, and another layer in the
north. The granulite is a coarse-grained, leucocratic, homo-
geneous orthogneiss.

mn. Mafic granulite, with rare interlayers of intermediate and
felsic granulite, forms mappable units in the northwest, as
well as thin to thick layers and lenses in the felsic granulite
units.

fnk. Leucofelsic granulite (orthogneiss), with minor mafic
granulite, forms discrete bodies concentrated around the mar-

gins of the Mount Aloysius massif. It is weakly layered to
massive, medium to coarse grained, and blue—green where
fresh. The outcrops centred at AMG grid references (GR)
577263 and 555265 in the north of the massif are of very
weakly layered quartz syenite composition (91989056). Lay-
ering in the fin,mn layered granulite unit diverges around the
eastern outcrop, and the body appears to be a syn-tectonic or
late-tectonic intrusion. This is supported by the occurrence
of a dyke of syenite 500 m to the south at GR 578249, which
has intruded obliquely across the granulite layering of unit

fn,mn.

Other units, not present at Mount Aloysius, are:

fni. Intermediate granulite (orthogneiss), a widespread, but

volumetricaly minor, unit which is interlayered with massive
felsic granulite (fnn).

fnm. Homogeneous intermediate to mafic granulite, which

commonly forms discrete layers, e.g., near Ewarara.

fng. Quartz-rich felsic granulite, a minor metasedimentary

unit which crops out near Teizi Hill and Mount West.

fnv. Garnetiferous granulite, another minor unit, probably in

part of sedimentary orign, which crops out near the Gosse
Pile intrusion.
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Table 1. Rock types of the Mount Aloysius massif.

Unit and map symbol

Lithology

Remarks

Type B quartz dolerite dykes
Type C olivine dolerite dykes

Type A intergranular dolerite dykes,
commonly metamorphosed

Meta-anorthosite sheets
Pegmatite dykes
Syenite, sy

Granite, g

Leucofelsic granulite with minor mafic
granulite, fnk

Mafic granulite, rare interlayers of
intermediate and felsic granulite, mn

Felsic granulite, fn

Felsic granulite with numerous mafic and
rare intermediate granulite layers, fn,mn

Intermediate and felsic granulite,
interlayered, fna

Felsic garnet granulite, fg
Felsic sillimanite-garnet granulite, fns

Subophitic: clinopyroxene + plagioclase + Fe-Ti oxides

Subophitic  to  aphanitic, rarely
olivine—plagioclase-phyric; pyrite-bearing

mgr;

Orthopyroxene + clinopyroxene + plagioclase:
commonly plagioclase-phyric

Plagioclase 88-97%: grade into metadolerite towards
ends of sheets

Granodiorite to granite

Bluish-green to yellowish-green, cgr, massive to weakly
foliated

Creamy white to pale brown, m—cgr, foliated alkali
feldspar granite

Weakly layered to massive, m-cgr, blue—green:
orthogneiss: leucotonalite, quartz alkali feldspar syenite

Grey to black, f~mgr. massive to weakly foliated

Cgr, leucocratic, homogeneous orthogneiss: tonalite,
leucotonalite, leucogranite, alkali feldspar granite

Thin to thick-layered; mainly orthogneiss with
calc-silicate and quartzite layers in places

Massive to weakly layered, m—cgr, in places agmatitic;
orthogniss: leuconorite, leuco-quartz monzogabbro,
leucotonalite, alkali feldspar granite

Massive to weakly layered, c-vegr
Discontinuously thin-layered, f-mgr; metasedimentary

Strike NW; 820 Ma
Strike NNE to NE; 1000 Ma

(Sub)parallel to. and folded with,
layering of host granulite

In NE; few 10s m long; possibly
related to type A dolerite dykes

Small, rare, cross-cutting; confined to
unit fna
Small intrusive bodies in S

Small bodies in NW, S, and NE;
distinctive corestones

Discrete pre- or syntectonic bodies
around margins of massif

Thick units in NW, thin elsewhere

Prominent disrupted layers in S and
N

The most distinctly layered unit,
forming most of the massif

In E; layering poorly defined and
commonly interrupted

In centre, N, and S

In centre; prominently jointed

Abbreviations: fgr, fine-grained; mgr, medium-grained; cgr, coarse-grained; vegr, very coarse-grained.
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Figure 28. Generalised geological map of the Mount Aloysius massif, based on mapping by A.J. Stewart, except for boundaries
of units forming fold closure around Mount Aloysius by Gray (1971). N-S is position of cross-section in Figure 37. Locations
of zircon U-Pb dated samples are shown; sample numbers starting with ‘4’ are prefixed ‘9098’ those starting with ‘8’ are
prefixed ‘9198°. Numbered ticks at margins of this and similar diagrams are 1 km intervals of the AMG, Zone 52.



Lithological units

The principal lithological features and mineral assemblages
of the Mount Aloysius Complex are summarised in Table 2:

Mafic granulite. Mafic granulite is dark grey to black,
fine to medium grained, massive to weakly foliated, and
generally homogeneous, but in many places includes a few
thin lenses of felsic and/or intermediate granulite. The rock
is generally of gabbronorite composition, ranging to norite,
leuconorite, and rarely melagabbronorite. Texture is usually
granulo- or granoblastic, less commonly cataclastic or mylo-
nitic; one sample (90984107) is allotriomorphic with minor
granoblastic patches, indicating an igneous protolith for the
granulite. The granulite consists chiefly of plagioclase (by-
townite—andesine, An7i-40), orthopyroxene, and lesser cli-
nopyroxene, opaque grains, hornblende, biotite or phlogopite,
rare quartz, and ftraces of apatite, titanite, and secondary
muscovite. Garnet forms symplectite coronas around opaque
grains in some samples (91989082, 91989060), and discrete
orange grains in others (91989059).

Felsic granulite. Felsic granulite is the most abundant rock
type. It is white, pale grey or grey-brown, thin to thick
layered, or elsewhere pod or bleb-like, and medium to coarse
grained; the textute is generally granulo- to granoblastic, or,
less commonly, cataclastic to mylonitic. Migmatitic to agmatitic

Table 2. Petrography of the Mount Aloysius massif.
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structure is present in a few places. Most felsic granulite is
of igneous composition, and represented in the major map
units as follows:

e fn: tonalite, leucotonalite, leucogranite, alkali feldspar gran-
ite;

e fna: leuconorite, leuco-quartz monzogabbro, leucotonalite,
alkali feldspar granite;

e fnk: leucotonalite, quartz alkali feldspar syenite.

These rocks are composed chiefly of plagioclase (labradorite—
andesine, Angg 40), quartz, mesoperthitic alkali feldspar, or-
thopyroxene, and opaque grains (magnetite). Garnet, biotite,
spinel, and zircon occur in some samples, as do trace amounts
of secondary epidote, clinozoisite, and muscovite.

Two felsic granulite samples are clearly of sedimentary
origin. Sample 91989070 (a psammo-pelite) consists of quartz
(73%), garnet (15%), sillimanite (8%), andesine (2%), ortho-
clase (1%), and biotite (1%). 91989059 (a calc-silicate) com-
prises thin interlayers respectively composed of (A) quartz
(89%), labradorite (5%), garnet (5%), and zircon (1%), and
(B) labradorite (42%), garnet (27%), clinozoisite (18%), quartz
(10%), amphibole (2%, rimmed with garnet), and muscovite
(1%).

Many other felsic layers contain relatively calcic plagioclase
(labradorite). Sample 91989102B from a boudinaged layer is
symmetrically zoned as follows:

Rock type and composition Texture

Mineral assemblage*

Felsic granulite. White to grey—brown, thin
to thick-layered, pod or bleb-like, migmatitic
to agmatitic in places. Orthogneiss: tonalite,
leucotonalite, leuconorite, leuco-quartz
monzogabbro, leucogranite, alkali feldspar
granite, quartz alkali feldspar syenite. Rare
metasediments: metapelite, calc-silicate
granulite (5 layers)

Intermediate granulite.

Unit fna. Unevenly and indistinctly thin to
thick-layered, mostly homogeneous,
elsewhere agmatitic. Leucogabbronorite,
quartz leu- conorite, quartz anorthosite.
Unit fn,mn. Rare thin layers of calc-silicate, ~ Mgr
locally interlayered with mafic granulite

Mafic granulite. Gabbronorite, norite,
leuconorite, melagabbronorite
Granite. Alkali feldspar granite Mgr, granoblastic

Pegmatite.

Meta-anorthosite. Pale grey, massive
Garnet anorthosite. Core of zoned
metadolerite

Type A dolerite dykes.

Type C olivine dolerite dykes.

Type B quartz dolerite dykes.

M-cgr, generally grano- to granuloblastic, less
commonly cataclastic to mylonitic

Mgr, grano- to granuloblastic or cataclastic

F-mgr, grano- to granuloblastic, less commonly
cataclastic to mylonitic, rarely relict allotriomorphic

Patchily recrystallised

F—mgr, allotriomorphic to granoblastic

Intergranular to granuloblastic, locally cataclastic

Subophitic to porphyritic, locally cataclastic; one with
quenched variolitic margin

Subophitic, locally granoblastic to cataclastic

Ess: Pl (Angg—40), Qz, Kfs (meso),
Opx, Opq. In some samples: Gt, Bt,
Sp. Tr: Zir, Ap, Ep, Clz, Ms.
Metapelite: Qz, Gt, Si, And, Kfs, Bt.
Calc-silicates: 1. Qz, Lab, Gt, Zir.
2. Lab, Gt, Clz, Qz, Am, Ms.

3. Kfs, Qz, Lab, Opx.

4. Qz, Lab, Opx. Opq

5. And, Opx. Opq.

Ess: Lab (Anes-s4), Opx, Opq. In
some samples: Qz, Cpx. Acc: Bt, Ap.
Sec: Ep, Chl, Cc, Ms.

1. Byt, Opx, Gt, Bt, Opqg.
2. Lab, Qz, Di, Tit, Opq, Clz.

Ess: P! (An7140), Opx, Cpx, Opq.
Hbl, Bt/Phl, Qz. Tr: Ap, Tit. Sec:
Gt, Ms.

Ess: Kfs (meso), Qz. Tr: Bt, Opq,
Gt, Opx, Ap, Zir, All.

Ess: Kfs, Qz, sodic Pl. Ace: Opq.
Ess: P1 (Ango66). Tr: Hbl, Opq,
+Opx, +Cpx, Rut, +Ap.

Ess: Lab (An¢2), Gt. Tr: Kfs, Hbl,
Opq.

Ess: Lab (Ans4), Opx, Cpx, Opg, Bt;
Ol in one sample

Ess: Ol, Pl (Angs-46), Cpx, Bt, Opq;
rare Sp.

Ess: Lab (Ang2), Cpx, Opg. Tr: Qz,
Bt, Am; rare Opx.

* Anorthite (An) contents of plagioclase are optically estimated from albite twinning.

Abbreviations: Acc, accessory; Ess, essential; Sec, secondary; Tr, trace; All, allanite; Am, amphibole; An, anorthite; And, andesine; Ap, apatite;

Bt, biotite; Byt, bytownite; Cc, calcite; Chl, chlorite; Clz, clinozoisite; Cpx, clinopyroxene; Di, diopside; Ep, epidote; Fl, fluorite; Gt, gamet;

Hbl, homblende; Kfs, K-feldspar; Ky, kyanite; Lab, labradorite; Meso, mesoperthite; Ms, muscovite; Mt, magnetite; Ol, olivine; Opq, opaque mineral(s);
Opx. orthopyroxene; Parg, pargasite; Phl, phlogopite; Pl, plagioclase; Qz, quartz; Rut, rutile; Si, sillimanite; Sp, spinel; Tit, titanite; Zir, zircon.
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e A core (2 cm thick) of alkali feldspar (40%), quartz (30%)
labradorite (25%), and orthopyroxene (5%);

e An intermediate zone (1 cm) of quartz (50%), labradorite
(44%), orthopyroxene (5%), and opaque grains (1%);

e An outer zone (1 cm) of andesine (50%), orthopyroxene
(45%), and opaque grains (5%).

This rock appears to be a metamorphosed and boudinaged
calcareous sediment. Other labradorite-bearing leucocratic lay-
ers may also be calcareous metasediments. Such calc-silicate
granulite, although volumetrically minor, is quite widespread
in the Mount Aloysius Complex (e.g., near Ewarara, Latitude
Hill, and Mount Fanny, as well as Mount Aloysius itself). It
typically contains clinopyroxene, calcic plagioclase, and vari-
ous amounts of quartz, orthopyroxene, garnet, titanite, allanite,
and, less commonly, clinozoisite or epidote.

Apart from the relatively few demonstrably metasedimen-
tary rocks, the granitic (s.L) compositions of most felsic
granulites suggest an origin by metamorphism of felsic volcanic
or intrusive rocks, associated with minor mafic igneous rocks
(possibly volcanic rocks and/or dykes). The thin and intimate
layering is probably the result of strong deformation and
metamorphic differentiation.

Intermediate granulite. Intermediate granulite in unit fra
is unevenly and indistinctly thin to thick layered, and nearly
homogeneous in many places. Elsewhere, it is agmatitic, with
quartzo-feldspathic streaks, swirls, blebs, and bulbous veinlets.
The rock is medium grained, grano- or granuloblastic to
cataclastic, and ranges in composition from leucogabbronorite,
through quartz leuconorite, to quartz anorthosite. The rock
consists essentially of plagioclase (60-80%; labradorite, Aneg-—
54), orthopyroxene (5-20%), and opaque grains (1-5%), with
quartz (5-15%) and clinopyroxene (5-10%) in some samples,
and accessory biotite and apatite. Secondary epidote, chlorite,
calcite, and muscovite are rare. This granulite type was
probably mainly derived by metamorphism of intermediate
to mafic volcanic or intrusive rocks, although some may be
of sedimentary origin.

Intermediate granulite in unit mn forms rare thin medium-
grained layers, which are commonly tightly folded and in
places interlayered with mafic granulite. Two rock types are
present. 91989117, of uncertain origin, consists of bytownite
(Ans,), orthopyroxene with garnet rims, garnet with symplec-
titic coronas of secondary orthopyroxene+plagio-
clase+opaques, biotite, and opaque grains. The second type
(91989075, 91989106), calc-silicate granulite, consists of labra-
dorite (10-65%), quartz (80-10%), diopside (5-20%), titanite,
opaque grains, and clinozoisite.

Granite. Granite forms small stocks and bosses in the
northwest, south, and northeast. It is creamy white to pale
brown, homogeneous, evenly medium or coarse grained, non-
layered, schistose, and forms distinctive round corestones.
The texture (90984103) is granoblastic as a result of recrys-
tallisation. Most rocks are alkali feldspar granite, and consist
of mesoperthite (80%), quartz (20%), and trace amounts of
biotite, garnet, orthopyroxene mantled with opaque material,
opaque grains, and allanite.

Syenite. Syenite forms small intrusive bodies in the south
of the Mount Aloysius massif. The rock is bluish green to
yellowish green, coarse grained, massive to weakly schistose,
and contains clinopyroxene with exsolved blebs and lamellae
of orthopyroxene (possibly after pigeonite: ~5%), fayalite
(~1%), and minor orthopyroxene, greenish-brown hornblende,
and biotite. Orthopyroxene also occurs as granular rims (with
clinopyroxene) around primary clinopyroxene. Abundant ac-
cessory minerals include Fe-Ti oxides, apatite, zircon,
?Ichevkinite, and fluorite, and K-feldspar is strongly perthitic.

Pegmatite. Rare cross-cutting pegmatite dykes in unit fra
consist of orthoclase, quartz, sodic plagioclase, and accessory
opaque grains. The rock ranges from granodiorite to granite
in composition, and is weakly deformed and patchily recrys-
tallised.

Meta-anorthosite sheets. Sheets or sill-like layers of meta-
anorthosite are present in the northeast of the Mount Aloysius
massif. The rock is pale grey, fine to medium grained, massive,
and allotriomorphic to granoblastic. It is composed of pla-
gioclase (88-97%; bytownite—labradorite, Ango-66), horn-
blende (1%), and opaque grains (1%), with or without
orthopyroxene (up to 1%), clinopyroxene (up to 2%), rutile
(up to 1%), and apatite. Both pyroxenes form relict cores in
hornblende. The anorthosite bodies are about 8 m thick and
several tens of metres long. They grade into metadolerite
towards the ends, and may therefore be related to the type
A dykes. One metadolerite is zoned, with a central core of
granoblastic ‘garnet anorthosite’, composed of labradorite
(78%; Ane2), orange garnet, commonly with cores of horn-
blende (20%), orthoclase (1%), and opaque grains (1%);
multicrystalline clots of hornblende are rimmed with garnet.

In unit mn in the northeast of the Mount Aloysius massif,
mafic granulite is bordered to the south by white massive
medium-grained clinozoisite rock (90984093; clinozoisite
(90%), quartz (7%), titanite (2%), garnet (1%), opaque grains
(up to 1%)) which is presumably a metamorphosed quartz
anorthosite.

Mafic dykes. Mafic dykes are ubiquitous throughout the
Mount Aloysius massif, and range from a few centimetres to
several tens of metres thick. They are of at least three
generations (Fig. 29):

Type A dolerite dykes (Clarke et al. 1992; Sheraton &
Sun in press) were intruded before large-scale D; folding of
the granulites, and are characterised by extensive high-grade
metamorphic effects. The dykes strike northwest on the south-
west limb of the major D5 antiform that trends west-northwest
through the Mount Aloysius massif, and east to east-northeast
on the northern limb. Textures are blastophitic to granoblastic
or cataclastic. Type A dykes consist of labradorite (10-70%;
Ang,), poikilitic orthopyroxene (5-40%), clinopyroxene (17—
58%), opaque grains (5-8%), and biotite (1-5%); olivine is
present in one sample (90984102). Clinopyroxene is largely
recrystallised to fine-grained aggregates which include rare
large relics of original igneous clinopyroxene.

Type C olivine dolerite dykes were emplaced after D,
folding, and are characterised by the presence of abundant
pyrite. The dykes strike north-northeast to northeast across
the axial plane of the major D; antiform through the Mount
Aloysius massif (Fig. 29). The largest dyke (90984100) forms
a depression in the surrounding granulite, in contrast to the
ridges of type B dykes nearby. The rocks are commonly
aphanitic, but some are medium grained. Textures are ophitic,
some are porphyritic, and one (91989112) has a very fine-
grained chilled margin with variolitic texture. Type C dykes
consist of olivine (1-20%), rimmed with iddingsite or am-
phibole, plagioclase (25-55%; labradorite—andesine, Angg 4),
clinopyroxene (17-40%), opaque grains (5-25%), and rare
biotite and spinel.

Type B quartz dolerite dykes were intruded long after D;
folding, and are generally olivine free. They are large dykes,
parallel or subparallel to the axial plane of the major north-
west-trending D; antiform in the Mount Aloysius massif, with
a few offshoots striking north. Textures are blastophitic to
granoblastic, and rarely cataclastic. These dykes are composed
of labradorite (45-50%; Ang,), commonly partly to substantially
recrystallised to a fine-grained mosaic, clinopyroxene (10—
50%), rimmed by pale green amphibole (2-8%), and opaque
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Figure 29. Map of Mount Aloysius, showing types A, B, and C mafic dykes. Type A dykes are folded around an F; antiform,
type B are subparallel to axial plane of the F; antiform, and type C cross-cut the F ; antiform.

grains (2-15%). Orthopyroxene (up to 30%), rimmed by
amphibole, is present in some samples (90984105, 91989068),
and biotite (10%) and olivine (2%) in one sample each.

Structure

The most recent accounts of structural relationships in the
Tomkinson Ranges are by Clarke (1992) and Clarke et al.
(1995a), who recognised seven episodes of deformation (D, ;)
in the Champ de Mars—Hinckley Range area, 30 km east of
Mount Aloysius. The structural, igneous, and metamorphic
events recognised in the Mount Aloysius massif are set out
in Table 3. The rocks were affected by an additional episode
of mesoscopic folding between D; and D, of Clarke (1992)
and Clarke et al. (1995a), denoted as D, in Table 3. The
four generations of mylonite—ultramylonite and retrogade shear
zone formation (D, ;) of Clarke et al. (1995a) have not been
positively recognised in the Mount Aloysius massif, although
other mylonite zones, which cannot be directly correlated, are
present.

Dj. D formed the Sia layering in the granulites, which is
shown on the map as airphoto trends (Fig. 30). As discussed
above, Sij is regarded as mainly a product of metamorphic
differentiation superimposed on original igneous or sedimen-
tary layering, and normally has a massive granuloblastic
texture. In places in the west (GR 538229-540240), however,
there is a tectonic foliation parallel to the layering, shown
principally by flattening of quartz grains, boudins of mafic
granulite or coarsely crystalline quartz, or ellipsoidal garnet
aggregates. Weakly or non-layered granulites also show this
grain-flattening foliation parallel to nearby layering.

F,, folds (Figs 31, 32A-D) affect S,, layering and so
formed after the initiation of S;,. The folds are observed only
in widely separated parts of the massif, and are characterised
by an absence of axial-plane foliation. In the northeast
(Fig. 31A, B) and south (Fig. 31C), the folds are close to
isoclinal (Fig. 32A-C), reclined, and are preserved in the
hinge regions of large-scale F, folds, the axial planes of the
F,, folds being at right angles to the S, axial-plane foliation.
In places, F,, folds are transected by S, (Figs 31B, 32B, C).
In the west, around GR 567225, several exposures of tight
southwest-plunging upright folds (Figs 31E, F, 32D) are as-
signed to F,, because they trend southwest at right angles to
a nearby large-scale F, fold, and have no axial-plane foliation;
some are transected by an S, axial-plane foliation (Fig. 31F).

D3. D> formed large-scale upright north to north-northwest-
trending F> folds in the centre and southeast in unit fna, and,
to the west, an overturned (west-inclined) antiform-synform
pair in units fg, fns, and fn,mn (Fig. 30). The antiform and
synform are steeply plunging, but this is a D3 effect, and the
D> plunges would have been gentle. Both folds are tight to
isoclinal, and have southwest-dipping axial planes in the south
of the massif, which are bent around large-scale F3 axes to
a northwest, and eventually north, dip in the north of the
massif (Fig. 30). Similarly, the antiform and synform plunge
west to southwest in the south, and northwest in the north.

