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THESIS SUMMARY

The Halls Creek Mobile Zone in the Kimberley region, Western
Australia, contains various types of Early Proterozoic granitoids. The
petrogenesis of the granitoids is examined to provide constraints on the
nature and style of the Early Proterozoic orogeny in the area.

Integrated field, petrographic, geochemical, and Sr isotopic studies
of the granitoids have been performed in four areas in the Halls Creek
Mobile Zone. The areas have been primarily selected to study the Mabel
Downs Granitoid (Sally Downs Bore area and Turkey Creek area in the
central part of the mobile zone), the Bow River Granitoid (Springvale
area in the western part of the mobile zone), and the Sophie Downs
Granite (Sophie Downs area in the southeastern part of the mobile zone).
As it has become clear that the Sally Downs Bore area contains varieties
of granitoid in addition to the Mabel Downs Granitoid, detailed study has
been conducted in the Sally Downs Bore area to establish a frame work of
the granitoid activity in the Halls Creek Mobile Zone.

Six granitoid suites have been recognized in the Sally Downs Bore
area.

(1) The Eastern Leucocratic Granite is a garnet bearing leucocratic
granite and is interpreted as a highly fractionated granitoid derived from
a low Al tonalite. The granitoid is characterized by high SiO2 (average
76.0%).

(2) The Dougalls Granitoids Suite comprises tonalite and
trondhjemite. Orthopyroxene is found in some of the tonalite.

(3) The Ord River Tonalite Suite includes biotite tonalite. Only
minor relict hornblende crystals are found.

(4) The Western Porphyritic Granite is a coarse grained, porphyritic
augen-textured biotite granite. It is mildly peraluminous, and is

characterized by a high concentration of K20, Rb, Zr.
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(5) The Central Leucocratic Granite is a fine to medium grained
biotite granite and is mildly peraluminous. It has a moderate level of Sr
and a negative Eu anomaly, indicating a role of plagioclase in the magma
residue or in the fractionated phase. Although the granite is characterized
by high K20 (3.77-4.89 %), it has a low Y concentration (3.6-16.4 ppm)
and high St/Y ratio.

(6) The Sally Downs Tonalite is the youngest granitoid in the area,
and is a part of the Mabel Downs Granitoid Suite. Geochemical variation
within the tonalite pluton is mainly ascribed to crystal fractionation
during intrusion. Hornblende and plagioclase fractionation explains most
of the variation found in the tonalite pluton. Rb-Sr whole rock data
suggest an emplacement age of 1833 £ 43 Ma with an initial 87S1/86Sr
ratio of 0.70292 + 0.00015. The low initial 87Sr/86Sr ratio precludes a
significant contribution of older crustal materials at any stage of its
evolution.

The tonalites and trondhjemite of suites 2,3, and 6 above, have low
K20, Rb, and Y contents and high Sr contents. Geochemical features
suggest that the tonalites and trondhjemite can be classified as high Al
types. The tonalite magmas are considered likely to have been derived
from the partial melting of subducted oceanic crust leaving a residue
consisting of garnet and pyroxene (+ hornblende). It is inferred that a
subducted oceanic slab, situated between what are now the Kimberley
block and North Australian block, was sufficiently hot, presumably young
at the time of the subduction, to be able to generate tonalitic magma by
dehydration melting.

The Bow River Granitoid is a mildly peraluminous and K20 rich
granitoid, and is enriched in Rb and Y, similar to typical granitoids of the
Barramundi igneous association of the North Australian block. The Bow

River Granitoid magma could have been generated by partial melting of
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mafic lower crust leaving a residue containing plagioclase and pyroxene.
The magma may have had some interaction with sedimentary rocks of the
Early Proterozoic Halls Creek Group to increase the alumina saturation
level.

The Sophie Downs Granitoid is an alkali-feldspar granite, intruded
into a high crustal level, before deposition of the Saunders Creek
Formation of the Halls Creek Group. It has A-type characteristics,
showing a high Ga/Al ratio, and a high concentration of Rb, Ce, Y, Zr,
Nb, and F. The data indicate that the granitoid magma is derived by
crystal fractionation from basaltic magma generated in a rift
environment.

Petrogenetic examination of the granitoids sugests that Early
Proterozoic tectonic setting of the Halls Creek Mobile Zone was followed
by:

(1) initial rifting of continental crust and generation of A-type
Sophie Downs Granitoid magma.

(2) tectonic transition from rifting to convergent tectonism resulting
in a change in the type of granitoid magmatism; convergent tectonism
included

i) subduction of oceanic crust resulting in three stages of partial
melting of subducting slab to generate tonalitic magmas.

ii) generation of a large volume of K20 rich granitoid magma in the
lower crust leaving a residue of plagioclase and pyroxene. The heat to
induce the partial melting of the mafic lower crust may have been derived
from newly underplated mafic magma in the lower crust.

iii) generation of a low Al tonalitic magma and other granitoid
magmas by partial melting of mafic and intermediate igneous rocks in the
crust. The heat to induced the partial melting was derived by intrusion of

mafic magma into the crust.
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Although ensialic orogeny is postulated by the majority of workers
for most of the Early Proterozoic provinces in the North Australian
block, including the Halls Creek Mobile Zone, the results of the present
study strongly suggest that tectonics relating initial rifting and subsequent
subduction of oceanic crust operated in the Halls Creek Mobile Zone

during the Early Proterozoic.
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CHAPTER 1. INTRODUCTION
1.1. Aim of Thesis

The granitoid is one of the major component of the continental crust.
Therefore, the generation of the granitoid magma and its emplacement
processes are important factors for the development of the continental
crust. As the granitoid shows considerable variations in petrological and
geochemical characteristics, it is necessary to obtain the characteristics
before establishing a petrogenetic model for any granitoid body. The
thesis is principally concerned with an petrological and geochemical
examinations of the Early Proterozoic granitoids in the Halls Creek
Mobile Zone, northern Australia (Fig. 1-1). The present study includes
detailed investigations of a fractionation and emplacement processes of
granitoid magmas in the Halls Creek Mobile Zone. The petrogenetic
models of the granitoids in the Halls Creek Mobile Zone are presented
based on the examination. It was expected to be able to provide
information on the nature and tectonic style of the Early Proterozoic

orogeny and on the formation of the continental crust.

1.2. Field Work and Method of Study

The project involves sampling based on detailed mapping of the
Early Proterozoic Lamboo Complex and the Halls Creek Group (for
definition, see later). Two main areas have been selected for detailed
work.

One is the Sally Downs Bore area (Fig. 1-2), about 90km north of
the Halls Creek. The area extends about 13 km from the Ord River in the
north to near the White Rock Bore and Melon Patch Bore in the south,
and from Sally Downs Bore in the west 12km to Dougalls Bore in the
east. This area has been selected in order to study the Mabel Downs

Granodiorite, although the main body of the Mabel Downs Granodiorite



Fig. 1-1. Outline of tectonic units of the Kimberley region

Major tectonic units are from Bureau of Mineral Resources (1976).
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Fig. 1-2. Locality map of East Kimberleys

Names of major locations in the East Kimberleys are indicated.
Studied areas are marked with Roman numerals.

I: Sally Downs Bore area

II: Sophie Downs area

III: Turkey Creek area

IV: Springvale area
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crops out 4km north of the area of investigation, and extends further to
the north for more than 80km to the Bow River. The more extensive
occurrence has not been studied because of the likelihood that it
represents a composite body. Instead, the more limited outcrop of the
Mabel Downs Granodiorite in the Sally Downs Bore area has been
investigated, as mentioned.

The other detailed study area is situated near the Sophie Downs
Homestead where the Sophie Downs Granite is present in the Halls Creek
Group. This area is 30km east of Halls Creek township (Fig. 1-2).

Samples were taken from four additional areas within the Halls
Creek Mobile Zone to enable the petrology and geochemistry of type
rock suites of the Lamboo Complex to be examined in the laboratory.

Reconnaissance sampling was conducted in the King Leopold Mobile
Zone of the West Kimberleys (Fig. 1-1).

A total of 30 weeks was spent in the field from the middle of July to
the end of September in 1978 and from early May to the end of
September in 1979.

The areas are reached by tracks within distances of 50km from the
Great Northern Highway which links Perth and Darwin and passes
through the middle of the region (Fig. 1-2).

Samples have been petrographically examined, and the chemical
composition of minerals also obtained by electron microprobe analysis to
aid petrographic description.

From field observations and petrographic investigations, some 280
samples were selected for whole rock geochemical analysis. Ten major
elements and fifteen trace elements were determined in these samples by
X-ray fluorescence spectrometry. Rare earth element analysis of twenty
three samples has been made by isotope dilution mass spectrometry. An

Sr isotope investigation was carried out at the BMR isotope laboratory in
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the Research School of Earth Science, Australian National University for
dating and isotope geochemistry. Details of sample preparation and
analytical techniques are described in Appendix 3, 5, 6, and 7.

These results were used to model the petrogenesis of the studied

rocks.

1.3. Previous Investigation

The earliest work in the Kimberley region, northern part of Western
Australia, was that by Hardman (1884, 1885) who outlined the geology of
this area as seen during his two expeditions. Although the area which he
examined was restricted to the eastern part of Halls Creek Mobile Zone
(Fig. 1-1) and the southern part of King Leopold Mobile Zone, he
recognized the major rock types of the area. After his finding of alluvial
gold in the East Kimberleys during his second expedition (Hardman,
1885), gold mining was carried out around Halls Creek (Fig. 1-2).
Subsequently, various explorations were performed in the Kimberley
region in the early twentieth century.

Matheson and Guppy (1949) mapped the Precambrian rocks near
Halls Creek. The term Lamboo Complex was first used for granites,
gneisses, and undigested remnants of metasediments of the area.
Metasediments were assigned to the Halls Creek Group, and basic lavas
were labeled the McClintock Greenstones.

Traves (1955) made a geological reconnaissance of the Ord and
Victoria River Basin region (Fig. 1-1), as a member of the Land
Research and Regional Survey unit of the Commonwealth Scientific and
Industrial Research Organization. Most of the Halls Creek Mobile Zone
was included in the work.

Systematic mapping on the scale of 1:250,000 in the Kimberley
region was carried out by the BMR and the Geological Survey of Western

3



Australia (GSWA), during 1962-67. The maps which are relevant to the
present study are Dixon Range (Dow and Gemuts, 1967), Lansdowne
(Gellatly and Derrick, 1967), Gordon Downs (Gemuts and Smith, 1968),
Lissadell (Plumb, 1968), Mount Ramsay (Roberts et al. 1968), and
Lennard River (Derrick and Playford, 1973). Subsequently, a
comprehensive description of the Precambrian geology of the Lennard
River sheet area was presented by Gellatly et al. (1974), and of the
geology of the Lansdowne sheet area by Gellatlly et al. (1975). Dow and
Gemuts (1969) synthesized the geology of the East Kimberleys, and
Gemuts (1971) described the Lamboo Complex in detail.

During the joint mapping project by the BMR and GSWA, isotopic
ages were determined by Bofinger (1967). These isotopic ages were re-
examined by Page (1976) and Page et al. (1984). Page and Hancock
(1988) presented three zircon U-Pb ages of the rocks from the Halls
Creek Mobile Zone.

Thom (1975) summarized the Precambrian geology of the
Kimberley region. Plumb and Derrick (1975) reviewed the Proterozoic
geology from the Kimberley to Mount Isa. Plumb and Gemuts (1976)
summarized the geology of the Kimberley region in an Excursion guide
for the IGC (Sydney). Plumb (1979a), and Plumb et al. (1931)
described and discussed the regional Precambrian geology of northern
Australia. Plumb et al. (1985) summarized the Proterozoic geology of
the East Kimberleys. Griffin (1989) discussed the structure and lithology
of the King Leopold Mobile Zone, and proposed the use of Hooper
Complex for the crystalline complex in the King Leopold Mobile Zone.
Griffin and Grey (1990a) and Griffin and Grey (1990b) reviewed the
early Proterozoic geology of the Halls Creek Mobile Zone and King
Leopold Mobile Zone and the early to middle Proterozoic sedimentary

cover rocks in the Kimberley Basin, respectively. Griffin and Tyler
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(1992) presented a summary of field work of GSWA-BMR joint re-
mapping project in the Kimberley region. Blake and Hoatson (1993)
described field relationships between granite, gabbro, and migmatite of
the Lamboo Complex and discusssed the origin of the migmatite.