In unit fna (Fig. 28), F, folds are outlined by weak S,,
layering trends. They are tight to isoclinal, and plunge 40-50°
north-northwest in the north, whereas in the south they are
open and plunge 27-70° south. A northeast-striking fault
separates the two areas, and an east-striking fault forms the
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Table 3. Sequence of events in the Mount Aloysius massif.

Event Age (Ma) This Bulletin Clarke (1992)
Mylonitisation 550? Post-D4» mylonite D47
Mafic intrusion 8207 Type B dolerite dykes; NW strike, subophitic Type C dykes
Dy» Fa= upright gentle to open folds, NNE trend and S+ axial
plane foliation; local greenschist-facies retrogression
Mafic intrusion ¢.1000° Type C dolerite dykes: aphanitic to porphyritic, NE to NNE Type B dykes
strike
D3 F3 upright gentle to tight folds, NW to WNW plunge; S3 D3
axial-plane cataclastic to mylonitic foliation strikes SE to
E; granulite-facies metamorphism and partial melting
Mafic intrusion 1050-1080° Type A intergranular dolerite dykes; commonly Type A dykes
metamorphosed, subparallel to and folded with Sia
Felsic intrusion c.1180° Syenite plugs
D2 1200 F> upright to W-inclined close to isoclinal NNW-trending D2
folds (where not refolded) with Sa granoblastic axial-plane
foliation; granulite-facies metamorphism; syn-D2 mylonites
Felsic intrusion 1200' Granite bodies Charnockite
D S1a layering, granoblastic, with foliation parallel to layering D)
in south; Fip reclined (originally recumbent) close to
isoclinal folds, no axial-plane foliation; granulite-facies
metamorphism
Sedimentation; ¢.1550"? Protoliths of felsic orthogneiss; ages of protoliths of mafic Protoliths of ortho-
emplacement of granulite and calcareous and quartzitic metasediments and paragneiss
intrusive and volcanic unknown
rocks

' Rb-Sr whole-rock isochron ages (Gray 1978); 2U-Pb zircon ages (Sun & Sheraton 1992; Sun et al. 1996a, b; S-S. Sun unpublished data).
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Figure 30. Structural map of the Mount Aloysius massif.
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northern margin of the northern area.

The closed map pattern of units fis, fg, and fna (Figs 28,
30) outlines the major north-trending F, antiform that passes
through Mount Aloysius itself. At two localities (GRs 593220
and 596225) on the eastern limb, an axial-plane foliation S,
dips at a lower angle than S, layering, and at GRs 577234
and 581247 on the western limb, parasitic F, folds verge
southeast and northeast, respectively; these observations
(Fig. 33) confirm the antiformal nature of the fold.

Mesoscopic F, folds are close to isoclinal, asymmetric
(Figs 32E, F, 34C), and parasitic on the limbs of large-scale
F, folds. They typically have thickened hinges and a weak
to strong S, axial-plane foliation, which cuts S,, layering at
a low angle on both limbs of the folds (Fig. 35A-D). Rarely,
S, parallels the longer limb and cuts the shorter limb obliquely
(Fig. 35C). S, is generally defined by flattening of quartz
grains and development of a granoblastic texture. Elongation
of grains or mineral clots or ellipsoidal garnet aggregates
defines an L, lineation, but is rare. In the hinge of the antiform
at GR 592237, L, lineation parallels the axes of gently
north-plunging F, folds in S,, and has obliterated layering in
unit fns. Leucofelsic granulite around GR 567225 has a strong
lineation imparted by rod-shaped quartz grains parallel to the
southwesterly fold plunge. Mafic rocks are only weakly fo-
liated. Rarely (91989102B, GR 580248), S, is cataclastic to

-
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16/G52/6

Figure 31. Sketches of mesoscopic F, folds at Mount
Aloysius. (A) Tight to isoclinal reclined folds in weakly lay-
ered felsic granulite of unit fna, GR 626239. (B) Tight
reclined folds transected by S, foliation in weakly layered
leucofelsic granulite of unit fn,mn, GR 636251. (C) Tight
reclined folds in felsic granulite with mafic interlayers, unit
fa,mn, GR 615187. (D) Tight fold in quartz layer in felsic
granulite of unit fn,mn transected by S, foliation, GR 531284;
same locality as Figure 32C. (E) Close to tight upright folds
in thinly interlayered mafic and felsic granulites of unit
Jn,mn, GR 571223. (F) Open upright folds transected by S,
foliation in thinly interlayered mafic and felsic granulites of
unit fu,mn, GR 565227; same locality as Fig. 32D.
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mylonitic, with kinked orthopyroxene, flattened plagioclase,
and lenticular strained quartz.

In places, F, folds are transected by S; foliation, which
cuts undeviated through both F, limbs (Fig. 35E-G). L, is
also folded by F; (Fig. 36D).

D3. D3 formed the major west to west-northwest-trending
upright F3 folds in the centre and northwest (Fig. 30). The
folds are open in the northwest, but close in the centre and
east. They are outlined by layering trends in unit fn,mn
(Fig. 30) and by the map pattern of units fg and mn in the
northwest (Fig. 28). Plunges range from 28° northwest in the
east to 60° northwest in the west and 68° northwest in the
central north. Folding during D3 of the major isoclinal F2
antiform produced its present shape, with plunges of 63-65°
northwest in the north of the massif, and 60° west-southwest
in the south (Fig. 30).

Numerous east-striking faults in the east are interpreted
as contractional, and the result of the space problem in the
hinge of the largest F; antiform. The two faults bounding the
group of three tight to isoclinal F, folds in the north of the
intermediate to felsic granulite unit fna (Fig. 30) are similarly
interpreted as contractional, and bound a block that moved
down from the hinge region of the antiform to the more
spacious lower region of the fold (Fig. 37).

Mesoscopic F; folds occur mostly in the northwest. The
folds are upright, and range from gentle in the east (Fig. 36 A-C)
to tight in the northwest (Figs 34D, 36D, E). Plunges are
steep, reflecting the pre-existing steep attitude of layering
resulting from D, folding. Tight folds in the northwest are
asymmetric and parasitic on the large-scale F; limbs. Many
folds have a steep axial-plane S; foliation which cross-cuts
S,. layering and in places transects F;y and F, folds. In the
east and southeast, S; is a spaced cleavage with a weak
cataclastic texture. In the northwest, S is a strong grain-flat-
tening penetrative foliation with rare grain elongation forming
a lineation. S; texture is cataclastic to mylonitic, and charac-
terised by twisted, kinked, bent, and broken plagioclase with
recrystallised grain boundaries, flat lenses of recrystallised
mosaic quartz, strained K-feldspar augen, cracked or marginally
recrystallised garnet, orthopyroxene with sutured boundaries,
and fine-grained aggregates of recrystallised clinopyroxene.
In places, a relict S, granoblastic texture is preserved. Type
A dolerite dykes and granite pegmatites have a weak S;
foliation. At GR 529255, S; is a spaced crenulation cleavage
with parallel partial melt stringers along the cleavage, and
crenulates the S,, layering (Fig. 36F). In unit fna in the east,
disrupted blocks of granulite with gentle to isoclinal F, folds
are enclosed in massive leucosome (Fig. 34A, B), which is
also interpreted as a Dy melt. At GR 609250, S; is a finely
spaced cleavage with small offsets of the layering.

In the northeast, bending of the F, inclined antiform into
parallelism with the northern limb of the major F; antiform
means that S, and S;, where both are present, are also parallel.
The existence of tight to isoclinal F, folds with an axial-plane
foliation implies that the foliation is S,, and the east-striking
foliation in this area is identical with S, in texture, being
generally granulo- to granoblastic, rather than cataclastic to
mylonitic, which is more typical of Ss.

L; lineation is found only in the northwest, and arises
from grain elongation parallel to F; fold axes.

Large-scale interference patterns of F, and F; folds are
well displayed by the distribution of units fg, fns, and fn,mn
on the geological map (Fig. 28), the isoclinal F, antiform and
synform being folded to their present Type 2 (Ramsay 1967)
irregular arcuate shapes (Fig. 38A). The axes of the major
antiformal closure plunge 63-65° northwest in the north and
60° southwest in the south (Fig. 30). If the F; folds are
unfolded, the closure reverts to a north-trending west-inclined
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doubly plunging F, antiform with an axis bending through
about 90° in the axial plane (Fig. 38B). The 90° bend probably
formed early in Ds, the strain increasing an originally gentle
plunge at each F, hinge to its presently steep attitude, forming
a Type 1 (Ramsay 1967) elongated isoclinal antiform. An
alternative process, large-scale D, shear of the antiform to
form an F, sheath fold, the crest of which the F, antiform

resembles, is less likely, because of the lack of an intense L,
stretching lineation, and because the axes at each hinge are
far from parallel, as a sheath fold shape requires.

F,—F, and F,—F; interference patterns are well displayed
on a mesoscopic scale in the south, forming Type 1 domes,
saddles, and basins, and Type 2 crescents in thinly interlayered
felsic and mafic granulites (Figs 34E, 39).

Figure 32. Mesoscopic F ;; and F, folds at Mount Aloysius. (A) Isoclinal Fy, fold in interlayered felsic and mafic granulites of
unit fn,mn, folded into Type 2 crescent and partly disrupted by tight upright F, folds; scale in cm and mm; GR 608188. (B)
Isoclinal F y, fold in mafic and felsic granulites of unit fn,mn, transected by S; foliation well shown in coarse-grained leucocratic
layers; scale in cm and mm; GR 549277. (C) Tight to isoclinal F ;;, fold in quartz layer in felsic granulite of unit fn,mn, obliquely
transected by S; foliation; scale 15 cm; GR 531284, same locality as Figure 31D. (D) Open upright F,, folds in thinly
interlayered felsic and mafic granulites of unit fn,mn; scale 15 cm; GR 565227, same locality as Figure 31F. (E) Tight F, folds
in thinly interlayered felsic and mafic granulites of unit fn,mn; scale 15 cm; GR 577222. (F) Tight F, folds in thin-layered (S ,,)
calc-silicate granulite (modal percentages: labradorite 64, diopside 20, quartz 10, titanite 5, opaque grains 1) of unit fn,mn;

scale 15 cm; GR 577234.
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Figure 33. (A) Geological map and (B) cross-sections of central part of Mount Aloysius, showing S, foliation dipping less steeply
than S,, layering on eastern limb of F, fold, and parasitic folds with easterly component of vergence on western limb, indicating

antiformal orientation of the F, fold.

Dy4+, Dy effects are mesoscopic only, and of restricted,
though widely scattered, extent. F4+ folds (Fig. 40) are upright,
gentle to open, and have a north-northeast-striking axial-plane
cleavage, ranging from spaced cleavage seams 10 cm apart
to a mild flattening of quartz and K-feldspar (Fig. 34F), with
growth of new grains at their margins. Texture is granulo- to
granoblastic. Scattered epidote, abundant disseminated calcite,
and chlorite rims around opaque grains have formed in the
northeast (90984085, GR 665226).

Mpylonite zones. Seventeen mesoscopic mylonite zones
were mapped in the Mount Aloysius massif (Fig. 41). The
zones are a few metres wide and all consist of strongly foliated
and lineated granulite-facies fine-grained gneiss (less com-
monly augen gneiss), with extreme elongation of quartz to
ribbons. The mylonites are assigned to the various deformation
events based on their effects (or lack of) on mafic dykes, or,
where there is no such relationship, on their orientation and
distribution with respect to major fold axes and foliations.
Mylonitisation took place at syn-D2, syn-D3, and post-Da+
times. Mesoscopic kinematic information was observed in
only seven of the mylonites, despite careful search, and in
all cases indicated contractional movement, ranging from
reverse dip slip, through oblique slip, to strike slip in a few
places. Where kinematic information is lacking, the mylonites
are presumed to have a reverse movement sense, and are so
depicted in Figure 41. Examples of mylonite zones and pseudo-

tachylite veins in the Hinckley Range area are shown in
Figures 156 and 157.

Three syn-D, mylonite zones were found: they have no
effect on, and are therefore older than, adjoining type A dykes.
They have an easterly strike, moderately steep dips (>60°),
and a shallow to steep lineation, indicating strike slip to dip
slip. Data are too few to allow any kinematic conclusions.

Ten syn-D; mylonite zones were noted. They affect type
A dolerites, as well as the host granulite, but the effects on
the former, such as microjointing, spaced cleavage, and mar-
ginal mylonitic foliation, are weaker than in the adjoining
mylonitised granulite. The mylonites strike easterly, dips are
moderate to steep (33-78°), and lineations plunge from 5° to
steeply down dip. All but one of the mylonites on the northern
limb of the major F; antiform dip north and, similarly, those
on the southern limb dip south (Fig. 41). In both limbs, the
mylonites dip more gently than the granulite layering. The
mylonites are interpreted as conjugate shears that helped to
accommodate the space problem in the core of the F; antiform,
allowing the core rocks to move out and down from the hinge
region (Fig. 37).

Four post-D,. mylonite zones were observed. Two cut
granulite and have bordering veinlets of ultramylonite. Two
coincide with and brecciate or cleave type C dolerite dykes.
The mylonites strike north, through northeast, to east, and
dip from from 45° to vertical. Data are too few to allow any
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kinematic conclusions to be drawn. The post-D,. mylonites
cannot be directly correlated with the D, mylonites of Clarke
(1992) in the Champ de Mars area, as the latter are an order
of magnitude larger in thickness and throw, and differ sig-
nificantly in orientation and metamorphic facies (amphibo-
lite-facies) from those at Mount Aloysius.

Felsic granulite of the Ewarara
area

The Ewarara intrusion is located in the north—central part of
the Tomkinson Ranges 1:100 000 sheet area, about 3 km
north of Kalka. The intrusion and surrounding granulite were
mapped and studied in detail by Goode & Krieg (1967),
Goode & Moore (1975), and Moore & Goode (1978). The
felsic granulite (ETG) surrounding the Ewarara intrusion is
part of the same granulite sequence found throughout the

3

Figure 34. Mesoscopic F,, F;, and F ,. folds at Mount Aloysius. (A, B) Blocks of thin-layered felsic garnet granulite: (A) with
isoclinal F, fold enclosed in massive very coarse-grained garnet leucosome of unit fna; scale 15 cm; GR 641219. (C) Open to
close F, folds in interlayered felsic and boudinaged mafic granulites of unit fn,mn; scale 15 cm; GR 608188. (D) Open to tight
F; folds in felsic granulite melt patches in mafic granulite of unit mn; scale in cm and mm; GR 558251. (E) Interference folds
in interlayered felsic and mafic granulites of unit fn,mn; scale 15 cm; GR 613187; explanatory sketch shown in Figure 39. (F)
Gentle to open F,. fold in weakly layered felsic granulite of unit fna, with axial-plane foliation visible in coarse-grained

granulite (right); scale in cm and mm; GR 666227.



Tomkinson Ranges, and classified as the Mount Aloysius
Complex. The rocks are mostly well layered, the layering
being of metamorphic differentiation origin, superimposed on
igneous and/or sedimentary layering (Moore & Goode 1978).
No stratigraphic facing was recognised. The sequence dips
generally north at low to moderate angles, and so the oldest
units are presumed to be those in the south of the area. The
Ewarara intrusion and small mafic dykes and plugs (the

10cm
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Figure 35. Sketches of mesoscopic F,folds at Mount Aloysius.
(A, B) Tight upright folds with axial-plane foliation in thin-
layered felsic granulite of unit fna; GR 658242. (C) Tight
reclined fold with S, foliation parallel to one limb and oblique
to the other limb in leucofelsic granulite of unit fn,mn; GR
653240. (D) Isoclinal folds in laminated to thin-layered felsic
granulite of unit fna; GR 656241. (E) Tight folds transected
by S; foliation in thin-layered felsic granulite of unit fn,mn;
GR 574229. (F) Close reclined fold with S, axial-plane folia-
tion transected by S; foliation in felsic garnet granulite with
very coarse-grained quartz laminae S;, unit fn,mn; GR
607192. (G) Tight inclined folds transected by S; foliation in
thinly layered felsic granulite with mafic to intermediate lay-
ers; GR 576222.

Figure 37. North-south vertical cross section through the
Mount Aloysius massif, showing major F, and F; antiforms,
block displaced down from hinge region of F; antiform, and
schematic syn-D; mylonite zones on limbs of F;. At a and @',
F, antiform has a synformal orientation because of rotation
on limbs of F; antiform. Same lithological patterns as Fig-
ure 28; vertical and horizontal scales equal.
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Figure 36. Sketches of mesoscopic F; folds at Mount
Aloysius. (A) Gentle upright fold with axial-plane foliation in
medium-grained compositionally layered felsic granulite of
unit fna; GR 643221. (B) Gentle upright fold which bends S,
layering and S, foliation in leucofelsic granulite of unit
fn,mn; GR 669241. (C) Gentle reclined fold with axial-plane
foliation in thin to medium-layered felsic granulite of unit
fn,mn; GR 560249. (D) Close upright fold which folds L,
lineation in medium-layered felsic granulite of unit fn,mn;
GR 551217. (E) Tight upright folds with axial-plane foliation
in weakly layered leucofelsic granulite of unit fnk; GR
548259. (F) Spaced crenulation cleavage S; with partial melt
quartzo-feldspathic stringers parallel to S; and crenulating
earlier S,, layering in felsic garnet granulite of unit fn,mn;
GR 529256.

Mafic granulite, rare intermediate and felsic granulite layers

Felsic granulite

Felsic granulite, minor mafic granulite, rare intermediate granulite

Intermediate granulite, lesser felsic granulite, weakly layered
to massive

Felsic garnet granulite

Felsic sillimanite-garnet granulite

Metadolerite
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Figure 38. (A) Sketch of F~F; interference antiform folded into Type 2 arc late in D;. (B) Sketch of Type 1 steeply doubly
plunging isoclinal F ~F ; interference antiform formed early in D;.
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Figure 39. Explanatory sketch of interference folds shown in
Figure 34E. F,, is an isoclinal antiform bent into Type 2
crescents (Ramsay 1967) by F, reclined folds (at left and right
of Figure) and squashed into Type 1 domes and saddles by F,
(right) and into a Type 1 basin by F; (slightly left of centre).
GR 613187.

‘transgressive picrite suite’ of Goode 1975) intrude the
granulite.

Map units

Jn. Felsic granulite (mostly orthogneiss) with minor mafic
granulite crops out in four separate areas: southwest of the
Ewarara intrusion, at the western end of the intrusion, around
the eastern end of the intrusion, and in the extreme east of
the area. The unit includes rare layers or boudins of intermediate
and mafic granulite, up to 1 m thick (fam).

fg. Garnet-bearing felsic granulite forms a small body in the
south of the area, and also crops out at the northern margin
of the Ewarara intrusion.

fna. Massive to weakly layered felsic granulite (orthogneiss)
crops out along the eastern and western sides of the Ewarara
intrusion, and at its southwestern end, where it is interlayered
with intermediate granulite.

fni. Intermediate granulite of probable igneous origin is in-
terlayered with massive to weakly layered granulite in the
southwest of the area.

A gt B
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Figure 40. Sketches of mesoscopic F, folds at Mount
Aloysius. (A) Open upright fold with spaced axial-plane cleav-
age in thin-layered weathered granulite (magnetite—
goethite—quartz) of unit fna; GR 642219. (B) Gentle inclined
fold with F, reclined fold preserved in left limb in thinly
interlayered felsic granulite (massive medium-grained leu-
cocratic layers and coarse-grained leucocratic layers) of unit
Jfn,mn; GR 551216. (C) Enlargement of F ;, fold at left of (B).
(D) Open upright fold with axial-plane cleavage in felsic
magnetite granulite of unit fna; GR 663224.

fnk. Leucofelsic granulite (orthogneiss) crops out in the far
southeast and northwest of the area, but was not studied in
detail.

mn. Mafic granulite layers of probable mafic igneous origin
crop out throughout the area.

Rock units

Felsic granulite. Felsic granulite of various types makes
up more than 90 percent of the granulite surrounding the
Ewarara intrusion. It is prominently to indistinctly and dis-



A.Y. Glikson etal 39

- Mylonite with proved reverse movement sense,
D 758 lineation arrow on downthrown block;
—== Dy —== D3 —= postD 4

- —A— Mylonite with inferred reverse movement sense
—%— Vertical mylonite, post D 4

—— Strike of mylonite,dip indeterminable
61- 3~ Fgantiform showing plunge
——  Sense of relative strike-slip movement

1 1 | 1 1 1 1 1 I 1

T T T T § T T ] T T

128°40'

1 1 1 1 1 1 1 l 1

1
16/G52/14

Figure 41. Distribution and attitudes of mesoscopic mylonite zones at Mount Aloysius.

continuously thinly to (rarely) thickly layered, but in a few
places is non layered. Layers range from massive to foliated,
the foliation arising from flattening of, mainly, quartz grains.
Grain size is generally even within a layer, and ranges from
fine to coarse in different layers; a few layers contain plagioclase
or K-feldspar augen. Texture is generally granoblastic to
lepidoblastic or blastomylonitic. Essential minerals are quartz
and mesoperthitic alkali feldspar, together with various amounts
of plagioclase, magnetite, green spinel, orthopyroxene, and
garnet enclosing rare orthopyroxene remnants. The granulite
at one locality (GR 188168) has abundant disseminated pyrite.

Relatively quartz-poor, feldspar-rich varieties with orthopy-
roxene are probably of felsic igneous origin, derived from
either intrusive or extrusive rocks. Thick layers of felsic augen
gneiss are characteristic of the massive to weakly layered
felsic granulite unit (fna), and probably represent strongly
deformed granitic intrusive rocks. In the southwestern area,
the granulite comprises augen up to 2 cm long of K-feldspar,
commonly with multicrystalline plagioclase mantles, in a fine
to coarse-grained groundmass of discontinuously thin to thick-
layered (or in places non-layered) felsic magnetitetgarnet
granulite. The plagioclase mantles range in shape from annular
ovoid rims to long thin lenses. In some places, the augen
consist only of plagioclase, and the rock is quartz-rich and
coarse grained. The layering wraps around the augen.

Some felsic granulite has a metasedimentary appearance
and composition. These characteristics include a very even
grain size, giving an arenitic appearance, and high quartz,
garnet, and magnetite contents, in places in alternating quartz-
rich and magnetite and/or garnet-rich layers. Elsewhere mag-
netite-bearing felsic granulite grades across strike into
magnetite quartzite or quartz-rich granulite. Quartzite, with

less than 5 percent feldspar and garnet is also present. Some
granulite, consisting only of quartz and feldspar, resembles
meta-arkose. At GR 188141, banded iron formation is com-
posed of magnetite (70%), quartz (13%), garnet (10%), or-
thopyroxene (2%), clinopyroxene (1%), and apatite (trace).
Such compositions indicate that these granulites were derived
from sedimentary protoliths.

Intermediate granulite. This is characteristically a me-
dium-grained, two-pyroxene granulite, which is massive to
indistinctly layered and forms layers up to 45 m thick inter-
layered with felsic augen gneiss. The rock commonly has a
leuconoritic composition. It is granoblastic, and consists of
labradorite, orthopyroxene, clinopyroxene, opaque grains, and
minor biotite and hornblende.

Mafic granulite. Mafic granulite forms layers and boudins
up to 1 m thick in felsic granulite. It is fine to medium
grained, granuloblastic to weakly cataclastic, and of gab-
bronoritic to mela-gabbronoritic composition. It comprises
labradorite, orthopyroxene, clinopyroxene, hornblende, and,
locally, garnet, opaque grains, and spinel. Boudins of mafic
granulite in the southwest of the area consist of clinopyroxene,
andesine, and orthopyroxene.

Mafic dykes. As found elsewhere in the Tomkinson Ranges,
three generations of mafic dykes intrude the felsic granulites
around the Ewarara intrusion. Type A metadolerites have only
been recognised in the northeast (GRs 182165 and 187164)
where they dip 15° east and are boudinaged. They are fine-
grained and recrystallised to a massive granuloblastic texture.
Straight, northeast-striking, steeply dipping dolerite dykes are
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common throughout the area, and their orientation suggests
that they are mainly of type C. They are commonly cleaved
(cleavage planes 4-20 cm apart), fractured and, in places,
brecciated, with pseudotachylite along their margins and form-
ing the matrix of the breccia.

Structure

Felsic granulite around the Ewarara intrusion dips uniformly
north at 20-50° except for a localised northeast-trending
antiform-synform pair. The intrusion occupies the site of the
former synform, the antiform being preserved along its north-
western margin. Two dextral strike-slip faults displace the
granulite east of the intrusion, and an east-striking crush zone
separates the northern and southern lobes of the intrusion.
Numerous dolerite dykes strike parallel to the axial planes of
the F; folds, and cut S, layering in the F; hinges.

Dj. The layering in the granulite, as in the Mount Aloysius
area, is mainly a product of metamorphic differentiation su-
perimposed on original sedimentary and igneous layering, and
is denoted Sy, It is shown as trend lines on the Tomkinson
Ranges 1:100 000 map. There is commonly a tectonic flattening
of mineral grains and rare mafic boudins parallel to the
layering. Fip folds which affect the layering were found at
only one locality (GR 195155), and consist of small intrafolial
isoclinal detached fold hinges of mafic granulite about 1 cm
thick, enclosed in felsic granulite.

D>, Only one possible D> structure was recognised in the
Ewarara area, a mesoscopic gentle upright fold transected by
S3 foliation at GR 158165. The fold plunges 21° east-northeast,
parallel to the F3 folds described below, and with which it
appears identical, so it may be a local early F3 fold.

D3. Dj3 formed the gentle macroscopic F3 antiform on the
northern side of the Ewarara intrusion, and the two dextral
strike-slip faults to the east. A synform complementing the
antiform appears to have been largely displaced by the intrusion,
although its age relationships are by no means unequivocal,
particularly as the antiform is preserved in only one area (GR
142153), about 700 m west of the intrusion. The antiform
plunges 23° northeast, and is accompanied in most places by
a near-vertical axial-plane foliation S3. Northwest of the
intrusion, S3 ranges from a set of microfractures concentrated
in quartz grains or in coarse-grained garnet-rich layers, to a
flattening of quartz and feldspar grains. Elongation of the
grains produces a mineral-stretching lineation (L3), which
plunges steeply down dip at a large angle to mesoscopic F3
fold axes. S3 generally diverges around the axial plane in the
direction of fold closure, but, in a few places, converges.
Between the intrusion and the western strike-slip fault, S3 is
weaker, and is defined by a set of microfractures, microcracks,
or a closely spaced (mm scale) cleavage.

Mesoscopic F; folds are abundant northwest of the Ewarara
intrusion. They are gentle to open, upright, plunge gently
east-northeast, and parallel the macroscopic F; fold. Two
dextral strike-slip faults cut the granulites southeast of the
Ewarara intrusion, and are assigned to D; because their dextral
sense of shear is the same as that of the macroscopic F;
antiform-synform pair northwest of the intrusion. Displacement
on the western fault is about 1.5 km, and on the eastern fault
about 300 m. The eastern fault is filled with a dolerite dyke.

Mylonite zones. Four mylonite and ultramylonite zones were
noted in the area northwest of the Ewarara intrusion. They
are generally less than | m thick. The zones strike north-
northeast and dip steeply northwest or southeast. Lineation
in three is horizontal, and steep in only one, suggesting that
the mylonites are coeval with the D3 strike-slip faults east
of the intrusion. No mesoscopic kinematic information was

obtained from the mylonites. North and southeast of the
intrusion, pseudotachylite forms veinlets and breccia matrix,
and because of its brittle-fracture connotation is assigned to
a younger episode in the deformation sequence.

The geological history of the Ewarara area is given in
Table 4, together with episodes recognised by Clarke et al.
(1995a) in the Champ de Mars—Hinckley Range area, 20 km
to the west, and by Pharaoh (1990) in the Ewarara area for
comparison.

Petrography and geochemistry of
felsic gneiss

Orthopyroxene-bearing felsic gneiss is widespread in the west-
ern Musgrave Block. It commonly contains up to 4 percent
of strongly pleochroic orthopyroxene, as well as quartz, K-
feldspar, plagioclase (typically calcic oligoclase or andesine),
and accessory zircon, apatite, and opaque minerals. Clinopy-
roxene occurs in some layers, particularly the more mafic
ones. Most such gneiss has a granitic (s.s.) composition;
granodiorite is less common, and tonalite, quartz monzodiorite,
and diorite are rare. K-feldspar is commonly strongly perthitic,
plagioclase is antiperthitic, and in some rocks mesoperthite
is the only feldspar. However, many gneisses are partly or
wholly recrystallised and some have mylonitic textures. Red-
dish-brown biotite and, less commonly, brownish-green horn-
blende are present in many of these deformed rocks, and
appear to be mostly of retrograde origin, replacing pyroxene.

Garnet-bearing gneiss is also common and, apart from the
presence of garnet (up to about 6%), rather than orthopyroxene,
is petrographically similar to the orthopyroxene gneiss. A few
gneisses contain both garnet and orthopyroxene, but the former
does not appear to coexist with either clinopyroxene or horn-
blende, except in secondary assemblages formed during later
deformations. Some garnet leucogneiss is thought to be of
igneous origin (see below), although in some places (e.g.,
Mount Aloysius) more garnet-rich paragneiss is interlayered
with other metasedimentary rocks (garnet+sillimanite-bearing
metapelites, quartzite, and calc-silicate granulite).

The widespread occurrence of mesoperthite indicates crys-
tallisation of the original feldspar at high temperatures and
very low water pressures. Calcic alkali feldspar cannot form
at high water pressures, because the temperature of the alkali
feldspar solvus crest rises steeply with increasing An content,
and would intersect the feldspar solidus, which is lowered
with increasing Py, (Morse 1968). Low Py, is consistent
with the essentially anhydrous assemblages present in most
undeformed felsic gneiss.

Chemical data (Table 5; Fig. 42), mainly for rocks from
the western Hinckley Range area, are consistent with a felsic
igneous origin for most orthopyroxene-bearing gneisses, which
are metaluminous or only slightly peraluminous. ASI (alumina-
saturation index: molecular Al,0,/(Ca0-3.33P,05+Na,0+K,0)
values are less than 1.1 (Fig. 43), so they are equivalent to
I-type (derived by partial melting of igneous precursors)
granitoids on the classification of Chappell & White (1974).
However, it is unclear whether they represent metamorphosed
intrusive or extrusive rocks. More massive orthogneisses may
well be intrusive, whereas many of those interlayered with
metasedimentary rocks could be of volcanic origin.

Many orthopyroxene-bearing gneisses (mostly granodioritic
to granitic) belong to the Y (and heavy rare-earth elements:
HREE) depleted suite of Sheraton & Black (1983) (Fig. 44),
which is thought to represent new (i.e., primary) continental
crust derived by partial melting of a hornblendetgarnet-bearing,
but feldspar-poor, mafic source (such as subducted hydrated
oceanic crust or a mafic underplate). Y-depleted gneisses tend
to have high Sr and Ce/Y (Fig. 45). and spidergrams show
little or no Sr depletion (Fig. 46), because plagioclase was
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Table 4. Sequence of events in the Ewarara area.

Event Age (Ma) This Bulletin Clarke (1992) Pharaoh (1990)
Brecciation, faulting 5507 Spaced cleavage, breccia, pseudotachylite D7 Pseudotachylyte
veining
Mafic intrusion 8207 Type B dolerite dykes Type C dykes Olivine dolerite dykes
Mafic intrusion ?Ewarara intrusion (relationships to D3 Type B dykes Emplacement of
uncertain), type C dolerite dykes Ewarara intrusion
D3 F3 upright gentle folds, ENE trend, S3 D2, Far

axial-plane foliation; strike-slip faults;
granulite-facies metamorphism

Mafic intrusion 1050-1080° Type A dykes. commonly metamorphosed Giles Complex, Early recrystallised
type A dykes dykes, early bodies of
Giles Complex

D2 1200" One F»> fold observed, transected by S3; D2 Dy, Fig, S1rcomposite
granulite-facies metamorphism layering

Di Sia layering, Fip isoclinal intrafolial folds:  Dj Early gneissose fabric
granulite-facies metamorphism (if tectonic)

Sedimentation; ¢.1550"2 Protoliths of felsic orthogneiss; ages of  Protoliths  of Protoliths of banded

emplacement of protoliths of mafic rocks and calcareous and ~ ortho- and series, early gneissose

intrusive and volcanic quartzitic metasediments unknown paragneiss fabric (if sedimentary)

rocks

" Rb-Sr whole rock isochron ages (Gray, 1978); U-Pb zircon ages (Sun & Sheraton 1992; Sun et al. 1996a, b; S-S. Sun unpublished data).

An

not a major residual (nor presumably a fractionating) phase;
some show marked positive Sr anomalies. Zircons from one
such gneiss from Mount Aloysius indicate a protolith age of
about 1530 Ma and metamorphic age of about 1200 Ma
(U-Pb ion-microprobe data, Sun & Sheraton 1992).

In contrast, many, mostly granitic, gneisses are not depleted
in Y (nor presumably HREE) (Fig. 44), and these probably
mainly represent partial melts of predominantly felsic crustal
rocks. They tend to have low Sr and Ce/Y (Fig. 45), and
spidergrams, particularly for the more fractionated siliceous
granites, have significant negative Sr anomalies (Fig. 46),
consistent with residual plagioclase and/or plagioclase frac-
tionation. However, two high-Sr gneisses, which have quartz
monzodioritic and dioritic compositions without significant
Sr anomalies, may have been derived by melting of a mantle
source, with subsequent fractionation. An Y-undepleted granitic
gneiss from north of Mount Davies has given zircon U-Pb
ion-microprobe ages of 13058 Ma and 1223+7 Ma, attributed
to those of the igneous protolith and high-grade metamorphism,
respectively (Sun & Sheraton 1992).

Many garnet-bearing gneisses also have near-minimum
melt (i.e., granitic, s.s.) compositions (Fig. 42), suggesting
that, like the orthopyroxene gneisses, they are orthogneisses.
This is supported by their only slightly peraluminous com-
positions (ASI 1.0-1.1: Fig. 43). However, other garnet gneisses
are more strongly peraluminous and some are relatively quartz-
rich, more consistent with a sedimentary origin. Most analysed
garnet gneisses have relatively high Y, but low Sr and Ce/Y
(Figs 44, 45), typical of both felsic igneous rocks formed by
intracrustal melting and clastic sedimentary rocks derived
therefrom (Tarney et al. 1987); spidergrams show marked
negative Sr anomalies (Fig. 46).

Unlike many other granulite terranes, which appear to
have undergone depletion in large-ion lithophile elements

Figure 42. (A) Normative Ab-Or-An diagram for felsic
gneisses from the western Tomkinson Ranges, showing the a,
tonalite; b, granodiorite; ¢, granite; and d, trondhjemite fields

of Barker (1979). (B) Normative Q—-Ab-Or diagram showing oY—depleted Op gneiss
quartz—feldspar field boundaries and positions of quaternary eY—undepleted Op gneiss
isobaric minima at 0.5 and 3.0 kb Py, (afer Tuttle & Bowen x Gt gneiss

1958).
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Table 5. Chemical analyses of representative felsic orthogneisses from the western Musgrave Block.

Sample no. 90984005 91988087 91989009 90984007 90984057 91988015 90984019 91988033
Locality Mount Western Murray Western Western Mount Mount Mount
Aloysius Champ de Range Champ de Champ de Aloysius Aloysius Aloysius
(central) Mars Mars Mars (east) (central) (south)
Lithology Op-Kf-Qz-  Bt-Op-Pl- Bt-Op-Mp Bt-Hb-Op- Bt-Hb-Op- Op-Cp-Qz-  Op-Gt-PI- Bt-Gt-Qz-
Pl gneiss Qz-Kf gneiss Qz-Kf-Pl Qz-Mp Kf-Pl Qz-Kf Mp gneiss
gneiss gneiss gneiss gneiss gneiss
Group Y-dep. Y-dep. Y-dep. Y-undep. Y-undep. Y-undep. Y-undep. Y-undep.
SiO2 65.14 73.37 69.45 64.97 74.28 56.01 68.79 74.00
TiO2 0.55 0.42 0.52 0.67 0.37 0.90 0.53 0.15
ALO3 15.86 13.30 15.05 16.36 13.10 17.07 15.71 13.90
Fe203 1.51 0.85 1.35 222 0.78 292 0.88 0.66
FeO 4.57 0.76 1.10 2.19 0.47 4.63 242 0.46
MnO 0.10 0.03 0.08 0.11 0.03 0.13 0.04 0.03
MgO 245 0.62 0.78 1.43 0.47 4.35 1.03 0.16
CaO 4.29 1.86 2.13 4.16 1.41 5.61 3.18 1.34
NaxO 3.45 3.29 3.98 3.73 3.04 3.58 342 3.70
K20 1.32 4.36 421 3.06 5.44 3.09 2.88 4.71
P20s 0.07 0.08 0.14 0.16 0.10 0.38 0.07 0.03
LOI 0.51 0.34 0.29 0.45 0.40 0.52 0.44 0.31
Rest 0.20 0.15 0.26 0.31 0.20 0.52 0.27 0.16
Total 100.02 99.43 99.34 99.82 100.09 99.71 99.66 99.61
C.ILP.W. norms
Q 24.45 32.85 24.77 20.54 3241 4.58 28.40 31.38
C 1.12 - 0.41 — - - 1.35 0.35
Or 7.80 25.76 24.88 18.08 32.15 18.26 17.02 27.83
Ab 29.19 27.84 33.68 31.56 25.72 30.29 28.94 31.31
An 20.83 8.65 9.65 18.86 6.03 21.38 15.32 6.45
Di - 0.05 - 0.59 0.24 3.20 - -
Hy 12.52 1.58 2.14 4.56 1.06 14.12 5.47 0.51
Mt 2.19 1.23 1.96 3.22 0.54 423 1.28 0.96
1l 1.04 0.80 0.99 1.27 0.70 1.71 1.01 0.28
Ap 0.17 0.19 0.33 0.38 0.24 0.90 0.17 0.07
mg 48.9 59.3 55.8 53.8 64.1 62.6 43.1 383
Trace elements in parts per million
Ba 614 694 1135 1391 862 2565 1258 474
Li 15 11 33 11 6 8 11 12
Rb 18 116 137 100 171 99 82 326
Sr 383 138 282 407 176 827 345 121
Pb 13 28 38 30 37 21 31 72
Th <2 <2 7 8 21 7 <2 31
U 0.5 <0.5 <0.5 <0.5 <0.5 <0.5 1.0 10
Zr 140 112 241 228 145 160 175 92
Hf 2 4 7 6 5 8 L )
Nb 4 <2 5 7 8 8 12 8
Y 18 6 5 28 25 28 17 20
La 30 15 47 38 35 62 33 31
Ce 62 15 85 62 53 135 60 44
Nd 24 3 26 24 18 48 23 15
Pr 4 <2 10 8 6 15 <2 <2
Sc 20 6 7 15 7 18 11 5
v 107 22 16 60 11 130 61 7
Cr 31 7 3 14 4 62 73 1
Ni 10 6 3 6 3 28 17 2
Cu S 2 <1 4 <l 20 7 <l
Zn 66 29 51 67 20 85 63 35
Sn <2 3 8 4 3 2 <2 5
Ga 16 13 16 18 14 20 21 21
S <100 100 20 100 70 100 <100 10
Be 1 <l 2 3 1 4 1 2

mg. atomic 100Mg/(Mg+Fe’*); LOL loss on ignition.
Bt, biotite; Cp, clinopyroxene; Fl, fluorite; Gt, garet; Kf, K-feldspar; Mp, mesoperthite; Op, orthopyroxene; Pl, plagioclase; Qz, quartz.




(LILE: K, Rb, Th, U, etc.) during metamorphism (Tarney et
al. 1972), K/Rb ratios are not particularly high (mostly 200—
300), implying little loss of Rb relative to K. However, this
may reflect the rarity of K-feldspar-free rocks (e.g., tonalitic
gneiss) which, because they do not contain a phase capable
of retaining much Rb, are the most susceptible to such
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Figure 43. Plot of alumina saturation index (ASI = molecular
Al,03/(Na,0+K,0+Ca0-3.33P,0;)) against SiO, for felsic
gneisses. The dashed line separates the fields of I-type (igne-
ous-derived) (lower) and S-type (sedimentary-derived)
granitiods of Chappell & White (1974). Some garnet-bearing
gneisses are markedly peraluminous. Symbols as in Fig-
ure 42.
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depletion (Tarney & Windley 1977). The only analysed tonalitic
orthogneiss has a K/Rb ratio of 609. On the other hand, as
pointed out by Gray (1977), Th/U ratios are much higher (up
to about 80) than the estimated crustal average (~3.8: Taylor
& McLennan 1985), consistent with metamorphic depletion
of U, possibly during dehydration.
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Figure 44. Plot of Y against SiO, for felsic gneisses. Dashed
line indicates the approximate boundary between fields of
Y-depleted (lower) and Y-undepleted felsic orthogneisses of
the Archaean Napier Complex, Enderby Land, Antarctica
(after Sheraton & Black 1983). Symbols as in Figure 42.
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Figure 45. Plot of Ce/Y against Sr for felsic gneisses. Y-de-
pleted orthogneisses commonly have high Sr and Ce/Y,
consistent with derivation by partial melting of a hornblende=+
garnet-bearing mafic source. Symbols as in Figure 42.
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Figure 46. Primordial mantle-normalised incompatible ele-
ment abundance diagrams (spidergrams) for felsic gneisses.
Normalising values (Pb, 0.20; Rb, 0.63; Ba, 6.91; Th, 0.092;
U, 0.022; K, 230; Nb, 0.71; La, 0.70; Ce, 1.81; Sr, 20.9; Nd,
1.35; P, 95; Zr, 11.1; Ti, 1270; Y, 4.52; Na, 2890 ppm) after
Sun & McDonough (1989). Most Y-depleted orthogneisses do
not have significant Sr anomalies, whereas Y-undepleted or-
thogneisses have marked negative Sr anomalies, consistent
with partial melting of felsic crustal rocks.
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The Giles Complex 1: Tomkinson Ranges

Regional geological framework

In the western Musgrave Block, the Giles Complex consists
of 17 exposed intrusions and faulted segments of intrusions
confined to the granulite-facies felsic to mafic granulite terrane
bounded to the north by the Woodroffe Thrust Fault. The
extension of the latter north of the Mann and Tomkinson
Ranges is delineated by well-defined magnetic and gravity
lineaments (Figs 95, 96). Mapping in the Bates 1:100 000
sheet area, north of the Tomkinson Ranges (Fig. 1), has
identified a northwest-trending mylonitic shear zone (Fig. 9),
which probably represents the extension of the Woodroffe
Thrust in this area (Stewart 1993, 1995b). This zone is up
to 3 km wide and has moved upper amphibolite-facies gar-
net-hornblende granite and rapakivi granite in the south over
middle amphibolite-facies granitic gneiss in the north. The
southern block is cut by dolerite dykes containing metamorphic
garnet—clinopyroxene assemblages, which indicate pressures
of 14.0£1.1 kb for T = 750°C (Clarke et al. 1995a), suggesting
that the sole of the thrust in this area represents the deepest
structural level so far seen in the western Musgrave Block.
As indicated below, progressively shallower crustal levels
south of the Woodroffe Thrust are indicated by the transition
from ultramafic-dominated intrusions (e.g., Murray Range,
Wingellina Hills, Claude Hills, Ewarara, Kalka, Gosse Pile)
to gabbroic (e.g., Hinckley Range, Michael Hills, Mount
Davies) and, ultimately, troctolite-dominated intrusions (Black-
stone Range, Bell Rock, Jameson Range). Further P-T studies
of the host felsic granulites are required to confirm shallower
crustal levels in this direction.