Detailed studies of specific aspects of the ultrabasic-basic intrusives
of the Lamboo Complex have been made by Wilkinson et al. (1975),
Hamlyn (1975, 1977, 1980), Hamlyn and Keays (1979), Thornett (1980),
Mathison and Hamlyn (1987), and Sun et al. (1991).

Structural descriptions of the Kimberley region were presented by
Hancock and Rutland (1984), Page and Hancock (1988), Griffin and
Myers (1988), White and Muir (1989), and Tyler and Griffin (1990).

Geochemistry of the granitoids of the Halls Creek Mobile Zone was
described by Ogasawara (1988), as a part of present study. Sheppard et
al. (1995) reported geochemistry of felsic igneous rocks from the
southern Halls Creek Mobile Zone.

Sun et al. (1986) presented Nd and Sr isotopic data of mafic and
ultramafic rocks in the Halls Creek Mobile Zone and of alkaline rocks in
the Kimberley region, and discussed the isotopic evolution of the
Kimberley region. McCulloch (1987) presented and summarized Nd
isotopic data from Precambrian rocks of the Australian continent,
including Nd isotopic analyses of two specimens collected during the
present study. The latter are re-examined with new Sr isotopic data in
Chapter 6.

Subsequent to the finding of diamond bearing lamproites and
kimberlites in the Kimberley region, geochemical and isotopic
information from these rocks has been presented (Jaques et al., 1984;
Jaques et al., 1986; Nelson et al., 1986; Jaques et al., 1990), and

geochemical characteristics of the subcontinental lithospere of the



Kimberley region were discussed in the light of the petrogenesis of

diamond bearing rocks (Nelson et al., 1986; Jaques et al., 1990).

1.4. Regional Geological Setting

Regional tectonic units in northern Australia are briefly described,
and the tectonic setting of the Halls Creek Inlier in relation to other
tectonic units is summarized in this section.

Three types of tectonic unit are used in the Tectonic Map of
Australia and New Guinea (G.S.A., 1971). These are orogenic provinces,
transitional domains, and platform covers; these units are characterized
by different forms of tectonism, viz. orogenic tectonism, transitional
tectonism, and cratonic tectonism, respectably.

The present exposure of a tectonic unit is largely controlled by later
cratonic tectonisms. Therefore, even though, the tectonic unit is
separated by later platform covers, it may be continuous underneath.
Hence broadly contemporaneous domains, or sedimentary basins of
similar tectonic history and style, are grouped into the same tectonic unit
(G.S.A., 1971).

Orogenic tectonism is an intense tectonism involving the
development and deformation of orthogeosynclines or metamorphic and
igneous complexes prior to cratonization (G.S.A., 1971).

Transitional tectonism is a late to post-orogenic development
associated with cratonization, and it is transitional in time, place, and style
between orogenic and cratonic tectonisms (G.S.A., 1971).

Cratonic tectonism involves the depositon of platform covers and
deformation of platform covers and basement. Its deposits overlie the
immediately preceding orogenic provinces, and associated transitional

domains, and spread across older orogenic provinces and platform covers
(G.S.A., 1971).



Although the transitional tectonism is obvious in some areas, it may
not be clearly distinguished from the orogenic tectonism in other areas.
Indeed Rutland (1976, 1981) classified regional tectonics in terms of
tectonic units of the platform basement and cover, or orogenic province
and platform cover. In the present work, the transitional domains are
included in the orogenic provinces, whereas the term transitional
tectonism is still used to describe its characteristic tectonism.

Most of exposed basement areas are referred to as "inliers” instead
of blocks, or geocynclines, or provinces (Plumb, 1979a). A part of the
inlier can be described as a zone. Thus regional orogenic tectonic units
are classified under the terms, province, inlier, and zone.

The orogenic units in northern Australia used in this study, are
largely based on the work of Plumb et al. (1981) and Rutland (1981).
They are shown in Fig. 1-3 and are as follows:

1. Archaean Orogenic Provinces

Rum Jungle Complex (Inlier)
Nanambu Complex (Inlier)
Others
2. North Australian Orogenic Province (Early Proterozoic)
Halls Creek Inlier
a) Halls Creek Orogenic Zone
b) King Leopold Orogenic Zone
Arnhem Inlier
Pine Creek Inlier
Tenant Creek Inlier
The Granites-Tanami Inlier
Others
3. Central Australian Orogenic Province (Early to Middle

Proterozoic)



Fig. 1-3. Archaean-Middle Proterozoic regional tectonic provinces of
Australia.

Definitions of orogenic province and platform cover areas are based on

Plumb et al. (1981); see text for details. Boundaries of tectonic provinces

are from Bureau of Mineral Resources (1979).
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Mount Isa Inlier
Others

The Halls Creek Orogenic Zone is part of the Halls Creek Inlier, and
is exposed within the Halls Creek Mobile Zone. The term Halls Creek
Mobile Zone indicates a linear zone of repeated localized deformation; it
was tectonically active from at least the Early Proterozoic to the end of
the Palaeozoic (Plumb and Derrick, 1976, and Plumb and Gemuts, 1976).
However the Halls Creek Orogenic Zone represents the area which is
characterized by the Early Proterozoic orogenic and transitional
tectonisms. Similarly, the relationship between King Leopold Orogenic
Zone and King Leopold Mobile Zone can be described as above.

Plumb et al. (1981) defined two subprovinces in the North
Australian Orogenic Province, viz. the older McClintock Subprovince
and the younger Palmerston Subprovince. The McClintock Subprovince
consists of rocks of the Halls Creek and Arnhem Inliers, pelitic gneisses
in the Tenant Creek Inlier, and several other rocks. Plumb et al. (1981)
considered that these were metamorphosed at about 1950-1900 Ma and
the Palmerston Subprovince (Pine Creek, Arunta, the Granite-Tanami
inliers) underwent metamorphism at about 1840-1800 Ma. However, an
extensive review by Page (1988) does not support this age difference
between the orogenic events of the two subprovinces.

Etheridge M. A. et al. (1987) indicated that the Early Proterozoic
terranes of northern Australia were affected by an essentially isochronous
orogenic event between about 1850 and 1880 Ma, and defined this event
the Barramundi orogeny. Page (1988) supported this conclusion based on
geochronological evidence. Therefore, the North Australian Orogenic
Province can be described as the area characterized by the Barramundi

orogeny.



The Halls Creek Mobile Zone (Traves, 1955) is situated in the east
Kimberley region of northeast Western Australia (Fig. 1-1 and 1-2). It
lies between latitudes 16° and 19°S and longitudes 127° and 128°30°E.
The Halls Creek Mobile Zone extends NNE-SSW for a distance of 350km
from near Kununura to south of Halls Creek, and is 50 to 80km wide.
Traves (1955) continued the mobile zone to the Litchfield Complex of
Northern Territory (Fig. 1-3), but Sweet et al. (1974) defined a
Fitzmaurice Mobile Zone for the northern part of the Halls Creek Mobile
Zone of Traves (1955). According to Sweet's definition the Halls Creek
Mobile Zone is restricted to the region south of the Fitzmaurice Mobile
Zone. Yet another possibility is suggested by Plumb (1979a), viz. that the
Halls Creek Mobile Zone continues to the north beneath the Bonaparte
Gulf Basin as indicated by offshore structural data and gravity trends.

The NW-SE trending King Leopold Mobile Zone (Traves, 1955)
which joins the southern end of the Halls Creek Mobile Zone (Fig. 1-1),
is 350km long and 50km wide.

The Halls Creek and King Leopold Mobile Zones comprise the Halls
Creek Inlier (Plumb, 1979a), as now exposed. The inlier consists of rocks
of the Halls Creek Group and Lamboo Complex of Early Proterozoic age
(see Fig. 2-1).

To the southeast of the Halls Creek Mobile Zone, The Granites-
Tanami Inlier is exposed (Fig. 1-3). The Tanami Complex of The
Granites-Tanami Inlier is correlated with the Halls Creek Group by Blake
et al. (1975). East of the Halls Creek Mobile Zone are the Middle
Proterozoic Birrindudu Basin, Victoria River Basin, and Plaeozoic Ord
Basin (Fig. 1-1). The Halls Creek Mobile Zone and the King Leopold
Mobile Zone are bounded to the south by the Phanerozoic Canning Basin.
West of the Halls Creek Mobile Zone is the late Early Proterozoic
Kimberley Basin (Fig. 1-1). Relatively undeformed rocks of the

9



Kimberley Basin unconformably overlies the rocks of the Halls Creek
Inlier.

The western margin of the Halls Creek Mobile Zone is separated
from the Kimberley Basin mainly by the Greenvale Fault (Fig. 1-1). The
northern part of the eastern margin of the zone is mainly bounded by the
Halls Creek Fault, but the southern part of the margin is unconformably

overlain by younger rocks.

1.5. Definition of Terms

1.5.1. Classification and Nomenclature of Granitoids

Classification and nomenclature of plutonic rocks presented in
Streckeisen (1976) are used in this thesis. The classification is based on
modal mineralogy. The term granite used here has a broad meaning,
including monzogranite and syenogranite (Streckeisen, 1976).
Trondhjemite is applied to light colored tonalites which have the content

of mafic and related minerals less than 10 %.

1.5.2. Nomenclature of Granitoid Bodies

As granitoid bodies generally form a large scale mass, several terms
were used to described that, e.g., batholith and pluton. In this thesis, the
following nomenclature of granitoid bodies is used

Granitoid body: a small unit of granitoids derived from same
magma. Any shape of granitoid body is included, e.g., sheet-like bodies.

Pluton: a large mass of granitoids derived from a magma.

Suite: a granitoid suite is defined when a number of granitoid
plutons and bodies are considered to have been derived from a unique

magma type (White and Chappell, 1983).
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Batholith: the term, batholith, is applied to any large granitoid mass
whose exposure exceeds five hundreds square kilometers, and it may

contain granitoids derived from several different magma sources.

1.5.3. Enclaves in Granitoids

Granitoids commonly contain pieces of different materials within
those. Didier (1973) and Didier and Barbarin (1991) proposed a
nomenclature to describe these materials. Didier (1973) recommended
the use of enclave for a piece of foreign material enclosed within an
igneous rock, and inclusion for a piece of foreign material enclosed
within a crystal. The various types of enclaves are classified by Didier
and Barbarin (1991) into followings, xenolith, xenocryst, surmicaceous
enclave, schlieren, felsic micogranular enclave, mafic microgranular
enclave, and cumulate enclave. Definition of the terms used in this thesis
is based on Didier and Barbarin (1991), and is given as follows:

Mafic microeranular enclave: mafic microgranular enclaves,

typically dioritic to tonalitic in composition, containing more mafic
minerals than the host granitoid. They have relatively fine grained
igneous microstructures (Vernon, 1934). Several terms, viz. autoliths,
mafic inclusions, microgranitoid enclaves and cognate xenolith, have been
used by other workers to describe those, but mafic microgranular enclave
is used in this thesis.

Schlieren: enclave of elongated form with ill-defined boundaries.

Xenolith: exogenous enclave, typically a rock fragment of country

rock.

11



CHAPTER 2. GEOLOGY AND STRUCTURE

2.1. Introduction

The field relationships and structural features of the Early
Proterozoic Halls Creek Group and Lamboo Complex in the studied area
are described and discussed in this chapter.