The Giles Complex within the Tomkinson Ranges and
ranges to the west includes the following bodies (from east
to west): Teizi anorthositic suite (at least six discrete bodies
and numerous recrystallised tongues), Claude Hills, Ewarara,
Kalka, Gosse Pile, Mount Davies, Wingellina Hills, Hinckley
Range, Michael Hills, The Wart, Bell Rock, Blackstone Range,
Cavenagh Range, Morgan Range, Murray Range (two bodies),
and Jameson Range (Fig. 47; Plates 1-3). Some of these
bodies are believed to have originally been continuous, for
example Blackstone—Bell Rock (Daniels 1974), The Wart-Bell
Rock, Kalka—Gosse Pile (Moore 1971a, b) and possibly Michael
Hills-Mount Davies. Several of these intrusions, including
the Kalka, Ewarara, Gosse Pile, Mount Davies, and Teizi
intrusions within South Australia, have been the subject of
detailed investigations by staff and students of the University
of Adelaide (Nesbitt & Kleeman 1964; Nesbitt & Talbot 1966;
Goode & Krieg 1967; Goode 1970, 1976, 1977, 1978; Nesbitt
et al. 1970; Moore 1971a, b; Goode & Moore 1975). For this
reason, only the principal features of these bodies are sum-
marised below, whereas the layered intrusions in Western
Australia are described in more detail. Sampling traverses
were made across seven of these intrusions (The Wart, Latitude
Hill, Hinckley Range, Bell Rock, Murray Range, Blackstone
Range, and Jameson Range: Fig. 47), and the petrography of
individual samples is listed in Appendix II.

The mafic—ultramafic intrusions are mostly oriented sub-
parallel to foliation in granulite-facies gneiss, which in the
northern Hinckley Range-Ewarara-Teizi area trends broadly
east—west, with strike deflections near Mount West, Wandu
Hill, and south of Mount Davies (Figs 4, 47; Plates 1, 2).
The most notable discordances between the strike of mafic—
ultramafic intrusions and the foliation of country rock gneiss
are around the Ewarara (Fig. 48), Mount Davies (Figs 50,
55), and Murray Range (Figs 99-101) layered intrusions.

The degree of deformation of layered intrusions tends to
decrease from east to west: the eastern bodies are mostly

steeply dipping, cut by mylonitic shears, and contain pervasive
pseudotachylite vein-breccia systems (e.g., Kalka, Mount
Davies, Hinckley Range, Wingellina Hills; Glikson & Mernagh
1990). The western intrusions are commonly little deformed
to flat lying (e.g., Bell Rock, Blackstone Range, Jameson
Range, Cavenagh Range). Preliminary estimates suggest pres-
sures of about 6 kb for emplacement of the Wingellina Hills
body and lower pressures for the Blackstone Range and
Jameson Range intrusions (Ballhaus & Berry 1991; Ballhaus
& Glikson 1995). The density of mafic dykes varies widely
in the western intrusions, for example, dykes form about one
quarter of the outcrop in the Cavenagh Range intrusion.

The layered intrusions in South Australia also display a
general north to south progression from ultramafic-dominated
bodies south of the Woodroffe Thrust, such as Claude Hills,
Ewarara (Goode & Krieg 1967), and Gosse Pile (Moore
1971a, b), to interlayered ultramafic—mafic intrusions, such
as Kalka (Goode 1970, 1976, 1977, 1978), and Mount Davies
(Nesbitt & Kleeman 1964). For a review of these intrusions
see Nesbitt et al. (1970).

The best estimate of the age of the Giles Complex is
107843 Ma for granophyre from the Bell Rock intrusion (Sun
et al. 1996a, b), considerably younger than the age range of
1200 to 1185 Ma, suggested by Sun & Sheraton (1992) on
the basis of preliminary data for apparently associated grani-
toids.

Claude Hills peridotite/gabbro

intrusion

This body is poorly exposed along an east-northeast-trending,
roughly 3 km long range of low hills, about 12 km north of
Kalka. Most outcrops consist of weakly layered peridotite
and pyroxenite, with minor melagabbro. The rocks are deeply
weathered, including magnesite and laterite crusts. No detailed
study of this body was undertaken during the present survey.

Ewarara pyroxenite intrusion

This body, although relatively small (>500 m thick, 6 km
along strike), is the most completely preserved layered intrusion
of the Giles Complex (Goode & Krieg 1967). It consists of
a lower zone of olivine bronzitite (or harzburgite) and an
upper zone of pyroxenite and melagabbro. The body is keel
shaped (Cover; Figs 3E, 48), as shown by structural attitudes
and a gravity profile, and is discordantly intruded into, and
in places intertongued with, layered felsic granulite, which
includes augen gneiss (see previous section). Well-defined
chilled to hybrid contacts against felsic granulite are charac-
terised by sharp decreases in the pyroxene/plagioclase ratio,
abundant biotite and rare felsic xenoliths. A steepening of
igneous layering along the southeastern lobe is interpreted as
a possible feeder zone. There is some evidence that the
Ewarara intrusion may be post-Ds, although this is by no
means certain (see previous section).

Kalka norite/pyroxenite intrusion

This body, at least 5000 m thick and 11 km along strike
(Frontispiece; Figs 49-51), consists of (1) a basal pyroxenite
zone, consisting of orthopyroxenite and websterite; (2) a thick
norite zone, consisting of norite, minor pyroxenite, gabbro,
anorthosite, olivine-bearing norite, and olivine websterite
(Goode 1970, 1976, 1977, 1978). Phase layering and centi-
metre-scale pyroxene—plagioclase layering, which is grada-
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tional or sharply bounded, occurs locally; (3) a lens of har-
zburgite occurs within the norite zone, occupying a marked
topographic depression; (4) an olivine gabbro zone, up to 600
m thick and 6.5 km along strike, within the norite zone,
including minor orthopyroxene-bearing cumulates, clinopy-
roxenite and olivine-bearing pyroxenite. Centimetre-scale
graded layering and isomodal sharp-bounded layering are
present, especially in an upper 5 metre-thick horizon, which
extends over a strike length of about 3 km (Johnson member,
Goode 1976); and (5) an anorthosite zone, which forms low

Figure 48. Aerial pho-
tograph  of the
Ewarara pyroxenite
intrusion, showing
discordant contact
with layered felsic
granulite.

Figure 49. Aerial
photograph of the
northern part of the
Kalka norite/pyro-
Xenite intrusion.

hills at the western end of the intrusion. This unit includes
locally finely banded leucogabbro and anorthositic gabbro,
with olivine and magnetite as minor phases, and local mag-
netite—ilmenite-rich layers.

Gosse Pile pyroxenite intrusion

This Gosse Pile intrusion, at least 2000 m thick and 7 km
along strike (Figs 52-54), consists of a near-vertically dipping
sequence of pyroxenite-dominated cumulates (Moore 1971a, b),
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Figure 50. Landsat-5 TM pc2(4/3;5/7):5/4:4/3 RGB image of the western Mount Davies and Kalka layered intrusions. Basal
pyroxenite units (Px) and olivine gabbro (0g) of the Kalka intrusion are depicted in deep azure blue, reflecting their iron
oxide-rich weathering crusts. Gabbro (Gb) displays in red, representing clay-dominated weathering crusts covered by dry
spinifex vegetation. Anorthosite (An) shows in orange, representing clay—carbonate-dominated weathering crusts. The lower
gabbroic zone of the Mount Davies intrusion (displaying in red, representing clay-rich weathering and dry vegetation) is
overlain by a large depression-forming peridotite lens (Pd) capped by magnesite—calcrete, which shows in mottled yellow—white—
red patterns. Pyroxenite intercalations (Px) form narrow strike-parallel valleys showing in green (iron oxide-rich) and blue
(green vegetation-rich). Felsic granulite (Fg), intruded by the Mount Davies body, shows greenish-yellow, signifying mixed iron
oxide—clay high-albedo (quartz-rich) weathering surfaces. They are cut by northwest-trending mafic dykes (Md), which show
in blue-green, due to their iron oxide-rich weathering surfaces and thicker vegetation. Qutcrops of felsic rocks are surrounded
by red to purple zones (Fc), representing clay-rich alluvial material derived from the felsic rocks. A zone of nickel-bearing
laterite (L), east of the Kalka intrusion, shows in apple green. Alluvial material derived from the layered mafic intrusions are
dominated by iron oxide (Fg). Thick calcrete (Ca) duricrusts along Pidingadinga Creek show in deep orange. The southern
slopes (Ss) of Mount Davies are covered by thick green vegetation (Gv), that shows in blue, especially along gullies, and at lower
levels feature a major burnout (B) of dark brown low albedo. The southern Hinckley Fault-bounded escarpment of Kalka and
the southern slope of a felsic granulites ridge (Fg) at the northeastern corner of the area also show strong green vegetation
effects. A geological overlay for the area is shown in Figure 51.
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Figure 51. Geological overlay for the western Mount Davies—
Kalka area. Symbols for this and Figures 54, 80, 90, and 109:
Pd, peridotite; Px, pyroxenite; Og, olivine gabbro; Gb, gab-
bro; 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; Fe, felsic
alluvial collar; Mc, mafic alluvial collar; Dv, dry vegetation;
Gv, green vegetation; Ss, southern slopes (normally densely
vegetated); B, fireburn.

separated by a major fault from the Mount Davies intrusion.
Thin noritic intrusives at the base of the body are interdigitated
with felsic granulite. These are overlain by a discrete, deeply
weathered and valley-forming body of serpentinised peridotite,
consisting of poikilitic pyroxene and finer-grained olivine and
plagioclase. A fine-grained marginal facies contains xenoliths
of olivine pyroxenite. The overlying layered sequence consists
of orthopyroxenite, olivine orthopyroxenite, websterite, and
norite, and includes a distinct layer of gabbro. The southern
part of the intrusion consists of sheared and recrystallised
derivatives of these rock types. Moore (1971a, b) suggested
the presence of three magmatic cycles whose feldspar-domi-
nated tops have mostly been removed, and correlated Gosse
Pile with the lower ultramafic section of the Kalka intrusion
to the northwest.

Mount Davies gabbro/pyroxenite

intrusion

The Mount Davies gabbro/pyroxenite (Nesbitt & Kleeman
1964) is the second largest layered mafic—ultramafic body of
the Giles Complex, at least 7000 m thick and 15 km along
strike (Figs 55, 56). It consists of (1) a thick lower gabbroic
zone, which discordantly intrudes felsic granulite and features
a hybrid transition zone, several hundred metres wide; (2) a
zone of pyroxenite and olivine gabbro intercalations within
gabbro; (3) a central valley-forming serpentinised peridotite
unit; and (4) an upper gabbro zone with pyroxenite interca-
lations. The body is cut by numerous faults, including the
near-strike Greenwood Fault. In the present study, only the
westernmost part of the body was accessible, and was sampled
in detail across the strike.

Wingellina Hills gabbro/pyroxenite
intrusion

This intrusion consists of a 1600 metre-thick succession of
olivine gabbro and gabbronorite, which contains lenticular
stratabound intercalations of pyroxenite and peridotite
(Figs 57-61). It was described in detail by Ballhaus & Glikson
(1989). The ultramafic cyclic units are underlain by hybrid
footwall zones, representing basal mixing of ultramafic in-
crements with the resident gabbro (Fig. 62, and see section
on petrogenesis of the Giles Complex). Olivine compositions

Figure 52. Aerial photograph of the Gosse Pile pyroxenite intrusion.
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range from Fogy to Fo,;, below which olivine is replaced by  gioclase. Highly calcic antiperthite (AngsAb;sOry), signifying
cumulus orthopyroxene (Fig. 63). Clinopyroxene mg values  crystallisation of the original feldspar under high-temperature
(atomic 100Mg/(Mg+Fe?*)) of 91-77 are higher than those  anhydrous conditions, occurs as an interstitial constituent of
of coexisting orthopyroxene and olivine. The mg values cor- -  pyroxenite. Systematic variations in mg values of gabbro with
relate with the An (atomic 100Ca/(Ca+Na)) content of pla-  stratigraphic level indicate weak Fe enrichment upwards,

Figure 53. Landsat-5 TM pc2(4/3;5/7):5/4:4/3 RGB image of the Gosse Pile-Teizi bore area. The image includes part of the
Gosse Pile pyroxenite intrusion (bottom left). Pyroxenite units (Px) are dominated by iron oxide-rich weathering crusts, and
the different shades of green reflect the importance of this component; clinopyroxene-plagioclase-rich rocks have higher clay
contents in their weathering crust and thus include a red component, giving a yellow signature. The deeply weathered
serpentinised péridotite strike depression is characterised by calcrete-magnesite crusts showing in red and white. Shed iron
oxide-rich alluvial material shows in deep apple green (Mc). Shaded southern slopes (Ss) display green vegetation superposed
on pyroxenite bedrock, resulting in deep azure blue. The Teizi anorthosite suite includes several massive bodies (An) and
numerous thin recrystallised tongues intercalated with felsic granulite (Fg). Anorthosite shows in red, representing clay—car-
bonate-dominated weathering, and felsic granulite in green and yellow tones, representing iron oxide—clay mixtures. Landsat
discrimination of thin recrystallised anorthosite units is much more efficient than time-consuming field work. The sequence is
cut by west to northwest-striking mafic dykes (Md). Alluvium derived from felsic granulite is typically clay-rich (Fc), showing
in red or purple where supporting green vegetation.
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whereas ultramafic units display sharp compositional reversals.
The origin of this composite body is interpreted in terms of
continuous fractionation of a resident olivine—clinopyroxene—
plagioclase-saturated magma, periodically replenished by in-
crements of olivine-saturated ultramafic melts which resulted
in formation of peridotite, wehrlite, clinopyroxenite, and olivine
gabbro. Orthopyroxene-rich cumulates formed by mixing of
ultramafic increments with resident, more siliceous gabbro.
The temperature difference between the host gabbro and the
ultramafic pulses resulted in rapid quench crystallisation of
the latter.

The Wart gabbro/pyroxenite

intrusion

The Wart intrusion, which probably includes the sequence
along strike to the northwest near Mount West, forms a sliver
of interlayered gabbro and pyroxenite, overlain by more mas-
sive gabbro. It is separated by the Poonawarra valley from
the Bell Rock intrusion to which it may be related as a basal

Figure 54. Geological overlay for the Gosse Pile-Teizi area
(Fig. 53). Symbols as in Figure 51.

Figure 55. Aerial photograph of the western Mount Davies
and Kalka layered intrusions.
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Figure 56. Landsat-5 TM 5/4 band ratio image of the Mount Davies—Kalka area. Light areas represent iron oxide-rich laterite
and iron oxide-rich weathering surfaces of pyroxenite and felsic granulite. Compare with Figure 50.

Figure 57. Outcrops of the Wingellina Hills gabbro/pyroxenite intrusion. (A) Valley section of gabbro (smooth slope) and
pyroxenite (dark outcrop banks). (B) Mixed zone of gabbronorite and pyroxenite. (C) Folded flow-segregated gabbronorite. (D)
Pegmatoid pyroxenite unit, with chromitite pods.
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[:j layered olivine gabbro and gabbronorite
D ultramafic macrounits (pyroxenite, peridotite, dunite; thicker parts rich in olivine)
chromite stringer (in ultramafic units only)

patchy layering in footwall of ultramafic units
(pyroxenite patches in gabbro)

[F==] recrystallized porphyritic gabbronorite to gabbrogneiss
partly with pseudotachylite veinlets

1 km

Figure 58. Geological map of the Wingellina Hills intrusion (after Ballhaus & Glikson 1989).

Figure 59. Aerial photograph of the Wingellina Hills intrusion.
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Figure 60. Landsat-5 TM pc2(4/3;5/7):5/4:4/3 RGB image of the Wingellina Hills intrusion and surrounding area. Outcrops
of gabbro dominated by clay weathering appear in red, outcrops of pyroxenite and lateritised ultramafic rocks, dominated by
iron oxide, are green, and heavily vegetated laterite north and east of Wingellina show in bluish green. The west-northwest-
trending trace of the Wingellina Fault is clearly shown south of the Wingellina Hills intrusion. Note the strong clay signature
(red) of the alluvial girdle around felsic granulite of the northern Hinckley Range (near the eastern edge of the image).
Compare with Plate 2.

mafic—ultramafic segment (Figs 64, 65). Both the mafic—ul-
tramafic and mafic sequences young to the west. The Wart
sequence is at least 1900 m thick and dips range from 50 to
90°. The northeastern margin displays a sheared intrusive
contact with felsic granulite, with mesoscale felsic apophyses
intruding the gabbro. As along the northeastern contact of
the Bell Rock intrusion, these veins may well be back-intruded
felsic melts. The northern margin of the gabbro intrudes a
contact-recrystallised facies of the felsic granulite.

The mafic—ultramafic sequence consists of a well-layered
suite of clinopyroxenite to melagabbro mesocumulates to
adcumulates, intercalated with abundant (several tens) len-
ticular wehrlite to peridotite orthocumulate units and some
olivine melagabbro, overlying a sequence of gabbroic cumu-
lates (Figs 66, 68; Ballhaus 1993). There are numerous mi-
crogabbro sills with textural transitions from rapidly chilled
rocks to genuine cumulate layers. The pyroxenite is very poor
in plagioclase compared with other intrusions. The most
fractionated units exposed are olivine-bearing melagabbro
with less than 40 percent calcic plagioclase. The Wart sequence
includes trar;‘ﬁitions between pyroxenite, wehrlite, peridotite,
and melagabbro, sometimes as multiple variations within a
few metres, and is thus one of the most variable intrusions
in terms of modal mineralogy, texture, and cumulate porosity.
There is evidence in some horizons for rapid cooling. In some
cumulate layers, cumulus clinopyroxene is present in a dis-
tinctly bimodal grain size distribution.

The main rock types are as follows:

Feldspathic clinopyroxenite orthocumulates. B r o w n
clinopyroxene, rich in exsolved spinel, is the main cumulus
phase, and may be accompanied by rounded cumulus olivine
(Fig. 66A). Rarely, orthopyroxene grades into a late-magmatic
intercumulus phase. Intercumulus plagioclase is locally abun-
dant and attains a near-cumulus status. Minor orthopyroxene
occurs as columnar rims around olivine where the latter is
in contact with plagioclase.

Clinopyroxenite adcumulates. Clinopyroxene and, in
places, minor olivine are closely packed cumulus phases, but
are generally annealed, obliterating primary magmatic textures.
Grain boundaries between clinopyroxene grains are equilibrated
and locally outlined by small brownish spinel neoblasts
(Fig. 66B). Orthopyroxene is extremely rare. Isolated occurrences
of interstitial plagioclase are mostly antiperthitic, with minute
exsolution rodlets of K-feldspar in a matrix of bytownite (~Ango).

Wehrlite and peridotite. Cumulus olivine and clinopy-
roxene are set in interstitial plagioclase (Fig. 66D, E). In
peridotite orthocumulates, clinopyroxene may be poikilitic
and very rich in exsolved spinel. Orthopyroxene is rare. The
parental magma must have been saturated with olivine and,
in some cases, clinopyroxene. Unlike peridotite units of the
Murray Range or Wingellina Hills intrusions, cumulus spinel
appears to be absent.
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Figure 62. Stratigraphic section through an ultramafic cyclic
unit and its hybrid footwall in the Wingellina Hills intrusion.
The total thickness of ultramafic units ranges from 50 to
200 m. Size of pyroxenite patches in the hybrid footwall and
thickness of basal pyroxenite orthocumulates are exaggerated
for clarity (after Ballhaus & Glikson 1989).

Figure 61. Stratigraphy of the central part
of the Wingellina Hills intrusion (after
Ballhaus & Glikson 1989).

Olivine gabbro (olivine-clinopyroxene-plagioclase ad-
cumulates, subsolidus pyroxene-spinel coronas at
olivine-plag contacts; occasionally weak foliation and
poikilitic orthopyroxene in the footwall of ultramafics)

Gabbronorite (porphyritic orthopyroxene in partly

recrystallized plagioclase-clinopyroxene adcumulate
strong compositional foliation grading into
gabbroic gneiss at the top of column)

Pyroxenite (clinopyroxene-(olivine) adcumulates, feld-
spathic 2-pyroxene orthocumulates at base of units;
olivine increasing with stratigraphic height)

Peridotite (olivine-spinel orthocumulates with poikilitic
clinopyroxene and interstitial to poikilitic plagioclase in
upper parts; disseminated spinel abundant in olivine-

units (patches, discontinuous
layers and lenses of pyroxenite in gabbroic to
gabbronoritic footwall below ultramafic units)

Sharp layer contacts are denoted by solid lines, lateral
variations in thickness of some layers by zig-zag lines.
Gradational variations in mineral proportions are
indicated by gradual changes in density of symbols.
Total thickness of exposed stratigraphy approximates

Olivine melagabbro. These contain clinopyroxene, plagio-
clase, and olivine as cumulus phases (Fig. 66F). Plagioclase
commonly grades from a cumulus phase to a nearly interstitial
phase, especially in the melanocratic rocks. All textural tran-
sitions exist between clinopyroxenite orthocumulates and oli-
vine melagabbro, particularly in units where textures suggest
rapid cooling.

The Wart sequence is cut by at least three generations of
mafic dyke with different phenocryst populations (Fig. 67).
The most common type carries subhedral clinopyroxene and
elongated plagioclase laths as phenocrysts, embedded in a
fine-grained oxide-rich groundmass (Fig. 67A). Another com-
mon ‘troctolitic’ generation carries rounded olivine and elon-
gated plagioclase phenocrysts, set in a hydrated biotite-rich
groundmass (Fig. 67B). These troctolitic dykes cannot be
related to any of the cumulates observed in The Wart sequence,
but may represent a parent melt to the more fractionated
troctolitic cumulates, such as the Bell Rock and Blackstone
Range intrusions. One dyke contains elongated euhedral, pe-
ripherally resorbed orthopyroxene as the only phenocryst
phase, apart from some plagioclase microphenocrysts. Ortho-
pyroxene may be of pre-emplacement, high-pressure crystal-
lisation, and this dyke type qualifies as a possible feeder to
some of the Giles Complex layered intrusions (Fig. 67C, D).

In terms of phase compositions (Figs 68, 69), The Wart
intrusion is nearly as primitive as the Murray Range and
Wingellina Hills sequences (Ballhaus & Glikson 1989). Olivine
ranges in composition from Fog; to Fo,g, below which it is
replaced by orthopyroxene. Coexisting orthopyroxene has
slightly higher mg values. In comparison with the Murray
Range sequence, orthopyroxene is much rarer and clinopy-
roxene is more fractionated, with Cr/(Cr+Al) ratios not ex-
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ceeding 0.16. No cumulus spinel is present, probably because
the magma was depleted in Cr by extensive clinopyroxene
crystallisation. Plagioclase is, for a given olivine composition,
far more calcic (Angsss) than that in the Murray Range
intrusion.

The cryptic modal layering in The Wart sequence arises
from the intrusion of numerous small to medium-sized batches
of primitive parent magma into a continuously differentiating
body of somewhat more fractionated resident melt. From
stratigraphic relationships, it is suggested that this layered
sequence youngs to the southwest and could, therefore, form
the base of the Bell Rock intrusion. Most ultramafic units
commence with a sharp modal change to olivine-rich orthocu-
mulates, followed by an upward gradation to wehrlite and
then pyroxenite. This cyclic pattern is likely to have resulted
when olivine-rich liquid ponded on the magma chamber floor
and gradually mixed with the overlying cooler resident melt.
The lower northeastern half of the sequence, up to the 1050 m
stratigraphic level, signifies a period of multiple magma
addition, whereas the upper half indicates chemically more
stagnant conditions, with fewer magmatic replenishment
events.

The parent magma characteristics are similar to those of
the Murray Range intrusion, namely a near-primitive, olivine-
normative melt. The common lack of orthopyroxene and spinel
indicates that silica activity and Cr contents may have been
slightly lower than in the Murray Range magma, possibly
because the magma experienced some pyroxene fractionation
prior to emplacement into the crustal magma chamber. The

magma was close to clinopyroxene saturation. Its crystallisation
sequence, best reflected in the most primitive orthocumulate
units, is believed to have been (1) olivine + clinopyroxene,
(2) clinopyroxene + olivine, and (3) clinopyroxene + plagioclase
+ olivine.

Michael Hills gabbro and Latitude
Hill gabbro/pyroxenite intrusions

The Michael Hills gabbro intrusion forms the most extensive
member of the Giles Complex in Western Australian, with
one of the thickest cumulate sequences (Figs 70, 71). It
consists of a low-angle north-dipping to near flat-lying sequence
of gabbro, containing locally abundant thin (1-20 m) pyro-
xenite layers. The intrusion has been deformed, probably in
conjunction with late faulting, into a northward-concave steep
axial flexure. The Latitude Hill sequence appears to be a
tectonic segment of the Michael Hills gabbro, and has a
pyroxenite-rich section at its base (Fig. 72). It is up to 8000 m
thick, north—south striking, and dips at 80-90°. Because detailed
sampling was confined to the Latitude Hill intrusion, the
following discussion applies mainly to that body, but is
probably also relevant to the Michael Hills intrusion.

The Latitude Hill sequence is dominated by gabbro and
pyroxenite and consists of two steeply dipping (80-90°),
uniform, olivine gabbro units with numerous layers and lenses
of olivine-bearing pyroxenite and rare peridotite, totalling
about 8000 m in thickness (Fig. 75). However, these two
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Figure 64. Outcrops of The Wart gabbro/pyroxenite intrusion.
(A) Layered gabbro and pyroxenite capped by massive gabbro.
(B) Layered melagabbro and pyroxenite, north of Mount
West. (C) Granitoid vein-injected eastern margin of The Wart
intrusion.

magmatic units are separated in the central part of the intrusion
(2900-4250 m) by a zone of altered, highly strained, recrys-
tallised gabbro, cut by pseudotachylite veins (Figs 72, 74,
75), which is also more fractionated than the enclosing cu-
mulates. Hence, the structural continuity of the latter is un-
certain. In addition to the highly deformed central unit, the
Latitude Hill sequence includes a few localised shear zones
in which cataclastic deformation predominates over ductile
deformation styles, suggesting relatively low deformation tem-
peratures (Fig. 74A—C). The magmatic rocks of the Latitude
Hill intrusion feature several unusually fine-grained ‘doleritic-
textured’ (subophitic) units, which Ballhaus (1993) interpreted
as intraplutonic chill zones.

The Latitude Hill gabbro/pyroxenite is one of the few
cumulate sequences of the Giles Complex with demonstrably
intrusive contacts with felsic granulite along its eastern margin.

The marginal facies consists of fine-grained microgabbro
where distinctly euhedral plagioclase laths, rounded clinopy-
roxene, and orthopyroxene are cumulus phases. The rocks
contain coarser-grained enclaves with euhedral cumulus grains
and quartz—orthoclase myrmekite (Fig. 73H), probably derived
by partial melting of the felsic granulite and back-intrusion
of the melt.

The main components of the Latitude Hill intrusion are as
follows:

Gabbroic rocks. Gabbroic rocks are dominated by olivine,
clinopyroxene, orthopyroxene, and plagioclase, coexisting as
cumulus phases. Monomineralic units are rare. There is a
transition between quenched dykes and sills, enclaves of
microgabbro with chilled margins, and mature cumulates.
Olivine-bearing doleritic-textured gabbronorite consists of
about 50 percent large elongated plagioclase laths and smaller
rounded grains of cumulus clinopyroxene (Fig. 73A-D). Or-
thopyroxene, where present, is texturally younger than cli-
nopyroxene. It tends to form poikilitic grains surrounding
cumulus olivine and clinopyroxene aggregates. Plagioclase
laths contain submicroscopic brownish inclusions, especially
near their centres.

Pyroxenite. Orthopyroxene and clinopyroxene cumulus
phases are accompanied by a few slightly altered olivine
grains (Fig. 73E, F). The size distribution of pyroxene is
bimodal, with orthopyroxene forming elongated laths consid-
erably coarser grained than clinopyroxene. Olivine locally
occurs as a minor cumulus phase coexisting with cumulus
orthopyroxene grains. Plagioclase contents are highly variable,
between 2 and 40 modal percent, in adcumulates. Feldspathic
orthocumulates grade into melagabbro. Pyroxenite adcumulates
contain finer-grained feldspathic orthocumulate pockets in
which abundant plagioclase forms a near-cumulus phase. Both
plagioclase and pyroxene commonly contain submicroscopic
opaque inclusions.

Feldspathic peridotite. Peridotite cumulates occur near the
600 m stratigraphic level. Olivine, orthopyroxene, clinopy-
roxene, and chromite form cumulus phases, while highly
altered zoned sodic plagioclase is interstitial. The peridotitic
cumulates are not as primitive as in the Murray Range and
Wingellina Hills intrusions, where olivine and chromite are
commonly the only cumulus phases.

Gabbro and anorthosite of the central section. These
rocks differ markedly from gabbro of the lower and upper
sections. Major components include fractionated oxide-bearing
gabbro and anorthosite, mostly highly deformed and veined
by pseudotachylite (Fig. 73G, H). Plagioclase is the most
abundant cumulus phase, followed by cumulus to intercumulus
clinopyroxene and, less commonly, orthopyroxene. Where the
original cumulus texture is preserved, iron-rich clinopyroxene
contains exsolved opaque oxides. The sequence comprises
anorthositic units with total pyroxene contents up to 10 percent,
altered gabbroic rocks and units intruded by granitic to aplitic
veins.

Mineral compositions are displayed in Figures 75 and 76.
The Latitude Hill intrusion is significantly more fractionated
than the primitive Murray Range or The Wart sequences.
Olivine occurs only in a series of thin peridotite layers at the
610 m level and in olivine gabbro and olivine-bearing py-
roxenite of the central section. It ranges in composition from
Fogs to Fog;. Orthopyroxene is slightly more magnesian than
coexisting olivine, with mg values ranging from 85 in the
most primitive ultramafic units to about 58 in the central
deformed granulitic zone. Orthopyroxene replaces olivine at
Fogg. Cr/(Cr+Al) in clinopyroxene varies sympathetically with



mg value of orthopyroxene and rarely exceeds 0.1. Plagioclase
An contents range from about 50 to 85, and vary coherently
with mg of olivine and orthopyroxene.

The stratigraphic orientation of the sequence, as shown in
Figure 72, is arbitrary, as there is no textural indication of
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where the bottom and top contacts are situated, nor does the
shape of the cryptic fractionation patterns (Fig. 75) provide
any clue. The two magmatic piles on either side of the central
deformed zone feature a major chemical reversal followed by
a similarly extensive period of normal fractionation. Abrupt

basaltic dykes and sills
shear zone

feldspathic pyroxenite to melagabbro J '
mafic pyroxenite, wehrlite, peridotite unit

mafic and felsic granulite
B
NS

bemnnd positions of sampling traverses

Figure 65. Geological map of The Wart intrusion.
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Figure 67. Mafic dykes cutting The Wart intrusion. (A) Fine-grained clinopyroxene-plagioclase-phyric dyke (88981037).
Elongated plagioclase and subhedral clinopyroxene phenocrysts are set in an oxide-rich groundmass. (B) Coarse-grained
olivine-plagioclase-phyric dyke (88981036). Large euhedral plagioclase laths and smaller rounded olivine grains (with cracks)
form phenocrysts, in a brownish biotite-rich hydrated groundmass. This dyke composition is probably unrelated to the host
layered sequence. (C) Orthopyroxene-phyric high-pressure basaltic dyke (88981045). Possible intratelluric orthopyroxene
phenocrysts are set in a groundmass rich in plagioclase, orthopyroxene and Ti-augite microphenocrysts, and opaque oxides.
Several generations of orthopyroxene include the equant grain in the centre, overgrown by a zoned rim, and smaller elongated
phenocrysts at right. (D) Same sample as C, showing a skeletal, optically homogeneous augite phenocryst intergrown with
plagioclase, possibly a rapid-growth texture.

changes in modal mineralogy and megascale layering are rarer
and less obvious than in the more primitive Murray Range
and The Wart cumulate sequences.

The parent magma of the Latitude Hill sequence was close
to multiple saturation with olivine, pyroxene, and plagioclase.
As a result, megascale layering is poorly developed, because
new magma pulses did not lead to major changes in the
crystallisation sequence. The suggested crystallisation sequence

is: (1) olivine + orthopyroxene, (2) orthopyroxene + clinopy-
roxene, and (3) orthopyroxene + clinopyroxene + plagioclase.
Cr/(Cr+Al) in clinopyroxene and the mg value at which olivine
was replaced by orthopyroxene are lower than in the ultramafic
sequences. This indicates that the Latitude Hill liquids were
more fractionated and had a lower silica activity than the
melts of the ultramafic intrusions, probably owing to pyroxene
fractionation before emplacement.

Figure 66. Cumulate and subsolidus textures in The Wart intrusion. (A) Feldspathic olivine-bearing clinopyroxenite orthocu-
mulate (sample 88981033). The rock consists of large rounded olivine, smaller roundish clinopyroxene, rich in exsolved spinel,
and colourless interstitial plagioclase. Olivine is surrounded by a columnar orthopyroxene rim. (B) Annealed clinopyroxenite
adcumulate (88981043), with spinel-free clinopyroxene and minor antiperthitic plagioclase. (C) Olivine-bearing clinopy-
roxenite mesocumulate (88981029). This contains altered relict olivine (dark), cumulus clinopyroxene, with abundant exsolved
spinel, and interstitial plagioclase. Olivine is partly replaced by columnar orthopyroxene. (D) Feldspathic wehrlite orthocumu-
late (88981030). Rounded olivine and subhedral brownish exsolved spinel-rich clinopyroxene are cumulus phases, with
interstitial altered zoned plagioclase. (E) Feldspathic peridotite orthocumulate (88981044), containing rounded cumulus
olivine, cumulus to poikilitic clinopyroxene (with brown exsolved spinel), and interstitial zoned altered plagioclase. (F) Olivine
gabbro to melagabbro (88981049). Rounded olivine has an inner rim of clear orthopyroxene and an outer clinopyroxene—or-
thopyroxene—spinel symplectite rim. Exsolved spinel-free clinopyroxene is cumulus, and colourless plagioclase cumulus to
locally interstitial. (G) Olivine gabbro (88981039), showing subsolidus re-equilibration textures. Cumulus olivine grains in
contact with plagioclase are surrounded by an inner rim of columnar orthopyroxene and an outer discontinuous rim of
‘cauliflower’ orthopyroxene—-clinopyroxene—spinel symplectite.
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olivine-bearing melagabbro to pyroxenite
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Figure 68. Stratigraphy and mineral chemistry of The Wart intrusion.

Hinckley Range gabbronorite
intrusion

The Hinckley Range intrusion is one of the largest and most
deformed intrusions of the Giles Complex. It forms a 38 km-
long meridional ridge, up to 12 km wide, and the magmatic
sequence is approximately 5800 m thick and dips north at
70-80° (Figs 77-80). Its western and northwestern parts are
affected by a pervasive metamorphic overprint, which produced
mafic granulite, extensively intruded by granitic veins, mainly
during D; deformation (Stewart & Glikson 1991; Clarke 1992;
Clarke et al. 1995a). Cumulate textures and magmatic layering
are poorly preserved. The eastern (magmatic) part of the
intrusion is well layered and has largely escaped the meta-
morphic overprint evident in the west. Intrusive contacts are
only rarely preserved, because of later deformation, but can
be seen in a few places (Fig. 158D).

The Hinckley Range intrusion is dominantly gabbroic, with
the most common cumulates being gabbroic troctolite, troc-
tolitic gabbro, gabbronorite, anorthosite, and locally minor
pyroxenite (Figs 81, 85). The most common rock types in
the eastern part include troctolite, gabbronorite, olivine gabbro,
anorthosite, and their deformed equivalents. These rocks are
intruded by thin (~5 m) layers and pods of finer-grained
microgabbro back-intruded by the coarser-grained host gabbro,
suggesting that the sills were emplaced at a late magmatic

stage while the host gabbro was still mobile. Multiple in-
traplutonic chill zones, i.e., multiple repetitions of fine-grained
‘marginal’ layered microgabbro and subophitic gabbroic sills
are also common (Ballhaus 1993). Phenocryst populations
and crystallisation sequences in these finer-grained units closely
resemble those in the host cumulates.

Olivine and plagioclase are the principal cumulus phases
in troctolite and gabbroic troctolite, and are followed in the
crystallisation sequence by subhedral poikilitic oxide-rich cli-
nopyroxene and younger anhedral intercumulus orthopyroxene
(Fig. 81 A-C). Orthopyroxene forms wide, optically continuous
reaction rims around olivine and may have formed as a result
of a peritectic olivine-melt reaction. In places, orthopyroxene
grades into oikocrysts and irregular orthopyroxene—magnetite
symplectites. Plagioclase is commonly elongated and euhedral,
and impregnated by submicroscopic opaque inclusions
(Fig. 81B), possibly exsolved iron oxide impurities incorpo-
rated in the plagioclase lattice during high-temperature crys-
tallisation. Olivine in contact with plagioclase may be rimmed
by a columnar orthopyroxene moat formed during the sub-
solidus stage, in contrast to wider optically continuous or-
thopyroxene rims that commonly grade into poikilitic grains.
Clinopyroxene is commonly strain-recrystallised to a granular
mosaic of clinopyroxene neoblasts and rounded opaque oxides.

All transitions exist between troctolitic rocks with interstitial
clinopyroxene and clinopyroxene-dominated gabbroic rocks.
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Figure 69. Average mineral compositions of The Wart intrusion (error bars are two standard deviations).

Figure 70. Outcrops of the Michael Hills gabbro and Latitude Hill gabbro/pyroxenite intrusions. (A) Truncated sill of
microgabbro in coarse-grained gabbro, into which the sill was emplaced at a late magmatic stage. (B) Very coarse-grained to
pegmatitic flow-textured gabbro, south of the Champ de Mars Fault. (C) Mylonitised gabbro, Latitude Hill. (D) Recrystallised

gabbro intruded by felsic veins, Latitude Hill.
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Figure 71. Landsat-5 TM log residual bands 7:5:4 RGB im-
age of the Latitude Hill intrusion, a tectonic sliver of the
Michael Hills intrusion, showing intercalated pyroxenite
(red, iron oxide-rich weathering crusts) and gabbro (blue-
black, clay-rich weathering crusts).

Olivine gabbro contains plagioclase, large clinopyroxene
grains, rich in exsolved opaque oxides, and sparse olivine as
cumulus phases, whereas orthopyroxene forms later peritectic
rims around olivine and clinopyroxene. In the most fractionated
samples near the northern margin of the intrusion, olivine is
progressively replaced by orthopyroxene, resulting in gab-
bronorite. Late-magmatic brownish-green amphibole forms
narrow rims around all ferromagnesian minerals. The most
fractionated samples are anorthositic, with plagioclase as the
only cumulus phase, sparse clinopyroxene, and interstitial
orthopyroxene and oxides locally recrystallised to neoblastic
grains (Fig. 81C).

The southern basal part of the sequence is characterised
by finer-grained rocks, showing transitions between porphyritic
fine-grained sills and subophitic troctolitic to anorthositic
cumulates intermediate between cumulates and rapidly chilled
microgabbro equivalents. These rocks contain elongated in-
clusion-rich euhedral zoned plagioclase and some rounded
olivine as phenocryst phases, and intergranular clinopyroxene
and opaque oxides.

The western and northern parts of the intrusion consist of
mafic granulite and abundant gabbroic relics, which generally
produce a lower relief than the little-recrystallised and little-
deformed gabbro of the central and eastern sections. The
mafic granulite is intruded by numerous granite, aplite, and
pegmatite veins. Deformation is manifested by transitions
from slightly deformed cumulates with incipient recrystalli-
sation of clinopyroxene, through fine-grained granoblastic two

pyroxene—plagioclase—oxide granulite, to mylonite (Fig. 83).
The sequence is cut by several prominent east-west-trending
mylonite zones with abundant pseudotachylite veins, mostly
subparallel to the magmatic layering. These mylonite zones
are mostly related to, and branch from, the Hinckley Fault
(Goode 1978), where superimposed pseudotachylite vein sys-
tems reach over 50 m in thickness (Glikson & Mernagh 1990).
Alteration of cumulates is represented by amphibole rims
around ferromagnesian phases.

The Hinckley Range sequence also includes a few rather
enigmatic fine-grained marginal gabbroic rocks, which are
neither clearly of primary magmatic origin, nor clearly formed
during high-temperature recrystallisation (mafic granulite).
Some fine-grained marginal rocks contain coarse-grained cu-
mulate-textured clinopyroxene—plagioclase enclaves in a fine-
grained granular clinopyroxene—orthopyroxene—plagioclase—
oxide neoblastic matrix (Fig. 82A, B). Plagioclase in some
is euhedral, consistent with a magmatic origin (Fig. 82D).
Thus, at least some primary magmatic chilled margins may
have survived a post-emplacement metamorphic overprint.

The sequence is cut by several generations of mafic dyke
(Fig. 84). These include a primitive olivine—spinel-phyric type
which may be similar to a parental melt of ultramafic oli-
vine-rich units in the Wingellina Hills, Murray Range, and
Kalka intrusions (Fig. 84C). Olivine—plagioclase-phyric dykes
are also widespread.

Mineral compositional trends are summarised in Figures 85
and 86. Olivine ranges from Fo,5 to Fogy, below which it is
replaced by orthopyroxene. Orthopyroxene mg values vary
sympathetically with olivine from about 82 to 71, and range
down to about 59. Cr/(Cr+Al) in clinopyroxene is low, reflecting
significant fractionation of the melt prior to emplacement.
Plagioclase composition is highly variable, both in single
samples and single grains, especially in the more recrystallised
cumulates, ranging from Ang, so. With protracted fractionation,
there is a poorly defined trend toward more sodic average
plagioclase compositions. The marginal cumulates depart from
the overall fractionation trend, with mg values of ferromag-
nesian phases being intermediate relative to the range of the
cumulates, whereas plagioclase has variable An contents.

The morphology of the cryptic layering profiles and graded
and cross-layering features suggest that the Hinckley Range
gabbro youngs towards its northern contact, i.e., in the opposite
direction to the Wingellina Hills intrusion (Ballhaus & Glikson
1989). This correlates with a normal fractionation trend in
the same direction, although there is a poorly defined reversal
above the 2000 m level (Fig. 85). With protracted fractionation
upward in the sequence there is a steady increase in modal
orthopyroxene and clinopyroxene at the expense of olivine.