The definition of the Lamboo Complex has been changed several
times since its initial introduction by Matheson and Guppy (1949). The
name Lamboo Complex was used by Traves (1955) for only the granitic
rocks, and the term Halls Creek Metamorphics for all metasediments and
volcanics of the Halls Creek Mobile Zone. Later, Dow and Gemuts
(1969) defined the Lamboo Complex as comprising basic to acidic
intrusive rocks and high grade metamorphics. The latter are thought to
be the highly metamorphosed equivalents of the Halls Creek Group
which, less modified, consists of unmetamorphosed and low grade
metasediments and volcanics.

Gellatly et al. (1974) added the Whitewater Volcanics to the Lamboo
Complex from their observation in the King Leopold Mobile Zone. In
this thesis the definition of the Lamboo Complex according to Gellatly et
al. (1974) is used.

The Halls Creek Group has been subdivided into four formations
(Fig. 2-1); definitions and detailed descriptions of the formations are
presented by Dow and Gemuts (1969). The basal Ding Dong Downs
Volcanics are exposed only in the Saunders Creek Dome, 15 km east of
the Sophie Downs study area. This formation is composed of basic
volcanic rocks and intercalated sediments (Dow and Gemuts, 1969). The
Saunders Creek Formation, which is mainly quartz sandstone, was
deposited on the Ding Dong Downs Volcanics under shallow-water
condition. Part of the Saunders Creek Formation is in contact with the

northern end of the Sophie Downs Granite within the Sophie Downs study
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Fig. 2-1. Diagrammatic relation of rock units in the Halls Creek Mobile
Zone.

Previous works are from Gemuts (1971) and Gellatly et al. (1974). Time

relationship of rock units used in this study are modified after Sheppard

et al. (1995) and Page and Sun (1994).
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area, and where the formation unconformably overlies the granite (T.
Griffin (1992) personal communication). The formation is well exposed
around the Saunders Creek Dome and in the Cummins Range (Dow and
Gemuts, 1969). The Biscay Formation, which overlies the Saunders
Creek Formation, consists of thick basic and acidic volcanic rocks and
interbeded greywacke and siltstone with carbonate layers. The Olympio
Formation, at the top of the Halls Creek Group, is prediminant
subgreywacke with subsidiary siltstone, shale, and conglomerate.

The high-grade metamorphic rocks in the Lamboo Complex are
called the Tickalara Metamorphics (Dow and Gemuts, 1969), and they
occur mainly between the Halls Creek Fault and the Springvale Fault
(Fig. 2-2). Some of the metamorphics can be correlated with part of the
less metamorphosed Halls Creek Group, thus a boundary between them
becomes obscure. However, some high-grade gneisses and migmatitic
gneisses can still not be identified as belonging to the Halls Creek Group.
Nevertheless all the high-grade metamorphic rocks in the Halls Creek
Mobile Zone are classified as Tickalara Metamorphics. The boundary
separating these from the Halls Creek Group, established by Gemuts
(1971), is retained. The grade of metamorphism increases from the south
to the north reaching granulite facies near Turkey Creek (Gemuts, 1971).
In the Sally Downs Bore area, the Tickalara Metamorphics, which are
predominantly basic metamorphic rocks with several distinct horizons of
carbonate rocks and pelitic schists, can be correlated with part of the
Biscay Formation of the Halls Creek Group from the similarity of their
lithologies.

The Woodward Dolerite, Alice Downs Ultrabasics and Mclntosh
Gabbro are basic to ultrabasic intrusive rocks of the early Lamboo

Complex. The Mclntosh Gabbro consists of a number of differentiated
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Fig. 2-2. Simplified geological map of the Halls Creek Mobile Zone
Modified after Bureau of Mineral Resources (1967)
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basic intrusions. Some of them form large elliptical sill-like bodies, such
as the McIntosh Sill and Toby Sill (Gemuts, 1971).

The term Mabel Downs Granodiorite has been used by Gemuts
(1971) for the gneissic igneous intrusions which extend in a belt from
25km north of Halls Creek northward to the Bow River (Fig. 2-2). Itis
considered by Dow and Gemuts (1969) that the granodiorite formed by
partial melting of the Tickalara Metamorphics. The Mabel Downs
Granodiorite is not a single pluton, but consists of a number of granitoid
plutons, and is referred to in this thesis as the Mabel Downs Granitoid
Suite. The main body of the suite extends from just north of the Ord
River 80km northward to the Bow River and has a width of 6 to Okm.
Three small bodies of the suite are exposed south of the Ord River, near
Sally Downs Bore, Mabel Hill, and Carington Spring. Several granitoids
near Dougalls Bore and Black Rock Anticline, and orthopyroxene bearing
granodiorites near Turkey Creek, have been grouped with the Mabel
Downs Granodiorite by Dow and Gemuts (1969); their relationship to the
main body of the suite will be discussed later.

Dow and Gemuts (1969) and Gellatly et al. (1974) defined post-
tectonic or late-tectonic acid igneous rock group which includes the Bow
River Granite, Sophie Downs Granite, Violet Valley Tonalite, McHale
Granodiolie, Castlereaph Hill Poorphyry, and Whitewater Volcanics.
However, new U-Pb age determinations of samples from the granites and
volcanics (Page and Sun, 1994) do not agree that the all units can be
grouped into the post-tectonic or late-tectonic group. Therfore, the post-
tectonic or late-tectonic group is not used in this thesis.

The Whitewater Volcanics (see Fig. 2-1) comprise andesitic to
rhyolitic ashflow tuffs and lavas, and unconformably lie on the Halls
Creek Group (Dow and Gemuts, 1969). The volcanics crop out along the
western margin of the Halls Creek Mobile Zone (Fig. 2-2).
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Castlereagh Hill Porphyry intrudes the Whitewater Volcanics, and is
present in the northwest of the mobile zone (Dow and Gemuts, 1969).

The Bow River Granitoid Suite (Bow River Granite of Dow and
Gemuts, 1969) includes a variety of granitoids ranging from granite to
granodiorite. The granitoids are coarse grained, and commonly have
porphyritic feldspars. These granitoids occur on the western side of the
Halls Creek Mobile Zone, and comprise a large batholith 300km long 20
to 40km wide (Fig. 2-2). They intrude the Whitewater volcanics, and
Castlereagh Hill Porphyry (Plumb and Gemuts, 1976). The granitoids,
volcanics, and porphyry are believed by Dow and Gemuts (1969) to be
cogenetic.

The granitoids which occur in the cores of anticlines or domes on
the eastern margin of the Halls Creek Mobile Zone were initially grouped
as Sophie Downs Granite by Dow and Gemuts (1969). In the present
study, however, only the single granitoid pluton in the Sophie Downs
Dome (Fig. 2-2) is called by this name, and five other small plutons in the
Cummins Range are now referred to as the Cummins Range Granite.

The Violet Valley Tonalite and McHale Granodiorite are considered
to be the youngest granitoids in the mobile zone, but have not been
studied in the present work. The Violet Valley Tonalite intrudes the
Tickalara Metamorphics, Mabel Downs Granitoid Suite, and Bow River
Granitoid Suite, and crops out in two areas, viz. northwest of Mabel
Downs Station and 80km to the west of Halls Creek (Gemuts, 1971). The
McHale Granodiorite occurs to the east of the Halls Creek Fault in the
Osmond Range (Dow and Gemuts, 1969).

The detailed geology and structural relationships of the rock suites
for each of the areas which are investigated in the present study, are

described in the following sections.
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2.2. Geology of Sally Downs Bore Area

2.2.1. General

A geological map of the area is presented in Plate 1 and Fig. 2-3.

The area is occupied by the Tickalara Metamorphics and a variety of
intrusive rocks of the Lamboo Complex. All the names of the igneous
bodies in the area are used here for the first time (Fig . 2-1) as the bodies
have so far been undifferentiated from granitic gneiss of the Tickalara
Metamorphics, or Mabel Downs Granodiorite, or Bow River Granite.
Some of the smaller igneous bodies have a complex distribution among
the other rocks and are not regionally mappable.

In the western part of the Sally Downs Bore area, the metamorphics,
Ord River Tonalite Suite, meta-dolerite, and Central Leucocratic Granite
are shown as one complex in the geological map (Fig. 2-3 and Plate 1).
Only carbonate rocks of the metamorphics are shown separately on the
map, because of their distinct appearance in the field and good continuity
throughout the studied area.

The Sally Downs Bore area is characterized by the presence of large
amounts of tonalite-trondhjemitic rocks comprising three suites. The
older tonalite-trondhjemite suites are the Dougalls Granitoid Suite and the
Ord River Tonalite Suite. A younger suite without trondhjemitic
variation is the Sally Downs Tonalite, which is regarded as part of the
Mabel Downs Granitoid Suite.

Less significant amounts of other types of granitoid, such as the

Eastern Leucocratic Granitoid, and gabbroic rocks occur among them.
2.2.2. Tickalara Metamorphics

In the Sally Downs Bore area, the Tickalara Metamorphics consist of

amphibolites, pelitic and psammo-pelitic schists and gneisses, and
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Fig. 2-3. Geology of the Sally Downs Bore area

Cz indicates area covered by Cenozoic sand, soil, and gravels.
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carbonate rocks. The amphibolite is the most predominant rock type
among them.

The scarcity of younging directions apparent in the metamorphics
means that no inference of stratigraphy or order of superpositon was
possible. Only the carbonate units suggest an original stratigraphy,

through these also may be repeated by folding.

2.2.2.1. Pelitic and psammo-pelitc schists and gneisses

Pelitic and psammo-pelitic schists and gneisses are widespread
throughout the area as thin layers within the amphibolites and granitoids.
Thickness of each unit of the schists and gneisses varies from several tens
of centimeters to 250 meters. Within these units there is considerable
variation from quartzofeldspathic schists and gneisses to micaceous
schists. Major constituent minerals of the rocks are biotite, feldspars, and
quartz.

Garnet porphyroblasts up to 15mm in diameter and fibrolitic
sillimanite are visible in many hand specimens. Cordierite is commonly
present in the pelitic rocks of the central and the northern part of the

area. Orthopyroxene was found in one sample of garnet biotite gneiss.

2.2.2.2. Carbonate rocks with associated calc-silicate rocks

Six major carbonate rock units have been recognized in the area.
Each unit has been numbered from C1 to C5 (Figs. 2-3 and 2-4) without
any stratigraphic implication.

The C1 carbonate unit occurs to the west of the Sally Downs
Tonalite, and is 4 to 10 meters thick. It can be traced for more than
12km. The C2 unit is more discontinuous and comprises, in part, strings
of carbonate rock xenoliths in the Sally Downs Tonalite. The C3 unit is

situated between the Sally Downs Tonalite and the Eastern Leucocratic
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Fig. 2-4. Distribution of carbonate rock units in the Sally Downs Bore
area

Carbonate rock units of the Tickalara Metamorphics can be traced for

considerable distance in the mapped area, showing original stratigraphic

horizons. Each carbonate rock unit has been numbered from C1 to Cs,

from west to east.
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Granitoids. It extends for more than 15km from the Ord River to the
Melon Patch Bore. It is likely to continue further south to the outcrop of
a carbonate rock east of Mabel Hill (Fig. 2-2). The unit is noticeable
because of its high topographic relief; it stands up to 40 meters higher
than the surrounding area. The thickness of the unit varies from 5 to 50
meters. Several discontinuous carbonate rock outcrops, near the main
horizon, are included in the unit. The C4 carbonate which occurs to the
east of the Eastern Leucocratic Granitoid, is 2 to 50 meters thick. The
Cs unit which consists of several thin carbonate rocks is recognized only
to the west of the Dougalls Bore.

The carbonate rocks are white coarse grained marbles containing
varying amounts of fine to medium grained disseminated silicate
minerals. Most of the silicate minerals are dark green clinopyroxene,
pale green epidote, or reddish brown garnet.

Clinopyroxene and epidote occur also in greenish brown calc-silicate
lenses representing boudinaged originally more silica-rich layers within

the limestone.

2.2.2.3. Amphibolites

The amphibolites crop out mainly in the east of the Sally Downs
Bore Area. Near Dougalls Bore, they are medium grained, and have
equigranular texture, whereas, in the southeast, the rocks show more
obvious schistosity defined by the orientation of amphibole crystals.