The parent magma of the Hinckley Range intrusion was
clearly more fractionated than that of the Murray Range
sequence, but more primitive than the parent melts that gave
rise to the Blackstone Range and Jameson Range sequences.
Orthopyroxene is more abundant than in the latter intrusions.
At the time of emplacement, the magma was multiply saturated
with olivine and plagioclase, but slightly undersaturated in
clinopyroxene. The increase in orthopyroxene and clinopy-
roxene upwards at the expense of olivine indicates that the
fractionating phase assemblages were, mostly, lower in bulk
SiO, content than the parent melt, so that the fractionating
liquid became SiO,-saturated. In contrast, the Blackstone
Range and Jameson Range magmas were so SiO,-undersatu-
rated that olivine persisted to the most fractionated derivative
liquids. The sequence shows a relatively sudden increase in
modal clinopyroxene above the 2500 m level, where troctolitic
cumulates give way to predominantly gabbroic rocks. This
change in modal mineralogy nearly coincides with a poorly
defined reversal in cryptic layering patterns. It appears there
was a slight change in parent magma composition towards a
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melt with higher normative clinopyroxene and higher silica Bell Rock troctolite/gabbl'()

activity. Such a change during the intrusive period of an s .

intrusion is not unreasonable in view of the wi[dc ranges of intrusion

parental melt compositions identified in the Giles Complex  The Bell Rock intrusion hosts one of the most fractionated

intrusions and the dyke suites of the Tomkinson Ranges. magmatic sequences of the whole Giles Complex and belongs
to the troctolitic suite. Total exposed thickness is about 3800 m
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Figure 72. Geological map of the Latitude Hill intrusion.
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and the layering dips at about 70° southwest (Figs 87-90).
The intrusion consists of a massive, laterally continuous
sequence of troctolite, gabbroic troctolite, and anorthosite,
each being several hundred metres thick (Figs 91-93). Units
of magnetite-rich ferrogabbro, thin massive magnetite horizons,
and dunite cumulates are intercalated with the gabbroic rocks.
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Most contacts with country rocks are hidden by alluvium.
The lower quarter of the intrusion consists of gabbroic troctolite,
olivine gabbro, gabbronorite, and microgabbro. The remainder
of the sequence is dominated by oxide-bearing troctolite,
anorthosite, pyroxene-cumuloblastic gabbro, and thin dunite
layers. Further up the sequence, magnetite changes from

Figure 74. Deformation and subsolidus textures in the Latitude Hill intrusion. (A) Sheared gabbronorite with proto-mylonitic
texture (88983061). Plagioclase grain boundaries show incipient granulation, and clinopyroxene is largely broken or recrys-
tallised to neoblasts. (B) Gabbroic cataclasite (88983005). Angular fragments of plagioclase are set in matrix of actinolitic
amphibole (probably replacing clinopyroxene fragments). (C) Mylonitised pyroxenite (88983066C). Relict cumulus pyroxene
porphyroclasts occur in a matrix of small clinopyroxene neoblasts and fragments. (D) Reaction texture between olivine and
plagiodase in doleritic-textured olivine gabbronorite (88983008). Plagioclase in contact with olivine contains clinopyroxene
inclusions that coarsen and become more abundant towards the olivine, probably reflecting subsolidus Fe-Mg diffusion from
olivine to react with Ca in plagioclase. Primary magmatic clinopyroxene forms rounded grains along clouded plagioclase grain
boundaries.

Figure 73. Cumulate and deformation textures in the Latitude Hill intrusion. (A) Fine-grained laminated doleritic-textured
olivine-bearing gabbronorite (88983021). Elongated plagioclase laths contain submicron-sized opaque inclusions, probably
reflecting exsolution of impurities (e.g., Fe oxide) trapped in the lattice of rapidly growing plagioclase. Pyroxene tends to be
interstitial, and is also dusted with very fine-grained opaque inclusions and exsolutions. (B) Doleritic-textured olivine
gabbronorite (88983023). Olivine (dark cracks) and clouded plagioclase are cumulus, whereas pyroxene is cumulus to
poikolitic. Clinopyroxene is much darker than orthopyroxene, due to the presence of abundant sub-microscopic impurities. (C)
Coarser-grained doleritic-textured olivine gabbro (88983013). Plagioclase is clouded with impurities, and, where in contact with
olivine, contains small greenish inclusions, probably clinopyroxene, as a result of diffusion and reaction of Fe and Mg with
anorthite in plagioclase. Pyroxene is largely interstitial. (D) Coarse-grained doleritic-textured gabbronorite (88983008).
Euhedral plagioclase laths contain impurities that recrystallise along grain boundaries as small clinopyroxene neoblasts.
Primary magmatic clinopyroxene and orthopyroxene are largely interstitial, clinopyroxene being darker than orthopyroxene
(richer in opaque inclusions). (E) Mature pyroxenite adcumulate with feldspathic orthocumulate pockets, giving a mottled
appearance in the field (88983015B). Both orthopyroxene and clinopyroxene are cumulus phases. (F) Feldspathic pyroxenite
orthocumulate, locally olivine-bearing (88983051). Orthopyroxene (slightly porphyritic) and clinopyroxene are cumulus,
whereas plagioclase is interstitial. In such mature cumulates, plagioclase is virtually free of impurities, probably a consequence
of lower cooling rates. (G) Gabbroic mylonite to proto-mylonite (88983035). Relict plagioclase and clinopyroxene porphyro-
clasts are set in an altered matrix of plagioclase fragments, infiltrated by pseudotachylite. (H) Marginal microgabbro, possibly
a chilled margin (88983041A), containing small euhedral plagioclase, orthopyroxene, and clinopyroxene. Myrmekitic inter-
growths of quartz and K-feldspar may be due to incorporation of granitic melts from partially melted felsic country rocks.
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Figure 77. Outcrops of the Hinckley Range gabbronorite intrusion. (A) Southern slopes of Mount Hinckley. (B) Layered and
graded gabbro. (C) Interlayered coarse-grained gabbro and microgabbro. (D) Altered plagioclase-phyric gabbro. (E) Mafic
granulite (recrystallised gabbro) veined by microgranite, western Hinckley Range. (F) Remnants of mafic granulite in granitic
veins, western Hinckley Range.

intercumulus to cumulus, culminating in the deposition of
several 10 cm-thick massive magnetite layers. This uppermost
iron-rich unit forms a consistent marker along the Bell Rock
intrusion, well expressed on aerial photographs and multis-
pectral images. Apart from the magnetite and dunite units,
monomineralic rocks are rare.

Magmatic layering is mainly developed only on a small
(cm to m) scale (cf. Boudreau 1987), and the megascale
cyclicity, so typical of the more mafic intrusions of the Giles
Complex, is poorly developed. Part of the sequence contains
numerous stratiform repetitions of microgabbro sills, which
may be chilled equivalents of the coarser-grained cumulates
(Fig. 87E). The phenocryst mineralogy of cross-cutting dykes
is similar to the cumulus mineralogy and crystallisation se-
quence in the layered cumulates. The magmatic stratigraphy,
mineralogy, style of magmatic layering, and degree of frac-
tionation of the Bell Rock intrusion are strikingly similar to

those of the Blackstone Range intrusion.

Most cumulate types show well-preserved primary mag-
matic textures, whereas advanced recrystallisation is apparent
in the near-monomineralic dunite, anorthosite, and magnetite
layers, in which post-magmatic annealing has produced equil-
ibrated granular-mosaic textures with triple grain boundaries.
More advanced deformation to mylonite occurs along shear
zones, which are particularly prominent below the stratigraphi-
cally low dunite horizons.

The principal types of cumulate in the Bell Rock intrusion
(Figs 91, 92) comprise:

Troctolite. Rounded olivine and, in places, euhedral plagio-
clase laths are the principal cumulus phases, accompanied in
the upper parts of the sequence by sparse cumulus magnetite.
In the more mafic troctolite, olivine is concentrated in aggre-
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Figure 78. Geological map of the Hinckley Range intrusion.

gates and rimmed by columnar orthopyroxene. In troctolite
with lower olivine/plagioclase modal ratios, orthopyroxene
becomes more abundant and may form large oikocrysts. Cli-
nopyroxene is invariably younger than olivine and plagioclase
and slightly younger than orthopyroxene. Opaque oxides are
intercumulus, but tend to become cumulus phases near the
massive magnetite layers above the 1970 m level. Post-mag-
matic biotite and rare amphibole are associated with oxide
grains.

Anorthosite. Plagioclase is the sole cumulus phase, whereas
olivine and clinopyroxene are minor intercumulus phases.
Orthopyroxene forms large poikilitic grains and is more abun-
dant than both olivine and clinopyroxene. Troctolite, anortho-
site, and a complete range of transitional rocks are commonly
interlayered in a rhythmic pattern.

Dunite. Dunite is confined to a narrow, rhythmically layered
stratigraphic interval at about 1580 m where layers alternate
with troctolite and anorthosite. Olivine is the only cumulus
phase and plagioclase a minor intercumulus mineral, partly
replaced by greenish actinolitic amphibole. The dunite displays
adcumulate textures recrystallised to a well-equilibrated equi-
granular fabric with triple grain boundaries.

Gabbroic cumulates. Olivine and plagioclase are cumulus
phases, orthopyroxene is interstitial and less common than in
troctolitic cumulates, and clinopyroxene, rich in exsolved
opaque oxides, forms large subhedral to near-euhedral poikilitic
grains which may grade into cumulus textures. Opaque oxides
are interstitial or form rounded neoblasts exsolved from cli-
nopyroxene. Post-magmatic phases include red biotite and

greenish-brown amphibole, commonly associated with mag-
matic oxides.

Microgabbro wunits. Microgabbro units occur as fine-grained
cumulates at the margins of the intrusion or form stratiform
sills interleaved with, and intruded by, coarser-grained cumu-
lates. Cross-cutting mafic dykes may represent feeders of
these units and/or younger intrusions (Fig. 92B, C). Complete
gradations occur between coarse-grained slightly immature
cumulate textures, finer-grained subophitic microgabbro, and
quenched basaltic melts. Phenocrysts in the latter units are
similar in composition to cumulus phases in the layered
sequence.

Mineral compositional ranges are shown in Figures 93 and
94. Olivine ranges from Fog to about Foss. No textural
evidence was found to indicate that olivine was replaced by
orthopyroxene (i.e., no peritectic reaction relationship with
the melt); for example, modal orthopyroxene does not increase
with falling mg value upward in the sequence, in contrast to
the gabbroic and ultramafic intrusions. Relative to olivine,
orthopyroxene has higher mg, ranging from 72 to 62. Cli-
nopyroxene shows no systematic compositional trend, probably
because it is a late intercumulus phase. Clinopyroxene mg
values are poor indicators of magmatic differentiation, because
clinopyroxene becomes more magnesian as it exsolves or-
thopyroxene during subsolidus equilibration. Plagioclase An
contents are highly variable (85 to 55), and show little sys-
tematic variation with coexisting olivine compositions.

The stratigraphic orientation of the Bell Rock Range se-
quence (Figs 88, 93) remains ambiguous, as the morphology
of the cryptic layering pattern can be interpreted either way.
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Figure 79. Landsat-5 TM pc2(4/3;5/7):5/4:4/3 RGB image of the western part of the Hinckley Range intrusion, which has been
extensively recrystallised to mafic granulite, with abundant gabbroic relics, and intruded by numerous granitic veins. The
sequence is cut by several generations of dolerite dykes (Md). Effective discrimination of gabbro from mafic granulite in the
field is made difficult by their similar appearance and irregular dimensions and borders. However, in Landsat images,
clay-weathered relict gabbro (Gb), which shows in red, can readily be discriminated from mafic granulite (Mn), which shows
in yellow to green, due to iron oxide and silica-rich weathering crusts. The presence of thin silica crusts on mafic granulite is
related to the abundance of granite and aplite veins. Thus, despite the overall similarities in the chemistry and mineralogy of
the gabbro and mafic granulite, the reflectance characteristics of the latter are more like that of felsic granulite.

However, unless it is overturned, the general dip of the
cumulate sequence suggests that it youngs to the southwest.
Grading and cross-layering structures also suggest southwest-
ward younging, and there is a tendency for modal magnetite
to increase in the same direction.

The parent magma must have been highly fractionated and
saturated with olivine and plagioclase (and possibly also
clinopyroxene and magnetite) at the time of emplacement.
As a direct consequence, there is no departure from olivine—
plagioclase co-precipitation even at stratigraphic levels where
chemical reversals signify influxes of fresh melt. Silica activity

does not seem to increase with protracted fractionation, i.e.,
there is no increase in modal orthopyroxene upward in the
sequence, probably because the fractionating phase assem-
blages were at all times richer in SiO, than the equilibrium
melt. Magnetite saturation presumably resulted from Fe en-
richment and an increase in oxygen fugacity in the derivative
liquids. The correlation between the Bell Rock and Blackstone
Range intrusions (Daniels 1974) is based on (1) the occurrence
of stratigraphically low dunite layers in both intrusions, (2)
the occurrence of closely spaced magnetite units above the
dunites in both sequences, and (3) the normal fractionation
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trend between 2700 and 3600 m in the Bell Rock sequence
resembles a similar trend in the Blackstone Range sequence
between 1800 and 2500 m.
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Figure 80. Geological overlay for the western part of the
Hinckley Range intrusion (Fig. 79). Symbols as in Figure 51.

Teizi anorthosites

The felsic granulite sequence of the Ewarara-Teizi area,
between north of Gosse Pile and the Teizi bore, is extensively
intruded by lenses of little-deformed, coarse-grained, mag-
matically textured to gneissose anorthosite, and by numerous
sills of recrystallised fine-grained granoblastic meta-anortho-
site. Discrimination between fine-grained granoblastic anor-
thosite and feldspathic felsic granulite is difficult in outcrop,
but the former is quartz-free and displays a more clay-rich
weathering crust due to the lower stability of calcic plagioclase.
Accurate depiction of these units by the clay indicators of

Figure 81. Cumulate textures in the eastern (magmatic) part
of the Hinckley Range intrusion. (A) Typical olivine-bearing
gabbronorite (87980003). Olivine (clear grains with cracks),
brownish clinopyroxene (with exsolved oxide), lighter or-
thopyroxene (partly with magnetite symplectites), and
euhedral plagioclase laths are the main constituents. The grey
clouding of plagioclase is due to minute dark grains, possibly
Fe oxide impurities incorporated into the lattice during high-
temperature crystallisation that exsolved on cooling. (B)
Gabbroic cumulate (87980023B). Plagioclase, forming laths
dusted with small inclusions, is the main cumulus phase,
whereas clinopyroxene is cumulus to intercumulus. This rock
is interpreted as an immature cumulate that may have formed
by comparatively rapid crystallisation. (C) Anorthositic gab-
bronorite cumulate (87980001). Elongated euhedral
plagioclase is cumulus, whereas clinopyroxene is largely in-
tercumulus and recrystallised to small clinopyroxene—oxide
neoblasts. The texture is similar to that of some sills or dykes
with subophitic to intergranular textures, which contain pla-
gioclase phenocrysts and granular clinopyroxene and opaque
oxides in the groundmass. Such textures suggest relatively
rapid cooling and crystallisation. This is one of the most
fractionated cumulates sampled in the Hinckley Range intru-
sion.
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Figure 82. Fine-grained marginal rocks in the Hinckley Range intrusion. (A) Fine-grained sample from the southern margin
of the intrusion (87980017). This may be a rapidly quenched gabbroic rock that formed under highly varied cooling rates and/or
amounts of strain, or may have lost a fluid phase during crystallisation, thus allowing rapid growth of fine-grained material.
Plagioclase is typically crowded with minute opaque inclusions, suggesting rapid growth. (B) Fine-grained marginal gabbroic
rock with coarse-grained cumulate-textured enclaves (87980021A). It is not clear whether this is a primary magmatic texture
(a chilled margin, formed with highly varied cooling rates, amount of strain, or fluid pressures) or a secondary metamorphic
texture (subsolidus high-temperature shearing, followed by static recrystallisation). (C) Gabbroic granulite (87980016), with
equigranular plagioclase, clinopyroxene, and subordinate opaque oxides and orthopyroxene. Phlogopite is a common minor
phase. The modal ratio of clinopyroxene to oxide neoblasts is about the same as in primary clinopyroxene with exsolved oxide,
consistent with a gabbroic precursor. (D) Fine-grained, possibly chilled marginal rock (87980021B), with small euhedral to
subhedral twinned plagioclase laths and granular clinopyroxene and orthopyroxene. Plagioclase morphology suggests that this
is a primary magmatic texture. Crossed polarisers.

Figure 83. Deformation textures in the Hinckley Range intrusion. (A) Altered troctolite cut by opaque pseudotachylite veinlet
(87980002). Olivine is surrounded by thin green symplectitic rims of orthopyroxene and magnetite, possibly representing an
oxidation reaction. (B) Gabbroic mylonite (87980032). Deformed clinopyroxene relics are partly replaced by amphibole
(medium-gray layers), and altered plagioclase is largely replaced by amphibole (light layers); near-opaque pseudotachylite is
black. The sample is from near the Hinckley Fault.
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Figure 84. Mafic sills and dykes in the Hinckley Range intrusion. (A) Coarse-grained olivine-plagioclase-phyric dyke
(87980007). Elongated brownish-clouded plagioclase laths and rounded olivine grains are phenocrysts, with interstitial
clinopyroxene. There are close textural similarities with immature doleritic-textured cumulates (cf. Fig. 81C). (B) Plagioclase—
olivine-phyric sill or chilled margin (87980019). Rounded olivine and lath-shaped plagioclase phenocrysts are set in a ‘dirty’
oxide-rich clinopyroxene-bearing groundmass. Fine-grained spinel-bearing symplectites in the groundmass reflect reaction
between olivine and plagioclase. (C) Primitive olivine—spinel-phyric dyke (87980024B). Euhedral olivine phenocrysts, with
euhedral Cr-Al spinel inclusions, are set in a plagioclase—clinopyroxene—oxide-rich groundmass. Such a composition is a
possible parent magma to the Wingellina Hills-Murray Range ultramafic intrusions. (D) Extremely fine-grained flow-textured
dyke (87980023A). Zoned plagioclase phenocrysts are set in dark groundmass. This rock is either a dyke or a thick pseudo-
tachylite vein, the euhedral plagioclase grains probably being more consistent with the former.

Landsat-5 TM, e.g., the pc2(4/3;5/7) index, is very useful in
the mapping of these units (Figs 53, 54).

The Teizi anorthosites have been described in detail by
Gray (1967). They consist of anorthosite (nearly 100% plag-
ioclase), orthopyroxene—plagioclase gneiss, and rare orthopy-
roxene rocks. The total thickness of the sequence is about
1500 m, and nine mappable lithological units can be distin-
guished, which define an antiformal structure. The core of
the antiform consists of even-grained gabbroic anorthosite,
comprising interlocking antiperthitic plagioclase (~85%) and
interstitial orthopyroxene (~15%). Contacts between the anor-
thosite and country rock felsic granulite are poorly defined
and not well exposed. However, there is a transitional contact
unit of mafic orthopyroxene—clinopyroxene—plagioclase—gar-
net granulite. The major component of the Teizi anorthosites
is coarse-grained blue-grey anorthosite, with pyroxene rarely
exceeding 10 percent. Antiperthitic plagioclase occurs as ser-
rated interlocking grains, forming a metamorphic texture.
Pyroxene locally forms foliated aggregates and augen-shaped

clots. The unit includes a sheared recrystallised fine-grained
equivalent of the anorthosite, containing relict coarse-grained
anorthosite. This variety dominates the narrow, strongy sheared
and recrystallised, fine-grained anorthositic sills to the north
and west of Teizi bore (Fig. 53). Pegmatitic units consist of
very coarse-grained orthopyroxene.

Deformation has produced complex interlayering, with
gradational contacts between pyroxene—plagioclase gneiss, fo-
liated gabbroic anorthosite, and pure anorthosite. Such layered
anorthositic units within massive anorthosite form useful struc-
tural markers. The layering, on a centimetre to metre scale,
is defined by various pyroxene—plagioclase proportions. Min-
eral assemblages include garnet and hornblende, and plagio-
clase in such units is not antiperthitic; the texture is granoblastic.
Advanced to cataclastic deformation of anorthosite is marked
by a general decrease in twinning and bending of relict
twinning, undulose extinction, shearing, areas of granulation,
and grain alignment with long axes parallel. Alteration was
associated with development of carbonate.
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Figure 85. Stratigraphy and mineral chemistry of the Hinckley Range intrusion.
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Figure 86. Average mineral compositions of the Hinckley Range intrusion (error bars are two standard deviations).
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Figure 87. Outcrops of the Bell Rock troctolite/gabbro intrusion. (A) Outcrops of gabbro, cut by a mafic dyke, northern Bell
Rock Range. (B) Cross-layered gabbro. (C, D) Rhythmically layered gabbro. (E) Intermingled coarse-grained and medium-
grained gabbro. (F) Cumuloblasts of pyroxene in gabbro. (G, H) Microgranite-veined contact with felsic orthogneiss.
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Figure 88. Geological map of the Bell Rock intrusion.
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Figure 89. Landsat-5 TM pc2(4/3;5/7):5/4:4/3 RGB image of the northwestern part of the Bell Rock intrusion. Extensive
fireburns in the area result in excellent exposure of the layered mafic rocks. Unburnt areas show the typical clay-like red
reflectance of dry vegetation. Whereas gabbro (Gb) in burnt areas reflects in low-albedo dark brown colours, units of
Jerrogabbro (Gf) and mafic dykes, characterised by abundant magnetite and its weathering products, show in bright green. The
high resolution of these units makes their discrimination more straightforward than is allowed by field and aerial photograph
mapping.
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Figure 90. Geological overlay for the northwestern part of the
Bell Rock intrusion (Fig. 89). Symbols as in Figure 51.
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Figure 91. Cumulate textures in the Bell Rock intrusion. (A)
Troctolite (88982012). Olivine (dark cracks) and plagioclase
are cumulus phases, clinopyroxene, rich in exsolved oxide, is
interstitial to poikilitic, and there is minor orthopyroxene
around olivine. Plagioclase is clouded with dark very fine-
grained inclusions. (B) Gabbroic troctolite (88982014).
Olivine and clouded plagioclase are cumulus minerals, and
clinopyroxene (at left) is poikilitic. (C) Troctolite (88982013).
Olivine is locally surrounded by columnar orthopyroxene
overgrowths and plagioclase is clouded with minute oxide
inclusions. (D) Anorthosite (88982015), consisting of cumu-
lus plagioclase, minor interstitial clinopyroxene, and rare
euhedral opaque oxide grains.
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Figure 92. Cumulate textures and mafic dykes and sills in the Bell Rock intrusion. (A) Gabbroic troctolite (88982019A). Olivine
and clouded euhedral plagioclase are cumulus phases, whereas exsolved oxide-rich clinopyroxene is interstitial. The texture is
thought to indicate higher than normal cooling rates. (B) Olivine-plagioclase-phyric dyke (88982007). Rounded olivine and
euhedral plagioclase phenocrysts are set in a very fine-grained quenched groundmass. The phenocryst population resembles
in detail the cumulus phases predominating in the host cumulates (cf. Fig. 92A). (C) Fine-grained olivine-plagioclase-phyric
sill (88982010B). Euhedral olivine and elongated euhedral plagioclase phenocrysts occur in a very fine-grained groundmass.
In contrast to stratabound microgabbro units, the sill, although conformable with the magmatic layering, is younger than the
cumulates. (D) Altered deformed troctolite (88982010A). Olivine (dark cracks) in contact with plagioclase is surrounded by a
narrow clear inner rim of columnar orthopyroxene, followed by an extremely fine-grained greenish symplectitic outer rim. Such
a reaction is common to most Giles Complex intrusions where there has been fluid infiltration.
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The Giles Complex 2: Blackstone-Jameson region

Regional geological framework

The region west of the Tomkinson Ranges, from 127° 00" to
128° 30’E and 25° 00" to 26° 20’S (Figs 1, 47), contains nu-
merous outliers of the Giles Complex, which commonly form
elevated ridges, interspersed with dune areas and alluvial
plains containing scattered hills of gneiss and Tollu Group
volcanic rocks. This area, referred to here as the Blackstone—
Jameson region and mapped by Daniels (1974), was investi-
gated in the present study principally with regard to the
mafic—ultramafic intrusions of the Giles Complex, which
include the Blackstone Range troctolite/gabbro, Cavenagh
Range gabbro, Murray Range pyroxenite/peridotite/gabbro,
Jameson Range troctolite/gabbro, and the smaller Morgan
Range gabbro intrusions. Systematic sampling cross-sections
and petrological studies were conducted on the Blackstone
Range, Murray Range, and Jameson Range bodies. Most of
the Cavenagh Range and large parts of the Jameson Range
bodies, and intervening gneiss and volcanic terranes, were
inaccessible due to their status as Aboriginal sacred areas.
For this reason, field mapping of the terranes within the
Blackstone, Cooper, Holt, and Finlayson 1:100 000 sheets
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2800
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remains incomplete, and this section is based on mapping of
accessible areas, petrology of the mafic—ultramafic intrusions,
and interpretation of Landsat-5 TM and airborne TMI data
flown at 1500 m intervals.