Hornblende, plagioclase and clinopyroxene are the most common
minerals in these rocks. The amphibolites are predominantly greenish
black due to the abundance of hornblende crystals, but bands of calc-
amphibolite which are light green also are present. The bands are rich in
clinopyroxene, are 5 to 20 centimeters thick, and the boundaries between

these and the host amphibolite are sharp. Such bands might suggest that
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some of the amphibolites are derived from basic tuff which is intercalated
with more calcareous basic tuff representing possible mixing with a limy
sediment. Medium grained well foliated, garnet-clinopyroxene
amphibolites are also present in the area. They are more closely
associated with the calc-silicate rocks.

The deformed quartz veins, 1 to 3mm wide, are common in the

amphibolites and are usually parallel to the schistosity.

2.2.3. Fine Grained Tonalitic Rocks

Minor amounts of fine grained rocks of tonalitic composition are
found to the north of the Sally Downs Tonalite. They are dark gray,
foliated, fine grained rocks and occur as inclusions in the Ord River
Tonalite Suite or are interlayered with it. They consist largely of
plagioclase, quartz, biotite and/or hornblende, and show variable texture
in hand specimen. One variety has small lenticular aggregates of medium
grained hornblende, constituting 5 to 10% of the rock. Another variety
has plagioclase crystals up to 1.2 cm long in the fine grained matrix,
suggesting the possibility of a original porphyritic texture. The rock may
be a metamorphosed volcanic rock of intermediate composition, although
the alternative possibility that it is originally a sedimentary rock or fine

grained intrusive of tonalitic composition, can not be excluded.

2.2.4. Meta-gabbro

Meta-gabbro is found about 3km northwest of Dougalls Bore as a
small lenticular body, surrounded by amphibolite (Plate 1 and Fig. 2-3).
The rock consists of medium grained amphibole and orthopyroxene, is
dark green and shows a foliation which is manifested by the preferred
orientation of the amphibole. No other occurrence of meta-gabbro is

observed in the Sally Downs Bore area.
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2.2.5. Eastern Leucocratic Granitoids Suite

This suite includes a variety of leucocratic granitoids which occur to
the east of the C3 carbonate unit (Fig. 2-3 and Fig. 2-4). The light
yellowish rocky outcrops of the granitoids, without much vegetation on
them, make a distinct high ridge which continues from the Ord River to
the Melon Patch Fault (Fig. 2-5A). The Eastern Leucocratic Granitoids
intrude the amphibolites and metasediments of the Tickalara
Metamorphics.

The main body which crops out about 200m east of the C3 carbonate
unit is 500 to 800m wide at the southern part. The northern end of the
body is elliptical in shape, as the result of multiple deformation, and is
terminated by the Ord River. Several thin lenticular bodies of granitoid
are present east of the main body.

The granitoids vary in texture and mineralogy. Three main types of
granitoids are recognized, gradational to each other within the main
body.

Type 1 granitoid of the Eastern Leucocratic Granitoid Suite is a
coarse to medium grained pink leucocratic granite which contains up to
7% garnet as fine to medium grained rounded crystals. Fine grained
biotite is present as strongly stretched aggregates. Plagioclase is medium
to coarse grained, and dark to light gray. Iron oxide is also common in
the rocks. The coarse grained varieties of the granite show a pegmatitic
appearance.

Type II granitoid is a strongly foliated medium grained granite. The
rock resembles the trondhjemite of the Dougalls Suite (see below) in hand
specimen, but differs from it by the presence of K-feldspar and minor
garnet. More mafic minerals are present in this than in type I granitoid.

The granite occurs mainly in the southern part of the main body.

20



Fig. 2-5. Field geological photographs; the Eastern Leucocratic

Granitoid and Dougalls Granitoids.

A. Rocky outcrops (light colored hill) of the Eastern Leucocratic
Granitoid in the Tickalara Metamorphics are clearly visible. Carbonate
rock horizons of the metamorphics are light colored in the foothill of the

granitoid hill. 7km east of the Sally Downs Bore, looking east.

B. Trondhjemite (light colored) and tonalite (dark colored) of the
Dougalls Granitoid Suite. Small veins of the trondhjemite are found in
some locations, but it is present as a large homogeneous body in the
southern part of the eastern Sally Downs Bore area. Length of the

hammer is 33 cm.

C. Tonalite of the Dougalls Granitoid Suite intruded into amphibolite;

both rock units have been deformed, presumably by D2. Same hammer

as in photograph B. was used for scale.






Type 111 granitoid is a foliated medium to coarse grained leucocratic
granite characterized by the presence of unusually dark colored
plagioclase. Although the plagioclase of the other two types of granitoid
is similar in composition, it is not as dark in color as in this type. The
granite has minor amounts of K-feldspar, and some of the rocks are

classified as a trondhjemite.

2.2.6. Dougalls Granitoid Suite

The Dougalls Granitoid Suite in the Sally Downs Bore area includes
two types of granitoids, viz. tonalite and trondhjemite. Variable amounts
of orthopyroxene are present in most of the tonalite. The tonalite is
coarse grained, foliated, and commonly dark gray to brownish dark gray
with vitreous luster in handspecimen. Dark gray plagioclase is medium
to coarse grained. Orthopyroxene is light amber color, and medium
grained. Biotite is the most abundant mafic minerals in this rock. Minor
hornblende is present, but it is a major constituent in the rocks which do
not have orthopyroxene.

Three bodies of the tonalite are recognized to the north of the Sally
Downs Fault within the Tickalara Metamorphics (Plate 1 and Fig. 2-3).
The western body is Skm by 0.5km, and extends in a northerly direction.
The southern end of it has been cut by the Sally Downs Fault, but it
continues to the south of the fault with one kilometer right lateral
apparent horizontal displacement. The tonalite body has two large
amphibolite xenoliths in it and is cut by the several mylonite zones
trending east-west.

A very thin sheet-like central tonalite body, is 30 to 50m wide, and
is associated with several similar thin tonalitic veins.

The eastern body crops out near Dougalls Bore (Plate 1 and Fig. 2-

3), and extends in a northerly direction. The eastern margin of this body
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has not been demarcated in the field, but its width is at least two
kilometers. Many large amphibolite blocks are enclosed within the
tonalite, but are not shown on the map (Plate 1 and Fig. 2-3).

All three tonalites are commonly cut by pegmatite veins which have
dark gray plagioclase.

Near the Dougalls Bore, a medium grained massive garnet and
orthopyroxene bearing tonalitic rock is found with no obvious contact
relations. It may be a granulite facies metamorphic rock of intermediate
composition, but is included with the tonalites here.

Four major bodies of tonalite have been mapped south of the Sally
Downs Fault. Minor relict orthopyroxene is present in the rocks. They
still have a dark colored appearance in the field, but not much vitreous
luster (Fig. 2-5C). In this area, the geology becomes complicated by the
intrusions of trondhjemite.

The trondhjemite is medium grained, and foliated, and.it intrudes the
tonalite subparallel to its foliation (Fig. 2-5B). Mafic minerals of the
trondhjemite are fine to medium grained biotite, modally ranging from 5
to 10%. Plagioclase is medium grained and dark gray. The
trondhjemites become the predominant rock toward the south of the Sally

Downs Bore area.

2.2.7. Ord River Tonalite Suite

This suite consists of two types of tonalite, coarse grained biotite
tonalite (type I) and medium grained biotite tonalite (type II). The main
body of the type I tonalite occurs in the northern part of the Sally Downs
Bore area, with a northeast trend. Less continuous thin gneissic tonalite
bodies around the Sally Downs Tonalite are also included in this unit.
Good exposures of the type I tonalite are found along the Ord River and

its tributaries (Fig. 2-6A).
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Fig. 2-6. Field geological photographs; the Ord River Tonalite Suite and
Western Porphyritic Granite.

A. Type I tonalite of the Ord River Tonalite Suite in the river bed of the
Ord River. Strong foliation and layering are visible.

Scale: diameter of the lens cap is 5 cm.

B. Type II tonalite of the Ord River Tonalite Suite is cut by pegmatite

veins which contain garnet. Scale: length of the hammer is 33 cm

C. Granite and leucocratic granite of the Western Porphyritic Granite.
Leucocratic granite is the left half of the photograph. Boundary of the
two granitoids is displaced by fractures which are occupied by
mylonitized micro-granodioritic dykes. Scale: length of the hammer is

33 cm.






The type I tonalitic rocks have a foliated medium to coarse grained
texture with plagioclase, quartz, biotite as the major constituents.

The plagioclase is characteristically dark gray with variable grain
size up to 8mm in length. The fine to medium grained biotite is
commonly present as aggregates of 5 to 10mm diameter. Subsidiary
hornblende is recognized in some rocks.

Pale yellowish green epidote is common; a few minor small black
metamictic grains of allanite may be found.

The contact relationships of the main body to the other rocks are not
obvious because of its concordant relationship to the country rocks, but
the relationship between small tonalite bodies and other rocks suggests the
type I tonalite of the Ord River Tonalite Suite is older than the meta-
dolerite. The tonalites are cut by pegmatite veins which have dark gray
plagioclase similar to that of the tonalite.

The medium grained tonalite (type II) is a leucocratic equigranular
rock, consisting essentially of quartz, plagioclase, and biotite. Small
amounts of garnet are found near pegmatite veins which themselves also
contain garnet (Fig. 2-6B). The type II tonalite commonly encloses,
migmatitically, bodies of the Fine Grained Tonalitic Rocks. The type 11
tonalite intrudes the type I tonalite of the suite, but is older than the meta-

dolerite.

2.2.8. Western Porphyritic Granite

Coarse grained, porphyritic, augen-textured granites are present in
the northwest of the Sally Downs Bore area, 2.5km to the northeast of the
Sally Downs Bore (Fig. 2-3). The granites are described as the Bow
River Granitoid in the Dixon Range 1:250,000 sheet (Dow and Gemuts,
1967). Although these granites have a similar appearance to the Bow

River Granitoid, no direct relationship between them is known.
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The granites crop out in an arch-shaped body, 3.5km long and up to
1km wide (Fig. 2-3). Several separated bodies are also present to the
northwest of the Great Northern Highway. The granites conformably
intrude the pelitic gneisses and amphibolites of the Tickalara
Metamorphics and tonalites of the Ord River Suite.

Two varieties of granite, viz. granite and leucocratic granite, are
found in the bodies (Fig. 2-6C). The leucocratic granite intrudes the
granite.

The granite includes lenticular xenoliths of basic rocks, which are
derived from the country rocks. The granites are cut by a mylonitic
micro-granodiorite "dyke" along faults (Fig. 2-6C). Subsequently these

rocks have been intruded by a thin aplitic granite.

2.2.9. Meta-dolerite

Meta-dolerite is a massive to weakly foliated fine grained basic rock
which occurs only to the west of the C3 carbonate unit. The thin
lenticular or sheet-like shape of the bodies is controlled by the Central
Leucocratic Granite which intrudes them in the form of a number of
concordant sheets. The width of the meta-dolerite varies from a few tens
centimeters to several hundreds of meters. Fine grained acicular
amphibole and plagioclase are the only minerals visible in hand specimen.
However under the microscope, orthopyroxene is commonly present as
relict crystals.

Small lenses of a light grey less metamorphosed medium grained
dolerite is rarely present in the core of the bodies. However coarse
grained metamorphic hornblende is occasionally found in the rock.
Plagioclase, orthopyroxene, clinopyroxene, and amphibole are the major

minerals in the rocks.
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2.2.10. Central Leucocratic Granite

This leucocratic granite intrudes the Tickalara Metamorphics, the
Ord River Tonalite Suite, and the meta-dolerite around the Sally Downs
Tonalite, and also is present in the Sally Downs Tonalite as xenoliths
together with other older rocks. The sheet-like bodies of the granite are
mainly concordant with the surrounding rocks, and the thickness of the
bodies varies from several meters to 200 meters.

The granite is foliated and fine to medium grained. The mafic
mineral is fine grained biotite which commonly occurs as thin aggregates

10mm long. The feldspars are mostly fine to medium grained.

2.2.11. Hornblendite and Mela-gabbro

The rocks vary in composition from hornblende mela-gabbro to
olivine-pyroxene hornblendite, consisting of various ratios and
combinations of such chief constituents as olivine, pyroxenes, hornblende,
plagioclase, and quartz.

Two small olivine-pyroxene hornblendite bodies are found in the
central part of the Sally Downs Bore area within the Tickalara
Metamorphics and some granitoids (Fig. 2-3 and Plate 1). The southern
body, which has a circular shape of 200m diameter, is situated to the
south of the Sally Downs Fault between the Sally Downs Tonalite and the
C3 carbonate unit. A smaller body which is 100m in diameter, is present
to the north of the Sally Downs Tonalite.

Although no outcrop showing a contact relationship between the
hornblendite and its surrounding rocks was observed, field mapping
around the bodies suggests that the hornblendite intruded the Tickalara
Metamorphics, Ord River Tonalite Suite, meta-dolerite, and Central

Leucocratic Granite (Fig. 2-7).
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Fig. 2-7. Geology around the hornblendite in the central part of the Sally
Downs Bore area

Interlayered occurrence of the Tickalara Metamorphics and the Central

Leucocratic Granitoid is shown on the map. Tonalites of the Ord River

Tonalite Suite and the meta-dolerite are not shown in the map, but are

present within the interlayered complex, making a further complication

for mapping. Hornblendite obviously cuts the interlayered structure,

indicating that it intruded later than the Central Leucocratic Granite.
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The olivine-pyroxene hornblendite has a massive poikilitic texture,
and is greenish black in outcrop. The oikocrysts of hornblende, up to
2.5cm in length, make up a large proportion of the rock. Variable
amounts of fine to medium grained olivine, orthopyroxene, and
clinopyroxene are enclosed in the hornblende.

Seven mela-gabbro and hornblendite bodies are present in the Sally
Downs Tonalite as xenoliths.

Two types of the mela-gabbro, viz. olivine-orthopyroxene mela-
gabbro and hornblende mela-gabbro, are found.

The hornblende mela-gabbro has coarse grained hornblende in a pale
green matrix of fine grained clinopyroxene, hornblende, plagioclase, and

quartz.

2.2.12. Sally Downs Tonalite

2.2.12.1. General

The Sally Downs Tonalite, is a new name for a small pluton of the
Mabel Downs Granitoid Suite. It occurs in the central to southwestern
parts of the Sally Downs Bore area (Fig. 2-3). The pluton is 12km long,
and 2.5 to 6km wide with a north-northeasterly prolongation. The central
portion of the pluton bulges westward. The pluton is well exposed in a
low to moderately high rocky hill (Fig. 2-8A, B, and C), enabling a
detailed field observation and sampling to be made.

The southern end of the pluton is truncated by the east-west trending
Melon Patch Fault; south of the fault the displaced fragment of the pluton
could not be located. The Sally Downs Fault divides the pluton into two
parts; a main block and a smaller northern block.

Contacts of the pluton tend to be concordant with foliation in the
country rock and in the pluton. However, a slight discordance between

the margin of pluton and the trend of foliation in the country rock on the
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Fig. 2-8. Field geological photographs; the Sally Downs Tonalite

A. Typical rocky exposure of the Sally Downs Tonalite
Photograph was taken 4 km east of the Sally Downs Bore, south of the
track connecting the Sally Downs Bore and the Dougalls Bore. Looking

to south.

B. Eastern Boundary of the Sally Downs Tonalite

Rocky hill extending from center to right of the photograph is the Sally
Downs Tonalite. The area of the Tickalara Metamorphics, mainly
amphibolite and gneiss, is in the lower left of the photograph, showing
different topography and vegetation. Photograph was taken at the

southeastern margin of the Sally Downs Tonalite pluton.

C. Areal photograph of the central part of the Sally Downs Tonalite
pluton. Looking south. Upper left is southeastern margin of the pluton.

White blocks are xenolithic blocks consisting of carbonate rocks.






eastern margin is manifested by their convergence southwards (Plate 1).
The northwestern margin of the northern block shows evidence of
movement along the contact in the form of shear zones several
centimeters wide parallel to the contact.

East-west trending shear zones, which are several centimeters to
several tens of centimeters wide, are present in the southern part of the
pluton; dislocation is clearly manifest along some of them. Major creeks
run commonly along the shear zones.

The tonalite is a weakly to moderately foliated coarse grained rock,
consisting mainly of hornblende, biotite, plagioclase, and quartz. Minor
amounts of epidote and rare allanite also are present. In the west of the
pluton reddish brown sphene, one to two millimeters in diameter, is
visible in handspecimens.

Compositionally the pluton varies from hornblende-rich basic
tonalite to hornblende-free biotite tonalite. The hornblende-free biotite
tonalite is commonly found in the west of the pluton. No internal contact
relationship is found, though it may be present in the western part of the
pluton.

Although there is the large scale compositional variation in the
pluton, the tonalite is homogeneous on an outcrop scale, except for
compositional layering, mafic microgranular enclaves, and xenoliths.
The mafic microgranular enclaves and xenoliths are ubiquitous but the
compositional layering is found only occasionally in the northern and
eastern parts of the pluton. The layering is manifested by different
amounts of mafic minerals, and different grain size. The thickness of the
layers varies from two centimeters to 20 centimeters.

A number of epidote veins, a few millimeters wide, are found in the

tonalite. Only two granite dykes cut the tonalite in the south of the body.
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2.2.12.2. Xenoliths of country rock in the Sally Downs Tonalite

Numerous xenoliths and screens of country rock are present in the
pluton (Fig. 2-3 and Plate 1). Generally, xenoliths of basic rocks and
carbonate rocks are obvious in the field (Fig 2-8C), because of their
different composition and appearance compared with the host tonalite.

A large screen of country rock, 2.5km long and 400m wide, is found
in the northern block (Fig. 2-3 and Plate 1). It is composed of the
Tickalara Metamorphics, the Ord River Tonalite Suite, meta-dolerite, and
the Central Leucocratic Granite. Many carbonate rocks of the Tickalara
Metamorphics also occur in the screen, as well as in the tonalite, as small
xenoliths. At least one traceable horizon of the carbonate rocks is
recognized along the northern edge of the screen.

A large number of the screens and xenoliths, which range from
several centimeters to 3km in length, are present in the eastern part of the
main body. These include two large carbonate xenoliths, both about
800m long, which are found in high white prominent outcrops. In the
west of the main body, four large xenoliths are found. An arch-shape
embayment of the country rock is present in the northwest of the main
body. It is 2.5km long and 400m wide, and is composed of granitoids,
metasediments, and meta-dolerite. In the southern part of the pluton,
only rare small xenoliths are observed.

The shape of the xenoliths in general is largely controlled by the
original lithological layering or schistosity, and even original lithology
can be traced from one xenolith to another (Fig. 2-3 and Plate 1). Sucha
relationship between xenoliths in the granitoid is called "Ghost
stratigraphy or structure" (Pitcher, 1970), and similar relationships are
well described in the Thorr pluton of Donegal, Ireland (Pitcher and
Berger, 1972).
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Boundaries between xenoliths of meta-dolerite and the host tonalite
are commonly sharp (Fig. 2-9A). Occasionally the boundaries are
emphasized by a thin quartzo-feldspathic fringe; quartzo-feldspathic veins
which penetrate the xenolith are connected to these (Fig. 2-9B and C); the
veins do not extend further into the host tonalite. These quartz-
feldspathic fringes and veins are thought to possibly represent a late phase
activity of the tonalite intrusion, at a stage when the magma had
crystallized most of its mafic minerals and plagioclase but interstitial
quartz-feldspathic liquid is still present. Movement of a xenolith relative
to the host tonalite, or development of a crack in the xenoliths at this
stage, might facilitate the squeezing out the quartz-feldspathic liquid from
the tonalite and its injection into a space, such as contact between xenolith
and host, or fractures.

Most of the meta-dolerite xenoliths are angular in shape. Elongated
xenoliths have the long axis aligned parallel to the foliation of the tonalite
(Fig. 2-9A). Initial brittle fracturing of the meta-dolerite into small
pieces is thought to taken place.

Xenoliths of metasediments and granitoids in contrast have a
lenticular shape. These were more ductile than the meta-dolerite during
intrusion of the tonalite.

The sharp boundaries between the xenoliths and the tonalite implies
that reaction between them was insignificant, indicating that the tonalite
magma is not derived by in situ anatexis, or granitization.

The arch-shaped embayment of country rock in the tonalite (Fig. 2-
3), and a similarity of the lithology of the xenoliths to the nearby country
rock, however, indicates that these incorporated bodies did not move far
relative to their original position.

The rejection of the in situ anatexis hypothesis despite the closeness

of the xenoliths to the original position suggest that a restite model (White
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Fig. 2-9. Field geological photographs; xenoliths of meta-dolerite in the
Sally Downs Tonalite.

A. Meta-dolerite xenolith swarm in the Sally Downs Tonalite.
Photograph is taken 6 km east of the Sally Downs Bore. The photograph
depicts the location of sample 51505, which is shown in Fig. 3-5.

A hammer in the center left of the photograph is 33 cm long.

B. Boundaries between the meta-dolerite xenoliths and the tonalite are
emphasized by a thin quartzo-feldspathic fringeto the xenoliths. Enlarged
photograph of central part of photograph A.

Scale: diameter of a lens cap is 5 cm.

C. Meta-dolerite xenolith and quartzo-feldspathic fringe. A quartzo-
feldspathic vein, penetrating the meta-dolerite xenolith is connected to the
fringe. The xenolith and host tonalite are cut by slightly younger tonalite
vein. Photograph was taken at the same location as photograph A. Scale:

5 cm long.






and Chappell, 1977) for the origin of the xenoliths is not valid here. The
restite model postulates that xenoliths represent the residium of partial
melting or anatexis, and these are incorporated in to the melt, and
together mobilized and transported from a source region (White and
Chappell, 1977). White et al. (1974) also show an example of xenoliths
of country rock in a granite, which are restricted to the immediate
vicinity of a contact and which are distinct from restite. In the Sally
Downs Tonalite, the xenoliths of the country rock are scattered
throughout the pluton such as one might expect in a mobilized anatectic
granite. The abundance of xenoliths, however, is taken to indicate that
the present erosional level of the pluton is very close to a roof or floor of
the pluton. The presence of large screens and xenoliths is likely to be the
expression of an irregularly shaped top or bottom of the pluton.

This irregularity can be explained, at least in part, by local passive
stoping (Pitcher, 1970). However, it does not mean that the entire
volume of the pluton is created by the stoping mechanism.

Simultaneous intrusions of two tonalite sheets may also create a

screen of the country rock, as in the northern block of the pluton.

2.2.12.3. Mafic microgranular enclaves in the Sally Downs Tonalite

The pluton is characterized by the ubiquitous presence of mafic
microgranular enclaves which are generally fine grained and quartz
dioritic in composition (Fig. 2-10A and B). The shape of the mafic
microgranular enclaves varies from circular to lenticular. The mafic
microgranular enclaves are significantly elongated near the margin of the
pluton. The size of the enclaves ranges from several centimeters to one
meter long for lenticular varieties, and several meters long for the
elongated types. Occasionaly, large blocks of the mafic microgranular

enclave are found (Fig. 2-10C).
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Fig. 2-10. Field geological photographs; mafic microgranular enclaves in

the Sally Downs Tonalite

A. Typical mafic microgranular enclaves. Size of the typical enclaves

ranges from several cm to 10 cm. Scale: length of a hammer is 33 cm.

B. Enlarged photograph of A, showing typical slightly elongated
enclaves. Margins of the enclaves are not sharp. Scale: diameter of lens

cap is 4.5cm.

C. Large blocks of mafic microgranular enclave.

Scale: length of a hammer is 33 cm.
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Most of the mafic microgranular enclaves are melanocratic rocks
consisting of fine to medium grained hornblende, biotite, plagioclase, and
minor quartz; coarse grained plagioclase phenocrysts are occasionally
present.