The broad structural features of the Blackstone—Jameson
region are outlined by the airborne TMI map (Fig. 95), which
displays the layered mafic—ultramafic intrusions as blocks
characterised by strongly disturbed positive and negative
anomalies. Thus the latitudinal 33x4 km steeply dipping Black-
stone Range body is marked by a line of magnetic lows
fringed by magnetic highs to the north and south. The sharp
southern boundary of this intrusion suggests a major fault,
extending westward from the fault which bounds the Bell
Rock intrusion and delimiting the downfaulted Tollu Group
volcanic rocks and underlying granitic basement to the south
(Figs 47, 95). The fault is nowhere exposed, and may be a
west-directed thrust fault. The flat-lying Cavenagh Range
gabbro is likewise marked by several roughly circular magnetic
lows over an area of 22x18 km. This intrusion has been
interpreted as a flat-lying segment of a lopolith comprising
the Bell Rock and Blackstone Range intrusions, and possibly

129°00°
s 25°00'

1 29"88’033’

22/A1107

Figure 95. TMI image of the western Musgrave Block. Lighter areas are more positive. See Figure 97 and Plate 3 for
correlations with the principal geological features. The traces of the Officer Basin Thrust Fault to the south and the Woodroffe
Thrust Fault to the north are well represented. Outlines of many of the major Giles Complex intrusions (e.g., Bell Rock, western
Michael Hills, Hinckley Range, Blackstone Range, and Jameson Range) are also well shown.



coeval with the Tollu Group (Nesbitt et al. 1970; Daniels
1974).

Negative magnetic anomalies are also associated with
mafic volcanic rocks of the Tollu Group, in particular at
MacDougall Bluff and Mummawarrawarra Hill, and also along
strike of interlayered felsic to mafic volcanic units south of
the Blackstone Range intrusion. South of this terrane, the
major thrust faults which divide the Musgrave Block from
the Officer Basin are indicated by a conspicuous 2—4 km-wide
arcuate zone, delineated by a line of magnetic lows, in places
coupled with a line of magnetic highs to their north. This
coupling is interpreted in terms of thrusting of volcanic rocks
of the Bentley Supergroup, together with granitic basement
rocks, over the Townsend Quartzite to the south.

A major northwest-trending magnetically disturbed zone,
about 75 km long and up to 15 km wide, marks a major
mafic intrusion which includes the troctolite-gabbro outcrops
of the Jameson and Finlay Ranges in the Finlayson and
Bentley 1:100 000 sheet areas (Fig. 95). The peak anomaly
of 7400 nT occurs over an unexposed area to the north of
the Jameson Range. A smaller, possibly separate, mafic body
is marked by gabbro outcrops associated with a magnetic
high about 33 km north-northwest of Jameson community
(Fig. 95). The most northwesterly outcrops of the Finlay
Range-Jameson Range intrusion occur near 127° 28'E, 25°
40’S (near the eastern boundary of the Bentley 1:100 000
sheet), but the extension of the disturbed .magnetic zone
suggests that the underlying mafic body extends a further
20 km to the northwest. Isolated outcrops, representing the
northernmost exposures of the Giles Complex, have been
reported from Diorite Hill (Fig. 97), where they are associated
with a magnetic anomaly (Daniels 1974). The isolated mafic—
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ultramafic outcrops of the Murray Range, Lehmann Hill, and
Mount Muir are also marked by magnetic anomalies (Fig. 95).

The distribution of mafic-ultramafic bodies of the Giles
Complex is apparent on Landsat-5 TM images where they
are overlain by thin alluvial cover which in part includes their
decomposed products. The clay-dominated weathering crusts
of the gabbro associated with iron oxide-rich streaks derived
from magnetite-rich gabbro and monomineralic magnetite
layers outline the shallow subsurface distribution of the
Jameson-Finlay Range troctolite/gabbro and Cavenagh Range
gabbro. The close match between the Landsat-5 TM patterns
and the magnetically disturbed zone allows an accurate de-
lineation of the boundaries of otherwise poorly exposed mafic
bodies manifested by TMI (Fig. 95) and Bouguer gravity
(Fig. 96) anomalies, so that the bedrock geology can be
delineated with a reasonable degree of confidence (Fig. 97).
Iron oxide-rich alluvial deposits, shed from monomineralic
magnetite seams within the Jameson Range intrusion, show
clearly on the images, due to high 5/4 ratios, expressed as
green lineaments and strings of alluvial depressions on
pc2(4/3;5/7):5/4:4/3 RGB images. Such images are useful in
delineating magnetite-rich gabbro units, for example in the
Blackstone Range (Fig. 108) and Murray Range intrusions
(Fig. 101).

Murray Range pyroxenite/
peridotite/gabbro intrusion

Most of the Murray Range is made up of gabbroic rocks,
which, in the central part of the range, are extensively recys-
tallised to mafic granulite and contain relict layers of felsic

GRAVITY
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Figure 96. Bouguer gravity anomaly image of the western Musgrave Block, outlining the traces of the Officer Basin and
Woodroffe Thrust Faults and anomalies associated with mafic—ultramafic intrusions of the Giles Complex. Lighter areas are
more positive.
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granulite and granitic gneiss (Daniels 1972). These rocks have
not been studied in detail due to difficulties of access. The
western Murray Range intrusion is an isolated well-layered
body surrounded by felsic to mafic granulite and granite
gneiss (Figs 98-101; Plate 3). This western succession is
continuous for about 2600 m and the layering strikes northwest
and dips steeply between 80 and 90°. The magmatic sequence
is well layered from centimetre-scale to megascale, and consists
mainly of pyroxenite, peridotite, harzburgite, and dunite, with
subordinate gabbro and gabbronorite (Fig. 104). It has the
highest proportion of peridotite and the most primitive cu-
mulates observed in the Giles Complex, with some similarities
to the Wingellina Hills, Kalka, and Ewarara intrusions to the
east (Ballhaus & Glikson 1995). Intrusive contacts with the
country rock granulites are obliterated by faulting or covered

by alluvium, and no chilled margins have been found.

No clear way-up criteria have been observed, but the unit
interpreted as the first 500 m of the sequence consists of
massive, poorly layered uniform pyroxenite. This is followed
by an exceptionally well-layered sequence of gabbroic to
gabbronoritic units, alternating with wehrlite and peridotite
layers (600 m to at least 1500 m). Stratigraphically higher
units consist of coarse-grained orthopyroxenite, harzburgite
(Fig. 98B), and subordinate dunite orthocumulates. Plagioclase
in the upper part of the sequence is exclusively intercumulus
and rarely exceeds 5 percent. The sequence is cut by concordant
shear zones, associated with mylonitisation and hydrous al-
teration of the cumulates and, locally, by granitic and aplitic
veins.
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Figure 98. Outcrops of the Murray Range pyroxenite/peri-
dotite/gabbro intrusion. (A) Layered gabbro, recrystallised
gabbro, pyroxenite, and peridotite, looking northeast. (B)
Layered peridotite.

The major cumulate units are as follows:

Orthopyroxenite adcumulates to orthocumulates.

Orthopyroxene is commonly the only cumulus phase and
occurs as both an early generation of large elongated euhedral
phenocrysts (Fig. 102A, B), and a later generation of smaller
equant grains. Clinopyroxene is less abundant, particularly as
a cumulus phase, and is mostly poikilitic, with abundant
exsolved brownish spinel. Clinopyroxenite is only found in
the lower half of the sequence. Plagioclase is interstitial and
commonly antiperthitic (Fig. 102C), notably in pyroxenite
adcumulates with low modal plagioclase contents. Some or-
thopyroxenite contains modal plagioclase in excess of 35 to
40 percent (Fig. 102D). The most primitive pyroxenite carries
minor cumulus olivine, coexisting with cumulus orthopyroxene
(Fig. 102E). Orthopyroxene shows a bimodal distribution in
pyroxenite orthocumulates (Fig. 102A, B) towards the top of
the sequence, a feature explained by the crystal growth rate
exceeding nucleation rate under rapid undercooling conditions,
followed by a decrease in cooling rates (Campbell 1987;
Marsh 1988). Such intraplutonic quenching may have occurred
where hot primitive magma mixed with cooler resident melt.

Feldspathic peridotite and dunite orthocumulates.

These rocks consist of cumulus olivine and accessory chromite,
with poikilitic orthopyroxene and clinopyroxene (Fig. 102F,
G). Transitions occur to dunite (Fig. 102G), wehrlite, and
pyroxenite. Where total modal pyroxene exceeds about 25
percent, it may grade into cumulus grains (Fig. 102H). Cli-
nopyroxene, and to a lesser extent, orthopyroxene are excep-
tionally rich in exsolved brownish spinel (Fig. 102F). Olivine
is completely altered to a characteristic intergrowth of silicified
serpentine with impregnations of magnetite and brown limonite.
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Chromite varies according to textural occurrence and host
mineral from near opaque and distinctly euhedral, where
included in pyroxene, to greenish translucent and irregularly
shaped, where included in olivine. Chromite in contact with
plagioclase has locally reacted to form pyroxene—amphibole—
biotite intergrowths. Plagioclase is invariably intercumulus,
and may be altered and zoned as a result of subsolidus
reactions.

Gabbronorite. Plagioclase and large orthopyroxene grains
are the main cumulus phases. Clinopyroxene is rich in exsolved
orthopyroxene and opaque oxides, and ranges from cumulus
to intercumulus (Fiug. 102J). Gabbronorite is commonly
strongly deformed, to the extent that magmatic exsolved
clinopyroxene grains are recrystallised to small clinopyroxene
neoblasts coexisting with rounded opaque oxide grains (re-
crystallised exsolved opaque minerals).

The effects of late or post-magmatic processes are widespread.
Cumulus dark brown spinel grains in contact with plagioclase
are commonly overgrown by symplectites of clinopyroxene
and light green spinel (Fig. 103E). Plagioclase in contact with
reacted spinel is optically zoned and depleted in An adjacent
to spinel. These clinopyroxene-spinel symplectites are attrib-
uted to net transfer of Al from plagioclase to spinel during
high-pressure cooling. In some samples, ferromagnesian sili-
cates in contact with plagioclase are rimmed by poorly de-
veloped fine-grained spinel-amphibole symplectites. It appears
that symplectites of this type were formed where deformation
and post-magmatic fluid infiltration occurred, lowering kinetic
barriers during subsolidus equilibration.

Plagioclase commonly contains micron-scale euhedral light
green clinopyroxene inclusions, especially in deformed cu-
mulates. Compositionally, these inclusions resemble coarser-
grained equilibrated clinopyroxene groundmass neoblasts. It
is likely that they represent recrystallisation of submicron
impurities in plagioclase. Clinopyroxene and orthopyroxene
in the most primitive cumulate units may be exceptionally
rich in exsolved brown spinel grains (Fig. 103F). Spinel is
commonly cleared from the rims of pyroxene grains by granule
exsolution, but forms small recrystallised blebs along grain
boundaries (Fig. 103F).

The sequence includes several stratabound layers and lenses
of amphibolite, mostly in the vicinity of shear zones. The
amphibole/plagioclase ratio reflects the pyroxene+olivine/pla-
gioclase ratio of their magmatic protoliths. The main phases
are greenish-blue coarse-grained euhedral tremolitic amphibole
(Fig. 103A) and sodic plagioclase. The latter is locally pre-
served as deformed magmatic cumulus relics. Relict clinopy-
roxene is rare and partly replaced by amphibole. As these
rocks are commonly little deformed, they presumably relect
hydration associated with introduction of volatiles along the
shear zones or faults.

In zones of mylonite and cataclasite development
(Fig. 103B-D), magmatic clinopyroxene tends to recrystallise
to aggregates of equant neoblastic grains, rarely intergrown
with rounded opaque oxides, probably magnetite—ilmenite
lamellae exsolved from clinopyroxene. Such deformed cumu-
lates also show granulation along plagioclase grain boundaries,
but orthopyroxene is the most resistant phase to recrystalli-
sation. Thus, ultramylonites have large porphyroclasts of kinked
orthopyroxene in a flow-textured matrix of plagioclase and
uralitised clinopyroxene. In places, proto-cataclasite predomi-
nates over proto-mylonite, possibly due to variations in de-
formation temperature and/or the subsolidus fluid regime.

The range of mineral compositions is summarised in Fig-
ures 104 and 105. Olivine ranges from about Fog to Fo,;,
the most magnesian olivine in the well-layerd ultramafic
sequence around the 2000 m level being close to equilibrium
with a primitive mantle-derived melt. Orthopyroxene replaces
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olivine on the liquidus at about Fo,4. Orthopyroxene mg values
range from about 88 to 67 and vary coherently with olivine.
Clinopyroxene is significantly more magnesian than coexisting
orthopyroxene. Cr/(Cr+Al) in clinopyroxene is a very sensitive
to chemical fractionation, because Cr partitions far more
strongly into pyroxene than does Al. Up to 0.25 in the most
primitive peridotitic units, it decreases to about 0.05 in the
most fractionated gabbronorite. In clinopyroxene coexisting
with cumulus spinel, Cr/(Cr+Al) varies coherently. Plagioclase

An contents range from about 80 to 20, but show little
correlation with olivine composition. For a given mg value
of coexisting olivine or orthopyroxene, plagioclase is com-
paratively sodic, at least in comparison with other ultramafic
intrusions of the Giles Complex such as the Wingellina Hills
intrusion (Ballhaus & Glikson 1989). This may be due to the
interstitial nature of plagioclase in most Murray Range cu-
mulates, but could also reflect higher crystallisation pressures
(Green & Hibberson 1970).

gabbro to melagabbro

basaltic dyke

|

position of sampling traverse

mafic pyroxenite, wehrlite or peridotite unit
mafic layer within pyroxenite or gabbro
granulite (including recrystallized cumulates)

shear zone, locally with amphibolite

0 1000 m
b —

Figure 99. Geological map of the Murray Range intrusion.
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Figure 100. Aerial photograph of the southern part of the southwestern Murray Range intrusion.

The Murray Range sequence is an example of a multiply
replenished magma chamber (cf. Irvine 1980). The cryptic
layering pattern (Fig. 104) reveals two gradual chemical re-
versals (near the basal contact and 1100 m level) towards
more primitive (i.e., more Mg and Ca-rich) mineral compo-
sitions, each followed by extended periods of normal frac-
tionation. These reversals are reflected in changes in mg in
orthopyroxene and Cr/(Cr+Al) in clinopyroxene. The lack of
overall chemical differentiation makes it difficult to decide
which way the sequence is younging. We believe that the
southern contact marks the bottom of the intrusion, for three
reasons: (1) the chemical reversals are broadly situated where
the sequence changes from predominantly gabbroic to pre-
dominantly ultramafic lithologies, (2) the bases of ultramafic
cycles are typically orthocumulates, suggesting that they formed
in a high thermal gradient (Campbell 1987; Ballhaus & Glikson
1989), and (3) several ultramafic intercalations are preceded
by hybrid zones in which patches and schlieren of ultramafic
cumulate material occur intermingled with more fractionated
gabbroic material (Ballhaus & Glikson 1989). Such hybrid
zones may form when the first batches of a major pulse
collect on the magma chamber floor and freeze before they
can homogenise with the cooler resident melt. As such, they
must define the footwall contact of an ultramafic unit. Hence,
the stratigraphic sequence of the Murray Range intrusion
probably youngs towards the northeast.

Crystallisation sequences and mineral compositions in the
most mafic units suggest that the parental melt of the Murray
Range intrusion was saturated with olivine and an aluminous
spinel, and was near-primitive with respect to MgO content.
The crystallisation sequence was (1) olivinetaluminous spinel,
(2) olivine(orthopyroxene)—clinopyroxene, and (3) (olivine)—
orthopyroxene—clinopyroxene—plagioclase. The megascale lay-
ering is a direct consequence of the undersaturated nature of
the replenished melt. Any pulse of a liquid saturated only in
olivine into multiply saturated resident melt must have resulted
in the loss of at least one liquidus phase, and commonly two,

with a corresponding change in the cumulate mineralogy.

Blackstone Range troctolite/gabbro
intrusion

The Blackstone Range intrusion is a major troctolitic magmatic
sequence, similar to the Bell Rock troctolite/gabbro (Daniels
1974). It consists of at least 3600 m of highly fractionated,
commonly rhythmically layered troctolite, olivine gabbro,
anorthosite, rare dunite layers, and monomineralic magnetite
layers (Figs 106-109, 112). The cumulates are largely unde-
formed except along the top and bottom margins, but intrusive
contacts with granulite-facies country rocks are not exposed.
Near the northern margin, the cumulates are recrystallised to
massive, fine-grained phlogopite-bearing mafic granulite, pos-
sibly incorporating former chilled margins. The southern con-
tact is faulted against Tollu Group volcanic rocks (Daniels
1974). The fault shows as a marked lineament on the TMI
map (Fig. 95), but is not exposed. With the exception of
dunite and magnetite layers, megascale phase layering is
poorly developed, although olivine—plagioclase layering on a
cm scale is common. The magmatic layering dips relatively
steeply (70-75°) to the south.

The principal cumulate types (Fig. 110) comprise:

Troctolite, gabbroic troctolite, and troctolitic gabbro.
Olivine and plagioclase are the main cumulus phases, locally
accompanied by minor cumulus clinopyroxene (Fig. 110A,
B). Greenish clinopyroxene with exsolved opaque oxide is a
later poikilitic phase. Orthopyroxene forms narrow irregular
moats around olivine, grading in places into larger irregular
orthopyroxene—magnetite symplectites (Fig. 110A) and poikili-
tic orthopyroxene grains. Opaque oxides include titaniferous
magnetite and rounded green hercynite—pleonaste inclusions.
Adjacent to massive magnetite layers, magnetite grades from
intercumulus to cumulus with increasing abundance. Accessory
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phases include post-magmatic biotite flakes around magmatic
oxides, rare brownish amphibole moats around intercumulus
magnetite, and rare greenish actinolitic amphibole. Primary
magmatic phases are usually fresh and undeformed, except
near shear zones and pseudotachylite veinlets.

Anorthosite. Anorthosite is common in well-laminated parts
of the magmatic sequence. Olivine-bearing anorthosite cumu-
lates contain up to 10 percent modal olivine and little or no
interstitial clinopyroxene. In rocks with very low olivine
contents, the olivine is interstitial (Fig. 110B). In some anor-
thosite layers, plagioclase is the only cumulus phase and
olivine and clinopyroxene are absent. Interstitial ferromagne-
sian phases in anorthosite are commonly replaced by actinolitic
amphibole.

Dunite. Rare dunite shows tightly packed adcumulate to
mesocumulate textures (Fig. 110E). Dunite and other near-

monomineralic cumulates (anorthosite and massive magnetite
layers) commonly display advanced annealed textures, where
primary cumulus textures are replaced by granular mosaic
fabrics with 120° triple grain boundaries. No primary interstitial
phases were observed in dunite, having been replaced by
greenish actinolitic amphibole. However, cumulus olivine was
not affected by hydrous alteration, suggesting that it must
have taken place above the thermal stability limit of serpentine.

Quenched equivalents of cumulates. The upper part of
the sequence includes a stratigraphic interval near 2850 m
with several fine-grained layers, interpreted as mafic sills that
intruded later than the layered cumulates, or as late-magmatic
liquid quenched against much cooler resident melt. Elongated
euhedral plagioclase and opaque oxide-rich aggregates (olivine
pseudomorphs?) are phenocryst phases. Granular clinopy-
roxene and oxides form interstitial aggregates between the
plagioclase laths (Fig. 110F). From the phenocryst populations,
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Figure 101. Landsat-5 TM pc2(4/3;5/7):5/4:4/3 RGB image of the Murray Range area. The western Murray Range py-
roxenite/peridotite/gabbro intrusion (lower left of centre) shows carbonate alteration of ultramafic rocks (red) and iron
oxide-coated pyroxenite ridges (green). The northeastern gabbroic body (near Illurpa Bore, top right) has a predominantly red
clay-weathering signature. Mafic granulite and felsic orthogneiss of the central Murray Range (northwest-southeast-trending
belt) have a green iron oxide-weathering signature. Vegetated alluvial valleys appear as blue (high 4/3 band ratio). Compare
with the geological map on Plate 3.



these rock types may be equivalent to parent melts of the
host cumulates. Underlying and overlying this fine-grained
zone are several intervals dominated by orthocumulates, with
cumulus plagioclase and olivine (Fig. 110C, G).