The margins of the mafic microgranular enclaves (Fig. 2-10B) are
not sharp compared to those of the meta-dolerite xenolith (Fig. 2-9B).

The mafic microgranular enclaves generally occur sporadically
within the tonalite, but swarms of the enclaves are present in some places.
In the northwest margin of the pluton, a two meter wide inclusion swarm
is found (Fig. 2-11 A). Within the swarm, the shape and composition of
the mafic microgranular enclaves vary, and on these bases can be grouped
into three types. One type of mafic microgranular enclaves is lenticular
with a long to short axis ratio about 4:1 (Fig. 2-11 C), and minor
plagioclase phenocrysts. The second type is a tabular enclave with long to
short axis ratio of 15:1 (Fig. 2-11 B). Enclaves of this type have many
plagioclase phenocrysts. The third type is a thin layer of mafic rock
whose long to short axis ratio is about 50:1 (Fig. 2-11 A and C). It
appears that the mafic microgranular enclaves are more elongated near
the margin of the swarms. It is likely that the wide range in the length to
breadth ratio of the enclaves within the swarm results from different
physical properties of the enclaves, rather than locally different stresses.

The orientation of the mafic microgranular enclaves are mostly
parallel to the orientation of the swarms. Those orientations are parallel

to the mineral orientation of the host tonalite.

2.2.12.4. Syn-plutonic basic dyke in the Sally Downs Tonalite
A type of basic rock found in the northern part of the main block of
the tonalite pluton (see Fig. 3-20 for location) has intrusive relationships

with the tonalite which are somewhat enigmatic (Fig. 2-12 A). The basic
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Fig. 2-11. Field geological photographs; a swarm of mafic

microgranular enclaves in the Sally Downs Tonalite

A. A swarm of mafic microgranular enclaves. The location of the
enclave swarm is 5.5 km northeast of the Sally Downs Bore, along the
northwestern margin of the northern block of the Sally Downs pluton.
Variable size and aspect ratio of the enclaves are observed within the

swarm. Looking to north. Scale: length of a hammer is 33 cm.

B. Tabular mafic microgranular enclaves and strongly elongated mafic
microgranular enclaves in the swarm. Close up photograph of central
part of the photograph A. Looking to south. See text for discussion of

the shape of the enclaves. Scale is 5 cm long.

C. Lenticular mafic microgranular enclave in the swarm. Close up
photograph of lower left part of the photograph A. Looking to northeast.

Scale is 5 cm long.






Fig. 2-12. Field geological photographs; syn-plutonic basic dyke in the
Sally Downs Tonalite

A. Outcrop of syn-plutonic basic dyke in the Sally Downs Tonalite

Scale: length of a hammer is 33 cm.

B. Close up of central part of photograph A. Syn-plutonic basic dyke
intruded into the tonalite. Contact between the dyke and tonalite is
typically "saw toothed".

Scale is 5 cm long.

C. Contact relationship between the syn-plutonic basic dyke and the
tonalite. The syn-plutonic basic dyke is back-veined by the host tonalite.
See tonalite vein cutting basic dyke near the scale.

Scale is 5 cm long.






rock is fine grained, and amphibole-rich. Coarse grained rims against the
tonalite, about one centimeter wide, are present in places. These may be
the result of reaction between the basic rocks and the host tonalite. The
basic rock is several meters wide and less than ten meters long; the long
dimension lies oblique to the foliation in the tonalite and in places appears
to cut some of the mafic microgranular enclaves at right angles (Fig. 2-12
B). The evidence suggests that the basic rock intruded the tonalite.
However, the basic rock is also "back-veined" by the host tonalite (Fig. 2-
12 C). The veins in the basic rock are quartzo-feldspathic, but contain
rare hornblende crystals. The veins are continuous into the tonalite.

The above relationships suggested that the basic rock intruded the
tonalite at a stage when the tonalite was solid enough to be fractured and
allow intrusion of the basic rock but warm enough and fluid enough to be
capable of "back-veining" into the basic rock, or when the tonalitic
magma was largely crystallized but still had some interstitial low
temperature liquid of quartz-plagioclase peritectic composition.

The contact between the basic rock and the host tonalite is typically
"saw toothed" (Fig. 2-12 B), manifesting the development of foliation in
the tonalite. This is an indication that the foliation is at least partly
developed after the emplacement or incorporation of the syn-plutonic
basic dyke.

If a basic magma has been present during or shortly after the
emplacement of the tonalite, the relationship between the basic magma
and tonalite has important implications for the petrogenesis of the host
tonalite. Alternatively it is possible that the basic dykes represent
remobilized, or partially melted, older basic rocks, such as amphibolite of
the Tickalara Metamorphics, or meta-dolerite, but this is not considered

so likely.
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2.2.13. Granite Dyke in the Sally Downs Tonalite

A thin granite dyke, up to two meters wide, intrudes the Sally
Downs Tonalite in the south of the pluton (see location in Fig. 3-20), and
it also cuts the Central Leucocratic Granite. The granite dyke is
apparently the youngest granitoid in the Sally Downs Bore area.

It is a medium grained, leucocratic, biotite granite. The petrology
and geochemistry of the granite have been examined in this study.
However, no further detail discussion is given in this thesis, as it has
limited occurrences. The whole rock geochemistry of the granite is listed
in Table A4-11.

A similar granite is found 700m further south, associated with a

pegmatite.

2 3. Structural Relationships in the Sally Downs Bore Area

2.3.1. Introduction

Lithologies and intrusive relationships have been presented above. It
is also essential to understand time relationships between deformations,
and igneous activities and metamorphisms, and these are now described.

Dow and Gemuts (1969) described two episodes of intense
deformation resulting in tightly folded Tickalara Metamorphics and Halls
Creek Group. They considered that the second deformation episode
coincided with the major period of metamorphism. However, as a result
of the present work, three regional deformations are recognized in the
Sally Downs Bore area. Intrusion of the Sally Downs Tonalite postdated
those deformations. Subsequent faulting followed the intrusion of the
tonalite.

Because the area is dominated by granitoid bodies, many of the
structural data have been obtained from these granitoids. Hence, a brief

review and discussion of the interpretation of the structural elements
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found within the granitoids is given before a description of the structural

relationships of the area.

7.3.2. Review and Discussion of the Interpretation of the Structures
in the Granitoids

Granitoid plutons commonly show preferred orientation of a variety
of components (see further, below), and there is still much controversy
with regard to their interpretation (e.g. Pitcher, 1979; Paterson et al.,
1989; Paterson et al., 1991). In the circum-Pacific region (especially in
U.S.A.), such an internal structure of the Mesozoic plutons is often
understood as a magmatic flow structure, and is used as an indication of
the intrusive mechanism (Cloos, 1932; Compton, 1955; Lipman, 1963;
MaColl, 1964). Such a point of view was discussed in Balk's classic
volume (Balk, 1937). On th other hand, in regions where Precambrian
granitoids and gneisses are exposed, the structure of the granitoids is
often described as having been caused by regional deformation. Multiple
deformations commonly have taken place in such regions, thus it may not
be possible to distinguish easily an original flow structure, if any, from a
structure resulting from later deformations.

Possible origins of structure in granitoids and their time
relationships to a cooling history are discussed, and criteria to distinguish
them are considered.

Regional deformation is an obvious possible cause of the
development of the structure in the granitoids. Magmatic flow is an
alternative possibility (Balk, 1937), although not much information on the
physical properties of granitoid magmas during intrusion is available.
Intrusion-induced deformation, named by Pitcher (1979), results from
the injection of a magma, and involves the outward and upward expansion

of the country rock and of the granitoid itself, like a balloon. The
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mechanism has been recognized by a number of workers (e.g. Martin,
1953; Akaad, 1956; Davis, 1963; Nelson and Sylvester, 1971; White,
1973; Gastil, 1979; Holder, 1979). The intrusion-induced deformation
can be divided into two types, I (internal) type and E (external) type.
When the deformation of the structure in a granitoid pluton is caused
directly by an injection of its own magma, or a consanguineous magma
intruded essentially synchronously in the same pluton, the mechanism 1is
classified as I type intrusion-induced deformation. On the other hand, the
deformation of a granitoid pluton by another magma body is an E type
intrusion-induced deformation, a concept that was suggested by Gastil
(1979).

Paterson et al. (1989 and 1991) reviewed the criteria for the
identification of magmatic and tectonic foliations in granitoids, and they
concluded that foliations in granitoids can form by magmatic flow,
submagmatic flow, high-temperature solid-state deformation and
moderate- to low-temperature solid-state deformation. Although the
classification of the foliation-forming mechanisms is based on the physical
criteria of foliations, a consideration of origin of the flow and
deformation of the granitoids is also important to understand the
significance of the foliations in the granitoids with relation to the regional
tectonics. The submagmatic flow and high-temperature solid-state
deformation could be found during the intrusion-induced deformation.

The history of the emplacement and cooling of a granitoid pluton is
considered in three stages to facilitate the understanding of its physical
properties in relation to the country rocks. Stage 1 of the granitoid
emplacement is up to the time the liquid magma has solidified completely.
Stage 2 is a period which starts from the end of stage 1 and continues
until the pluton has finally cooled to a regional geothermal temperature.

Stage 3 follows stage 2; no significant thermal difference between the
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granitoid and country rocks exists. Hibbard (1987) described the
deformation of incompletely crystallized magma systems, and showed that
slightly different deformation styles were related to the difference in
crystal/melt ratio in the stage 1.

Table 2-1 shows combinations of the above mechanisms and timing,
and possible structural patterns within a pluton in relation to the structure
of the country rocks, and to the overall trend of the contact of the pluton.

In the granitoids, structures are defined by preferred orientations of
the following elements:

minerals (e.g. biotite, hornblende, feldspars)
mafic microgranular enclaves

mafic clots or aggregates

schlieren
xenoliths of country rocks.

The preferred orientations of the minerals and mafic microgranular
enclaves are frequently observed, but orientations of schlieren may show
some discordance to that of the other elements.

The regional deformation would create a penetrative foliation, hence
the structural pattern in a pluton is likely to be basically conformable to
the country rocks. However, there may be some differences which are
caused by different physical properties of the pluton and country rocks.
When a regional deformation takes place during stage 1 of the pluton (R1
structure of Table 2-1), the pluton can be called a syn-tectonic granitoid
with regard to the regional deformation. Similarly, if the pluton is
subjected to the deformation during stage 2 (R2) or 3 (R3), it is called a
pre-tectonic granitoid. Therefore the structure of a post-tectonic
granitoid must be due to some other mechanism, e.g. intrusion-induced

deformation or magmatic flow.
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Table 2-1. Development of structure in the granitoid

MECHANISM STAGE OF EMPLACEMENT OF GRANITOID MAGMA
Stage 1 Stage 2 Stage 3
(Liquid magma or (Cooled to
crystal mush) regional
geothermal level)
Solidus
Regional deformation R1 (C, n) R2 (C, n) R3(C,n)
Intrusion- induced | I type I1 (N, P or n) 12 (N, P or n) I3 (N, P or n)
deformation E type El1(CorN,n) E2 (Cor N, n) E3 (C, n)
Magmatic flow F1 (N, P) F2 (N, P) F3 (N, P)

1. Structural relationship between a pluton and the country rock.

C ; conformable (foliations and lineations of the pluton and

country rock show same orientaion)

N ; not necessarily comformable

2. Angular relationship between foliation within a pluton and trend of the contact

P : conformable (foliation in the pluton is parallel to the contact of the pluton)

n ; not necessarily conformable

Comments

R1 ; Crystallized during regional deformation (syn-tectonic)

R2 ; Regional deformation after crystallization of granitoid magma, but the granitoid is

still warmer than country rocks. Thus the granitoid deforms more easily.

R3 ; Regional deformation after the cooling of granitoid to regional geothermal level,

no significant structural difference between granitoid and country rock

11 ; Deformed by continuous injection of magma of the same pluton.

I2 ; Cooled to lower than the solidus temperature then deformed by magma

itself or by lower temperature melt of same magma ( more acidic magma)

I3 ; May not be possible. In the case of a mantled gneiss dome it may be

a possible mechanism but it needs a special high thermal gradient in the pluton.

El ; Deformed by the second intrusion during the stage 1.

E2 ; Intrusion-induced deformation after solidification but the pluton is
still warm some degree. A second pluton which imposed the foliation

may be derived from completely different magma.

E3 ; Intrusion-induced deformation after cooling the granitoid.
F1 ; Flow of magma which is liquid or liquid with minerals.

F2 ; Granitoid may flow.

F3 ; Same as F2.




The situations 13, F2, and F3 of Table 2-1 are unlikely to develop
structures in the granitoid, except in the case of a mantled gneiss dome
(Eskola, 1949), or due to other special conditions.

Foliation in a granitoid, caused by the E type intrusion-induced
deformation, will be conformable with that in the county rocks, a
relationship similar to that due to regional deformation. Examination of
the structural pattern in and near the initial granitoid will give
information with regard to the position of a second pluton which imposed
the foliation on the granitoid and country rocks. For example a
concentric pattern may be present around the second pluton. In such a
case, it may be possible to distinguish E type intrusion-induced
deformation from regional deformation.

The regional deformation and E type intrusion-induced deformation
will affect a pluton which already has a structure, so an overprinting may
result. Indeed within the same stage the effect of any mechanism may be
present in association with the effect of another mechanism. For
example, I type or E type intrusion-induced deformation may be
combined with the local effect of magmatic flow, or with regional
deformation on a broader scale.

Structural patterns resulting from I type intrusion-induced
deformation differ due to a range in ductility contrast between the pluton
and country rocks. The relationships are discussed by Berger and Pitcher
(1970). If the ductility of the pluton is greater than that of the country
rock, the pattern will be conformable to the shape of the contact. If the
ductility contrast is low, a cross-cutting fabric will occur. Holder (1979)
studied in detail the process of deformation in and around the Ardara
pluton in Donegal, Ireland. The pluton was earlier described by Akaad
(1956). Holder (1979) determined variation of finite strain within the

pluton by measuring shapes of contained xenoliths. The deformation
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process and emplacement mechanism were quantitatively modeled by
applying Ramsay's balloon model (Holder, 1979).

The magmatic flow causes a structural pattern conformable to the
shape of the contact to be developed. Some of the criteria which Balk
(1937) uses to distinguish his primary structure from secondary ones may
be still applicable, viz. that for the primary structures, the strike and dip
of the foliation may locally vary over short distances, and the foliation
planes wrap around xenoliths.

Lineations also are found in a granitoid which is produced by either
deformation or magmatic flow. However, depending on the physical state
of the magma, the magmatic flow will produce lineations either parallel
or perpendicular to the flow (Berger and Pitcher, 1970). Unless its
physical state is known, their significance remains questionable.

The degree of preferred orientation may vary in the granitoid
pluton. Commonly, it increases progressively toward the margin of the
pluton. Such a variation can be produced by either the intrusion-induced
deformation or magmatic flow, but not by regional deformation if the
granitoid is reasonably homogeneous.

Petrographic observations of the structural elements provide
additional information. As mentioned by Pitcher (1979), the weak
orientations of minerals and schlieren can indicate an early stage of
viscous flow without plastic deformation during crystallization. The
main criterion of magmatic flow suggested by Paterson et al. (1989) is
the preferred orientation of primary igneous minerals that show no
evidence of plastic deformation or recrystallization, either of the aligned
crystals or of interstitial minerals. Paterson et al. (1989) suggested that
this criterion is strongest where the oriented mineral is euhedral K-
feldspar or plagioclase because feldspars generally do not grow as

euhedral crystals in unmelted metamorphic rocks.
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The preferred orientation of aggregates of small mafic minerals in a
granitoid may suggest that deformation was associated with
recrystallization in the rocks.

Hence, an examination of the structural pattern in and around a
granitoid pluton, assisted by petrographical study, will give possible
mechanisms for its development, and the time relationship between

intrusion and deformation events.

2.3.3. Structural Map and Structural Subarea of the Sally Downs
Bore Area

The planar and linear structural features in the area have been
mapped and are presented in Plate 2.

The mapped area has been divided into 14 subareas (Fig. 2-13) based
on structural styles and lithological associations. These subareas were
defined to facilitate description and analysis of the structural features.

Three eastern subareas, E1, E2, and E3, comprise the following
rock suites; Tickalara Metamorphics, Dougalls Granitoid Suite, and
Eastern Leucocratic Granitoid Suite.

Three central subareas, Al, A2, and A3, are situated between the
Sally Downs Tonalite pluton and C3 carbonate unit. These subareas
consist, essentially, of the Tickalara Metamorphics, Ord River Tonalite
Suite, and Central Leucocratic Granite.

Three western subareas, W1, W2, and W3, are the areas to the
northwest and west of the Sally Downs Tonalite pluton. A similar
lithological association to that of the central subareas is present in these
areas, though subarea W1 includes also the Western Porphyritic Granite.

The Sally Downs Tonalite pluton, the largest rock unit in the Sally
Downs Bore area, has been divided into five structural subareas. Subarea

T1 corresponds to the northern block of the pluton. Subarea T2 is an
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Fig. 2-13. Stereo plots of structural data for the Sally Downs Bore area
(1). Subareas of plotted structural data in the Sally Downs Bore area.
Thick lines are boundaries of subareas. Names of subareas are indicated.

Major granitoids are indicated with gray.
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Fig. 2-13 (2). Stereo plots of the structural data for subareas E1, E2, E3,
A1, A2, and A3.

Stereo plot: equal area projection (Schmidt projection)

S-Gr is foliation in the granitoids. N is number of plotted data.
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Fig. 2-13 (3). Stereo plots of the structural data for subareas W1, Wo,
and W3.
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Fig. 2-13 (4). Stereo plots of the structural data for subareas T1, T2, T3,
T4, and T35.

S-Gr and L-Gr are foliations and liniations, respectively, in the Sally
Downs Tonalite. SO is foliation or layering of the xenoliths in the Sally

Downs Tonalite.
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area along the Sally Downs Fault. This area is excluded from analysis in
association with other subareas because the structures are influenced by
the fault. Subareas T3, T4, and T5 are northern, western, and southern
parts of the main body, respectively, south of the Sally Downs Fault (Fig.
2-13).

Stereographic projections of the structural elements for each subarea
are shown in Fig. 2-13. The stereographic projections are equal area

projections (Schmidt nets).

2.3.4. Eastern Part of the Sally Downs Bore Area

The lithological boundaries (S0) and penetrative schistosity (S1)
characterize the Tickalara Metamorphics of the eastern subareas. F1
folding event is indicated by mesoscopic scale isoclinal and intrafolial
folds.

In the Eastern Leucocratic Granitoid Suite, a strong and streaky
foliation, manifested by elongated aggregates of biotite, 1is
characteristically present. The foliation is conformable to the foliation in
the country rocks, and at the eastern margin of the northern end of the
granitoid body, an angular relationship of the foliation to the contact of
the granitoid was found. Therefore regional deformation is most likely
to be the origin of the foliation in the granitoid. Because the foliation 18
folded by F2 and F3, the deformation is D1. Hence the granitoid was
emplaced pre-D] or syn-D1.

The Dougalls Granitoid Suite has similar structural features to those
of the Eastern Leucocratic Granitoid Suite. Thus the granitoid suite is
considered to be pre-D1 or syn-D1.

In subarea E1, the orientations of S show only a small spread,
striking north-south and dipping 50-70° west. F2 folds plunge about 45°
towards 320-330°.
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In subarea E2, mesoscopic F2 folds are quite common in the
amphibolite, plunging 60° towards the north. The regional orientation of
S1 is similar to that in subarea E1, but shows local variation due to F2
folding. Quartz veins are commonly present in the amphibolites, and
they are deformed by D1.

The principal feature of subarea E3 is the occurrence of
macroscopic folds of two generations, viz. F2 and F3. The isoclinal F2
folds plunge at 70° toward 250° on the northern limb of the major F3
fold. The F3 fold is reclined and plunges 55° towards the north. The
axial surface of the fold trends north-northeast. No penetrative schistosity
parallel to the F2 or F3 axial planes is apparent.

Along the western side of the carbonate unit C3, a folded fault is
assumed. The boundaries between subarea E3 and A1, E2 and A2, and
E2 and A3 are made to coincide with this fault. An indication of the
presence of this fault is a discordance of SO and S1 between the Al
subarea and the hinge zone of an F) fold in the E3 subarea. The F2 fold
plunges southwest in the E3 subarea, but F2 fold plunge in the subarea A1
shows different orientaion. In addition, quite different lithological
associations in the respective subareas suggests a structural discontinuity.
It appears from the above that the faulting took place after the F2 folding
and the fault has been folded by an F3 fold.

2.3.5. Central Part of the Sally Downs Bore Area

The Tickalara Metamorphics, fine grained tonalitic rocks, and Ord
River Tonalite Suite display S1 schistosity which is layer parallel and
penetrative. F1 isoclinal folds are occasionally found in the Tickalara
Metamorphics (Fig. 2-14A). F2 folds are generally open and plunge at
40° toward 350° on the southern limb of the F3 fold and 40-60° toward

780-300° on the northwestern limb. Mineral lineation, manifested by
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Fig. 2-14. Field geological photographs; structural elements.

A. Folds in the Tickalara Metamorphics.

Folds in pelitic gneiss of the metamorphics at location 3.5 km west-
southwest of the Dougalls Bore. F7 isoclinal folds are refolded by F2,
which has a vertical axial plane in the photograph.

Scale is 5 cm long.

B. Strongly deformed Ord River Tonalite.
Photograph was taken 3.5 km northeast of the Sally Downs Bore.

Scale: a ball point pen in the lower center is 14 c¢m.

C. Close up of the central part of Photograph B., showing streaky
compositional foliation in the Ord River Tonalite and the mafic enclave.

Scale: a ball point pen in the lower center is 14 cm.
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preferred orientation of sillimanite and biotite, is parallel to the axes of
the Fo folding. However the F2 fold event did not impose any
penetrative schistosity in the rocks.

Meta-dolerite is generally massive, but a weak foliation is
occasionally present. This weak foliation is considered to be a result of
D3, because it is unlikely to have resulted from the D2 which is associated
with an upper amphibolite facies metamorphism.

The intrusion of the Central Leucocratic Granite is later than that of
the meta-dolerite though foliation of the granite is stronger than the
parallel weak foliation of the meta-dolerite. The different intensity of the
preferred orientation of minerals in the meta-dolerite and the granite is
attributed to the different physical properties of the two rocks during
deformation.

Two episodes of aplitic veining have been found in this area. The
veins of the first episode have been folded by D2 and those of the second
one by D3.

The major F3 fold plunges 55° towards the north. Poles of S and
S1 in this area show the effect of the F3 folding (Fig. 2-13).

In subarea A2, similar structural styles to those in the A1 area are
found. S1 trends north to north-north-east and dips steeply west. At the
southern end of the A2 subarea, S1 swings to the northeast.

The hornblendite body in subarea A2, shows no schistosity and
obviously cuts all structures. Therefore it is considered that the

hornblendite was emplaced after the D3 event.

2.3.6. Western Part of the Sally Downs Bore Area
This area is to the northwest and west of the Sally Downs Tonalite
(Fig. 2-13). Lithological associations and structural styles are generally

similar to those in the central part. In addition, however, the area
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includes the Western Porphyritic Granite. The timing of the intrusion of
this granite has not been clearly ascertained by previous workers. This
granite was originally assigned to the Bow River Granite by Gemuts
(1971). However structural relationships suggest that the granite was
deformed by either D1 or D2. It is tentatively regarded as a syn- or pre-
D2 granite.