Recrystallised cumulates. Most cumulates show little de-
formation, but are locally cut by mylonitic shear zones asso-
ciated with hydrous alteration. Granophyre veins occur locally.
In some samples, olivine in contact with plagioclase is sur-
rounded by greenish symplectitic coronas of grain sizes below
the resolution of optical microscope and microprobe. Such
symplectites probably consist mainly of hydrous phases as
they are confined to altered deformed cumulates near mylonite
zones. Gabbroic cumulates along the margins of the intrusion
show various degrees of recrystallisation. Primary clinopy-
roxene with exsolved oxide tends to recrystallise to granoblastic
aggregates of clinopyroxene and rounded opaque oxide
neoblasts (Fig. 110H). Olivine is much less common in the
recrystallised zones, suggesting that recrystallisation was ac-
companied by the introduction of alkali-bearing fluids to form
phlogopite. Some extensively recrystallised rocks contain relict
coarse-grained gabbroic micro-enclaves with euhedral plagio-
clase (Fig. 111A), whereas others are completely recrystallised
to mafic granulite (Fig. 111B).
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Mineral compositional variations are shown in Figures 112
and 113. Olivine ranges from Fog; to Foy. the latter being
the most fractionated olivine reported from the Giles Complex,
and mg values of coexisting orthopyroxene range from about
70 to 55. Cr contents of clinopyroxene are close to the detection
limit and show no systematic stratigraphic trend. Clinopyroxene
mg values probably do not reflect primary magmatic cryptic
layering trends due to equilibration at lower temperatures.
Plagioclase An contents range from more than 80 to about
50, and vary sympathetically with mg of olivine and orthopy-
roxene. The cryptic layering pattern suggests at least two
major magma pulses, one starting at the assumed bottom
contact of the intrusion and a second above the 2500 m level.
The cryptic layering pattern strikingly resembles that of
the Bell Rock intrusion (cf. Figs 93 and 112). It is suggested
that the minimum mg value at the 2400 m level is equivalent
to a similar minimum at the 3600 m level in the Bell Rock
sequence. Likewise, the dunite layers in the 400450 m se-
quence of the Blackstone Range intrusion may correlate with
a similar sequence near the 1500 m level at Bell Rock. There
is again no clear indication as to which way chemical frac-
tionation was directed and where the bottom and top contacts
may have been situated. However, unless the sequence is
overturned, it youngs toward the south. We concur with
Daniels (1974) that the Bell Rock and Blackstone Range
sequences originally formed one continuous intrusion.

Figure 102. Cumulate textures in the Murray Range intrusion. (A) Orthopyroxenite orthocumulate (88980012). Orthopyroxene
occurs both as porphyritic grains, with minor exsolved spinel, and as a second generation of smaller rounded grains. Brownish
clinopyroxene is poikilitic and much richer in exsolved spinel than orthopyroxene. Plagioclase is colourless and interstitial.
Elongated grains and bimodal size distributions are thought to reflect rapid cooling rates. (B) Orthopyroxenite orthocumulate
(88980017). Elongated porphyritic orthopyroxene, with exsolved spinel and spinel granules at grain margins, and a later
generation of rounded orthopyroxene are all included in brownish poikilitic clinopyroxene, rich in exsolved spinel. (C)
Annealed pyroxenite adcumulate with rare plagioclase (88980001). Both orthopyroxene and clinopyroxene are cumulus.
Plagioclase (centre) is antiperthitic and rich in exsolved K-feldspar rodlets that tend to be concentrated near grain centres. (D)
Orthopyroxene orthocumulate (88980022). Orthopyroxene forms euhedral, slightly elongated phenocrysts in a matrix of
interstitial plagioclase. The modal plagioclase content (about 40 vol. %) is normally much too high for an intercumulus phase.
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Jameson Range tl’OCtOlite/gabbl‘O 2500 m of layered Fe-rich troctolite, gabbroic troctolite, and
int . anorthosite adcumulates, with various proportions of dissemi-
Intrusion nated magnetite (Figs 114, 116). The outcrops represent part

The Jameson Range intrusion is composed of approximately  of a 75x15 northwest-trending mafic body defined by TMI

Figure 102 (cont.). (E) Olivine-bearing orthopyroxenite to harzburgite orthocumulate (88980010). This consists of rounded
cumulus olivine (clear cracked grains at left), elongated porphyritic orthopyroxene (with brown exsolved spinel), a second
generation of rounded orthopyroxene with much less exsolved spinel, dark rounded cumulus clinopyroxene grains, and opaque
euhedral cumulus chromite. Clear plagioclase between rounded orthopyroxene grains is interstitial. (F) Peridotite orthocumu-
late (88980002). The main phases are rounded cracked olivine, brownish poikilitic orthopyroxene, dark brown poikilitic to
interstitial clinopyroxene, and small opaque rounded cumulus chromite grains. Exsolved spinel in clinopyroxene is so abundant
as to mask the birefringence colours; such clinopyroxene contains more than 6.5 weight percent Al,O; and about 1 percent
Cr,0,. (G) Dunite orthocumulate (88980011), containing rounded olivine with characteristic serpentine mesh, poikilitic
exsolved spinel-rich clinopyroxene, rare altered colourless plagioclase (to right of photograph), and clear orthopyroxene rims
around some olivine grains. (H) Annealed wehrlite adcumulate (88980036), with rounded colourless olivine in a matrix of
annealed clinopyroxene, rich in fine-grained exsolved spinel and vermicular exsolved blebs of orthopyroxene. A few opaque
euhedral chromite grains are present. (I) Fine-grained feldspathic orthopyroxene orthocumulate ‘pocket’ in a matrix of
strongly annealed feldspar-free orthopyroxenite adcumulate (88980004). Patches of orthocumulate are up to several cm across.
The origin of the texture and patchy distribution of orthocumulate pockets is uncertain. (J) Typical gabbronorite adcumulate
(88980005), containing orthopyroxene, with some exsolved ilmenite plates, smaller clinopyroxene grains, and colourless
plagioclase.



anomalies (Fig. 95), Bouguer gravity anomalies (Fig. 96), and
by Landsat-5 TM images. About two-thirds of the magmatic
sequence is covered by alluvium. The top and bottom contacts
of the intrusion are not exposed and the nature of the contacts
with the country rocks is unknown.

Lithological variations are largely controlled by variations
in the olivine/plagioclase modal ratio, mostly on a centimetre
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to metre scale (Fig. 115A-C). Plagioclase and Fe-rich olivine
are the dominant cumulus phases. Clinopyroxene with opaque
exsolution lamellae (Fig. 115D) is usually a minor phase and
is poikilitic or interstitial relative to olivine and plagioclase.
Orthopyroxene is also minor, and forms narrow moats around
olivine. Magnetite is a common accessory intercumulus phase,
grading into cumulus in the vicinity of massive magnetite

Figure 103. Deformation and subsolidus textures in the Murray Range intrusion. (A) Amphibolite (uralitised pyroxenite or
peridotite cumulate, 88980037), consisting of greenish actinolitic amphibole, without plagioclase. Such amphibolites are mostly
undeformed, but occur in close spatial relationships with mylonite zones and can replace entire cumulate sequences. (B)
Strongly deformed gabbro to gabbronorite with proto-mylonite or proto-cataclasite texture (88980054). Rounded relict cumulus
orthopyroxene and large deformed plagioclase laths occur in a granular matrix of clinopyroxene, orthopyroxene, and
plagioclase. No primary clinopyroxene is preserved. (C) Strongly sheared gabbronorite (cataclasite, 88980058), with orthopy-
roxene and plagioclase fragments in a fine-grained matrix of plagioclase, clinopyroxene, and some hydrous phases. (D)
Uralitised gabbroic mylonite to cataclasite (88980060C). Relict magmatic clinopyroxene porphyroclasts and coarse-grained
amphibole occur in a fine-grained fragmented matrix of plagioclase and secondary amphibole. The rock is cut by rare felsic
veins (centre). (E) Opaque relict cumulus chromite grains, in contact with olivine (fragmented grains) and plagioclase (clear
grains), in periditite orthocumulate (88980002). Spinel grains are surrounded by clinopyroxene—spinel-amphibole symplectites.
(F) Granule exsolution of spinel in orthopyroxenite adcumulate (88980023). Exsolved spinel in cumulus orthopyroxene grains
is largely absent from grain rims, being concentrated in small brownish spinel granules around grain boundaries.
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Figure 105. Average mineral compositions in the Murray Range intrusion (error bars are two standard deviations).



layers. Late or post-magmatic accessory minerals include red
Ti-rich biotite (Fig. 115E) and thin brownish amphibole rims,
both generally near magnetite grains. Recrystallised rocks
contain secondary olivine, clinopyroxene, and orthopyroxene
neoblasts of similar composition to cumulus phases. These
neoblasts commonly coexist with rounded post-magmatic
opaque oxides (Ti-magnetite) that probably resulted from
granule exsolution from primary magmatic clinopyroxene
(Fig. 115D). Plagioclase—olivine-phyric dykes (Fig. 115F),
with a phenocryst mineralogy resembling the crystallisation
sequence inferred for the gabbroic cumulates, may represent

Figure 106. Outcrops of the Blackstone Range troctolite/gab-
bro intrusion. (A, B) Rhythmically layered troctolite.
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feeders of the cumulate sequence.

The Jameson Range intrusion includes some of the most
fractionated cumulates of the Giles Complex (Figs 116, 117).
Extreme chemical differentiation in the upper part of the
sequence led to the formation of several layers of massive
titaniferous and vanadiferous magnetite (Fig. 114D), which
contain from 1.06 to 1.30 percent V,0s. Olivine ranges from
about Fogs to Fos;, and mg values of coexisting orthopyroxene
from 72 to 62. There is no indication of a peritectic relationship
between olivine and orthopyroxene, nor does modal orthopy-
roxene increase with increasing degree of fractionation. Cli-
nopyroxene is significantly more magnesian than
orthopyroxene and Cr is near the detection limit. Plagioclase
An contents vary randomly from 75 to 49, sometimes with
a 20 percent variation within single grains. This can be
attributed to incomplete equilibriation during subsolidus re-
crystallisation.

Sampling density across strike is insufficient to identify
any clear cryptic variation pattern (Fig. 116), nor can abrupt
changes in cumulus mineralogy or any megascale layering
be identified, except where massive magnetite seams occur
in a zone of magnetite-bearing troctolite between the 1200
and 1700 m levels. Phase layering is particularly prominent
where the magma became enriched in iron under conditions
of high oxygen fugacity, triggering magnetite precipitation
and formation of magnetite layers. There is no obvious stra-
tigraphic variation in modal olivine/orthopyroxene ratio nor
any correlation of that ratio with chemical fractionation, im-
plying that the magma was too Fe-rich for olivine to react
with its equilibrium melt. There is no clear geochemical
evidence to indicate the younging direction, but the shallow
southwesterly dip of the magmatic layers makes it likely that
the sequence youngs to the southwest. This is consistent with
the distribution of disseminated magnetite within the troctolite,
namely a change from intercumulus to cumulus magnetite
upwards towards the monomineralic seams.

Cavenagh Range gabbro intrusion

The Cavenagh Range gabbro consists of nearly flat-lying
sheets of gabbro and gabbronorite cut by dense swarms of
subvertical dolerite dykes on a variety of scales. In places,
dykes are spaced every 10 to 100 m or so. The body forms
a dissected plateau and a group of low table-top hills which
occupy an area of about 10x10 km. As most of the body

[ ] anorthositic troctolite

basaltic dyke

normal fault or fracture
™~ shear zone
e + position of sampling traverse

troctolite unit, locally with dunite layers and magnetite seams

mafic granulite
.

Figure 107. Geological map of the Blackstone Range intrusion.
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Figure 108. Landsat-5 TM 5/4 pc2(4/3,5/7):5/4:4/3 RGB image of the eastern part of the Blackstone Range intrusion. The
image allows effective discrimination of thin magnetite-rich gabbro units (Gf), otherwise difficult to map in the field, which
show as green lineaments along strike, between clay-weathered gabbro zones. The iron oxide-rich alluvial material shed from
the intrusion is deep apple green. Creeks appear yellow, representing mixtures of iron oxide and clay.

16/A/254

Figure 109. Geological overlay for the eastern part of
the Blackstone Range intrusion (Fig. 108). Symbols as in
Figure 51.

Figure 110. Cumulate and quenched textures in the Black-
stone Range intrusion. (A) Coarse-grained troctolite
(90987505). This contains rounded, locally interstitial olivine
grains (cracked), interstitial opaque oxides partly rimmed by
amphibole, and an orthopyroxene—magnetite symplectite ad-
Jacent to orthopyroxene rims around oxide grains. The
colourless matrix is plagioclase. (B) Troctolite to troctolitic
anorthosite (90980178). Irregular cracked olivine, clinopy-
roxene, and magnetite occur in a matrix of cumulus
plagioclase. Olivine becomes interstitial in the most leu-
cocratic troctolites. (C) Marginal olivine gabbro (90980148).
Elongated euhedral plagioclase laths and irregular olivine
are cumulus, and clinopyroxene is an early intercumulus
phase. This is interpreted as a rapid crystallisation texture,
similar to those in porphyritic dykes. (D) Poikilitic clinopy-
roxene with exsolved opaque oxide in a gabbroic troctolite
(90980166). An olivine grain is at lower right. Euhedral pla-
gioclase appears to penetrate clinopyroxene, suggesting rapid
cooling. (E) Dunitic adcumulate (90980167), containing
rounded olivine grains, with former interstitial phases (pla-
gioclase and/or clinopyroxene?) replaced by actinolitic
amphibole. (F) Coarse-grained plagioclase-phyric sill in the
upper part of the Blackstone Range sequence, possibly a
chilled margin (90980143). The rock contains elongated pla-
gioclase phenocrysts, and the dark oxide-rich aggregates may
represent pseudomorphs after olivine. The groundmass con-
tains opaque oxides and clinopyroxene. Partly crossed
polarisers. (G) Gabbroic troctolite cumulate with a subophitic
texture like that of coarse-grained dykes (90980166). Cumu-
lus olivine (clear rounded cracked grains), elongated cumulus
plagioclase laths, and poikilitic clinopyroxene, with intersti-
tial opaque oxides are the main constituents. The sample is
[from near the southern margin of the intrusion. (H) Poikilitic
exsolution-rich clinopyroxene, partly recrystallised to smaller
rounded clinopyroxene and opaque oxide neoblasts, in troc-
tolitic anorthosite (90987505).
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occurs within Aboriginal sacred ground, only the northernmost

part was examined and the intrusion remains a subject for Morgan Range gabbro intrusion

future work. This 5 km long, northwest-trending body consists mainly of
intensely recrystallised gabbro and mafic granulite intruded
by pegmatite and granite veins and cut by both northwest
and northeast-trending mafic dykes. The extensive recrystal-
lisation has resulted in obliteration of most primary magmatic
structures and textures.

Figure 111. Marginal rocks in the Blackstone Range intrusion. (A) Gabbroic granulite or rapidly chilled marginal rock
(90980151). Coarse-grained gabbroic clinopyroxene—plagioclase enclaves with relict cumulus texture occur in a fine-grained
granular (?recrystallised) matrix of clinopyroxene, plagioclase, and opaque oxide neoblasts. It is not clear whether this is a
primary-magmatic or a secondary metamorphic texture. (B) Fine-grained recrystallised marginal gabbro (90980147), consist-
ing of clinopyroxene, orthopyroxene, plagioclase, and oxide neoblasts, with minor phlogopite. Olivine is absent from these
marginal recrystallised gabbroic rocks.
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Figure 112. Stratigraphy and mineral chemistry of the Blackstone Range intrusion.
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Figure 113. Average mineral compositions in the Blackstone Range intrusion (error bars are two standard deviations).

Figure 114. Outcrops of the Jameson Range troctolite/gabbro intrusion. (A) Layered troctolite. (B) Olivine and clinopyroxene-
rich layers in troctolite. (C) Cumuloblastic blebs of olivine and clinopyroxene in troctolite. (D) Outcrops of 5 metre-thick
magnetite unit in troctolite.
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Figure 115. Cumulate textures in the Jameson Range intrusion. (A) Laminated troctolitic anorthosite (90980023). Small
olivine and clinopyroxene grains form layers and lenses in a plagioclase-dominated matrix. A few rounded oxide grains
represent granule exsolution of oxide lamellae in magmatic clinopyroxene. A magmatic clinopyroxene grain with exsolved
opaque oxides is at upper right. (B). Finely layered recrystallised leucotroctolite to anorthosite (90980019). Small olivine and
clinopyroxene neoblasts occur in a matrix of highly deformed granoblastic plagioclase. (C) Olivine-rich layer in a strongly
deformed and recrystallised troctolitic anorthosite (90980022). There are a few large deformed plagioclase relics within a
neoblastic matrix of plagioclase. Partly crossed polarisers accentuate the degree of deformation of plagioclase. (D) Recrystal-
lised gabbroic troctolite (90980039). A large relict magmatic clinopyroxene grain has abundant exsolved opaque oxides near
its centre. It is recrystallised to clinopyroxene-opaque oxide neoblasts near the grain margins. (E) Coarse-grained anorthosite
(90980042) has reddish biotite flakes attached to a late-magmatic intercumulus magnetite grain. (F) Small olivine-plagioclase-
phyric dyke cutting the layered sequence (90980032). The dyke has elongated plagioclase and euhedral olivine phenocrysts in
a fine-grained plagioclase—oxide-rich groundmass. Such dykes have phenocryst populations that resemble the cumulus phases
in the troctolitic intrusions, and may therefore represent derivative parental melts to the host intrusion.
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The Giles Complex 3: petrogenesis

A comprehensive electron microprobe study of the Giles
Complex intrusions, including analyses of about 300 samples,
was conducted by Ballhaus (1993). The Giles Complex consists
of three major types of cumulate: primitive (producing ul-
tramafic cumulates), gabbroic, and troctolitic. In the following
section we identify, in broad terms, the parent magma com-
positions that gave rise to these cumulates and discuss how
they may be related. The study indicates that the magma
types which form the various intrusions of the Giles Complex
cannot be related to a single liquid line of descent from a
unique parent magma. Several crystallisation sequences are
distinguished, including (1) ultramafic olivine—clinopyroxene-
rich cumulate sequences, (2) mafic clinopyroxene—plagioclase-
rich sequences, and (3) evolved troctolitic
olivine-plagioclasetmagnetite-rich sequences. These se-
quences were derived from at least three discrete parent
magmas: (1) a near-primitive olivinetclinopyroxene-saturated
melt, (2) a more fractionated olivine—(orthopyroxene)—clinopy-
roxene—plagioclase-saturated melt, and (3) a strongly fraction-
ated olivine—plagioclasetmagnetite-saturated melt. These
magmas represent derivatives of a parental liquid (or liquids)
that experienced various degrees of polybaric orthopyroxene—
clinopyroxenetolivine fractionation at significantly greater
depths than those at which the Giles Complex was subsequently
emplaced. The layered bodies are intruded by several gen-
erations of mafic dyke, the phenocryst assemblages of at least
some of which resemble the crystallisation sequences in the
host cumulates.

Parental magmas of the Giles

Complex

Although chilled margins occur locally (e.g., Kalka, Mount
Davies), their contaminated state requires estimation of parent
melt compositions from crystallisation sequences and phase
compositions of the most primitive cumulates in each intrusion.
Implicit in this is that the crystallisation sequences in the
cumulates reflect the liquidus relations of the parent melts.
On this basis we identify three major types of parental magma:
(1) a primitive, olivine-normative, olivine—spinel-saturated lig-
uid, (2) a moderately fractionated, near silica-saturated (only
slightly olivine-normative), pyroxene—plagioclase-saturated
gabbroic melt, and (3) a highly evolved, but relatively silica-
undersaturared (only slightly hypersthene-normative), olivine—
plagioclasetmagnetite-saturated troctolitic melt.

Primitive parental melts

Examples of cumulate sequences derived from a primitive
melt are the Murray Range, The Wart, and Wingellina Hills
(Ballhaus & Glikson 1989) intrusions, and possibly the Kalka
and Ewarara intrusions (Goode & Krieg 1967; Goode &
Moore 1975), for which systematic phase compositions are
not available. The following criteria allow characterisation of
the parent melt:

e Olivine was replaced on the liquidus at about Fo, (Figs 105,
118). This, in combination with the observation that dunite
cumulates are volumetrically minor in all Giles Complex
ultramafic intrusions, suggests that the normative olivine
content of the melt could not have been particularly high.

o The most primitive cumulates (Murray Range and Wingel-
lina Hills intrusions) are dunitic orthocumulates in which
the most magnesian olivine is Fogg 9. Assuming that total
Fe as FeO in the melt was about 10 weight percent
(reasonable for continental tholeiitic melts), the MgO con-

tent of the melt would be about 12 percent (Roeder &
Emslie 1970).

e Typical Ni content in the most primitive olivine is about
2500 ppm. Available partition coefficient data constrain
Ni in the equilibrium melt to about 200 ppm (Henderson
1982; Hirschmann & Ghiorso 1994).

e The maximum Cr content of the texturally earliest cumulus
clinopyroxene ranges from 1800 to 2200 ppm, suggesting
a Cr content in the equilibrium melt of about 150-200 ppm
(e.g., Philpotts 1990).

e Every reversal in the cryptic layering patterns of the
ultramafic intrusions is matched in the cumulate sequence
by loss of at least one cumulus phase, and commonly two
(clinopyroxene and plagioclase). This suggests that, at the
pressure of emplacement, the primitive magma was only
saturated with olivine (+ spinel).

The above points summarise the chemical characteristics of
a relatively low-pressure<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>