Between the Western Porphyritic Granite and the Sally Downs
Tonalite, a strong foliation is developed in the tonalitic rocks of the Ord
River Tonalite Suite and metasediments (Fig. 2-14B and C). These
extensively deformed rocks could indicate the presence of a ductile
deformed zone, oriented NE-SW direction.

The carbonate unit C1 represents an SQ surface, and the Sq surface is
generally parallel to the S1 penetrative schistosity.

In subarea W1, mesoscopic isoclinal F2 folds in the pelitic gneiss
plunge at 58° towards 37°. Axial plane schistosity is manifested by the
parallelism of sillimanite. A mesoscopic fold in the migmatitic Ord River
Tonalite Suite also plunges in the same direction.

In subarea W3, a small number of measurements of the structural

elements do not provide much information.

2.3.7. Sally Downs Tonalite

Foliation which is defined by the parallel orientation of minerals,
such as hornblende, biotite, and plagioclase, is commonly observed in the
Sally Downs Tonalite pluton. Alignment of lenticular mafic
microgranular enclaves is generally parallel to the foliation defined by
the minerals, therefore the lenticular mafic microgranular enclaves were
also utilized to measure the foliation. Measurements of both structural

elements have been presented in Plate 2.
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The degree of the preferred orientation varies within the pluton.
Fig. 2-15 shows the degree of preferred orientaion of minerals in the
Sally Down Tonalite, which is based on the field estimation. It is weak in
the central and western part of the tonalite pluton, and it becomes strong
near the eastern margin of the pluton. The foliation is totally lacking in
some rocks. From this evidence, an interpretation of intrusion-induced
deformation or magmatic flow is prefered for the origin of the structure
in the Sally Downs Tonalite.

Linear preferred orientation of hornblende and biotite is found in
some localities.

In subarea T, foliation follows the shape of the pluton, dips
outward in the northwest of the subarea, and inward along the eastern
margin. The features of the foliation are basically similar to S1 in the
country rocks. On a stereo diagram (Fig. 2-13), the poles of the foliation
are concentrated in the vicinity of 85°/030°.

The poles of Sg and S1 in the xenoliths within the Sally Downs
Tonalite show a similar distribution to the foliation of the tonalite and its
country rocks.

In subarea T2, orientations of the foliation are not easily ascertained
because of dislocation and possibly rotation by the Sally Downs Fault and
also poor outcrops in the subarea. However the limited observations
suggest that the structural features are continuous from subarea T to T3
through subarea T2.

In subarea T3, maximal density of poles occurs at 25°/100° and
consequently the general attitude of the foliation is steeply dipping to the
west. In the western part of the subarea, an elongated basin structure is
inferred from the structural data. In the southern part of the basin

structure, dips of the foliation become very shallow. These data could

44



Fig. 2-15. Degree of preferred orientation in the Sally Downs Tonalite.
Size of the plotted symbol indicates degree of the preferred orientation.

Direction of long axis of plotted symbols (diamond) indicates

approximate direction of foliation.
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imply that the cores of one of the local surges of magma is situated in the
area.

In subarea T4, foliations dip outward at between 30°and 70° near the
contact of the pluton, and trends parallel to the contact. However within
the Sally Downs Tonalite pluton, direction and amplitude of the dip vary
significantly. This may be a result of multiple intrusions of the same
magma, viz. an early phase of tonalite which partly solidified and was cut
by a late phase of the magma. In subarea T4 the concentric pattern of the
foliation suggests one such intrusion center of tonalitic magma.

The stereo diagram of subarea TS5 (Fig. 2-13) shows that the
foliations have a northeast trend and dip steeply either northwest or

southeast.

2.3.8. Faulting

Two major faults are present in the Sally Downs Bore area. These
are the Sally Downs Fault and the Melon Patch Fault. Faulting took place
after the intrusion of the Sally Downs Tonalite. Some other east-west
trending faults in the southern part of the area may have been active prior
to the intrusion of the tonalite. However, any faulting that took place
early in the sequence of geological events is likely to be obscured by later
deformations.

A significant change in lithology and structural characteristics from
the eastern part to the central part of the Sally Downs Bore area is

considered to be the result of early dislocation (pre-F3).

A. Sally Downs Fault
To the east of the Sally Downs Tonalite, correlation of carbonate
units, and of the Eastern Leucocratic Granitoid, across the fault suggest a

right-lateral displacement with a 1.5km horizontal component. However,
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to the west of the Sally Downs Tonalite, the magnitude of the horizontal
displacement decreases to only 200m. It is also clearly shown by the
outline of the Sally Downs Tonalite pluton. The western margin of the
pluton does not show much dislocation, whereas the eastern margin has a
large dislocation. To the west of the pluton, the fault intersects
lithological boundaries and foliation at a shallow angle, but is nearly
normal to them east of the pluton. Thus the apparent dip of the
boundaries and foliation on the fault plane is shallow to the west, but
steep to the east of the pluton. If the movement of the fault was not only
horizontal but also vertical, the discrepancy of the horizontal
displacements along the fault can be explained. In this case the northern
block of the fault would have been moved 2.5km upward and 2.1km
eastward relative to the southern block. The sense of the faulting is in
accord with the lithological observations, orthopyroxene bearing tonalite
is much more prevalent in the northern block, and also the metamorphic
grade of the Tickalara Metamorphics increases regionally towards the

north (Gemuts, 1971).

B. Melon Patch Fault

The magnitude and sense of movement of the Melon Patch Fault can
be inferred from the correlation of carbonate units C1 and C3 across the
fault (Fig. 2-4). The C3 unit continues southward to the carbonate rocks
just east of the Melon Patch Bore. The C1 unit is correlated with some of
the scattered carbonate rocks west of the Melon Patch Bore, and with a
carbonate unit 3km east of the Great Northern Highway. Thus the fault is

right-lateral with a 3km horizontal displacement.

2.3.9. Summary
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Time relationships of tectonic events and the igneous activities in the
Sally Downs Bore area are diagramatically summarized in Fig. 2-16.

Field relations of the meta-gabbro suggest initial basic igneous
activity in the area after deposition of the Halls Creek Group (Tickalara
Metamorphics) before D1.

The Dougalls Granitoid Suite and the Ord River Tonalite Suite are
manifestations of the first tonalite-trondhjemite plutonism which took
place before or during D1. The emplacement of the Eastern Leucocratic
Granitoid is considered to be earlier than the intrusion of the tonalite-
trondhjemite.

After the D7 deformation, a second basic igneous event took place,
resulting in the emplacement of a number of sheet of the meta-dolerite.
Syn-D3 granite, viz. the Central Leucocratic Granite, followed this event.

The D3 deformation completed a sequence of folding in the area,
and was responsible for the large scale structures. After the deformation,
several bodies of hornblendite were emplaced, followed by the intrusion
of the Sally Downs Tonalite which locally induced deformation around
and in the tonalite itself.

Small dykes of biotite granite in the Sally Downs Tonalite represent
final igneous activity in the area.

Faulting is the last obvious tectonic event in the area.

2.4. Geology and Structure of Sophie Downs Granitoid

2.4.1. General

The Sophie Downs Granitoid is present north of the Sophie Downs
homestead, 30km to the east of the Halls Creek (Figs. 2-2). The granitoid
pluton is an elliptical shape elongated NNE-SSW; it is 15km long and
5km wide (Fig. 2-17). The western half of the the pluton is exposed as
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Fig. 2-16. Diagrammatic time relationships of tectonic and igneous
events in the Sally Downs Bore area
Timing of intrusion of plutonic rocks is presented in relation to

deformation and metamorphism
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Fig. 2-17. Geology of the Sophie Downs Granitoid

The solid line labelled Q is a quartz vein. See location of the Sophie

Downs Granitoid in Fig. 2-2.
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scattered low lying outcrops, and the eastern half forms somewhat high
terrain (Fig. 2-18A and B, respectively).

The Sophie Downs Granitoid is regarded as a late intrusive of the
Lamboo Complex (Dow and Gemuts, 1969), similar to the Bow River
Granitoid Suite. Gemuts (1971) suggests that the Sophie Downs
Granitoid may be genetically related to the Bow River Granitoid Suite.
However, a recent finding of unconformity between the Sophie Downs
Granitoids and the Saunders Creek Formation (T. Griffin (1992) pers.
comm.: Griffin and Tyler, 1992) indicates that the granitoids is older
than the most of the part of the Halls Creek Formation. This also
suggests that the Sophie Downs Granitoid is the oldest granitoid in the
Halls Creek Mobile Zone.

The granitoid is unconformably overlain by the Saunders Creek
Formation on the northern margin of the pluton. Contact with the Biscay
Formation along the central and southern margins is considered as fault.
However, in southern part the pluton, the granitoid with similar
composition to the Sophie Downs Granitoid intruded a quartz-sericite
schist of the Biscay Formation (Fig. 2-18C). This evidence indicates that
presence of a second gnanitoid activity in the Sophie Downs Dome. The
Halls Creek Group bedding and early schistosity is domed around the
granitoid. Rocks of the Halls Creek Group younger than Biscay
Formation (i.e., Olympio Formation) are not present in the core of the
structure.

The Saunders Creek Formation in the Sophie Downs area is 230m
thick and comprises quartz pebble conglomerate, quartz sandstone, and
pelitic schist. The conglomerate contains boulders derived from the
Sophie Downs Granitoid. The formation is overlain by the Biscay
Formation; consisting of basic volcanic rocks, followed by pelitic schist,

quartz-sericite schist, and carbonate rocks.
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Fig. 2-18. Field geological photographs; Sophie Downs Granitoid (1)

A. Typical exposure of the Sophie Downs Granitoid in the western part
of the granitoid body. Photograph was taken 11 km northeast of the

Sophie Downs Homestead.

B. Areal photograph of eastern part of the Sophie Downs Granitoid.
Looking to east, showing rocky hill. The prominent ridge in the central

part of the photograph is a quartz vein.

C. Contact relationship between the Sophie Downs Granitoid and quartz-
sericite schist, presumably acidic volcanics of the Ding Dong Down
Volcanics. Sharp contact is shown. Schistosity in the quartz-sericite
schist is clearly truncated by the Sophie Downs Granitoid. Photograph
was taken 1.4 km east of the Sophie Downs Homestead. Scale is 5 cm
long. Vertical dark bar in the center of photograph is the shadow of a

branch of a tree.






2.4.2. Sophie Downs Granitoid

The Sophie Downs Granitoid pluton is composed of coarse to fine
grained alkali-feldspar granite. The term alkali-feldspar microgranite
may be appropriate for a very fine grained variety which is predominant
in the western half of the pluton. The grain size of this variety 1s
indicative of a high level pluton, emplaced into shallow crustal depths,
and cooled rapidly. However, in the eastern half of the pluton, medium
to coarse grained rocks are common. Grain size distribution thus
requires faster cooling in the western part of the pluton than the eastern
part, or two discrete surges of magma.

The alkali-feldspar granite consists of equal amounts of quartz,
albite, and K-feldspar, together with minor biotite, muscovite, and
opaque minerals. Fluorite is found occasionally, visible in hand
specimens. An unusual rock which is made up of less K-feldspar than the
typical alkali-feldspar granite of the Sophie Downs pluton occurs near a
large quartz vein. The anomalous mineral composition may be a result of
extensive metasomatism by the hydrothermal solution from which was
formed the quartz vein.

A large number of xenoliths are scattered throughout the pluton.
The size of the xenoliths varies from a few centimeters to 600 meters
long. The xenoliths consist of sericite schist, crenulated biotite schist, and
amphibolite; all are derived from the Ding Dong Downs Formation.
Directions of crenulation cleavage plane of crenulated biotite schist
<enoliths are randomly orientated between the xenoliths, suggesting that
the intrusion postdates the crenulation. Long axes of large elongated
xenoliths indicate the presence of weak concentric structure within the
pluton (Fig. 2-17). The center of the concentric structure may suggest

core of the surge of the granitic magma.
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The granitoid itself is generally massive or weakly foliated. The
weak foliation is manifested by the preferred orientation of biotite,
muscovite, and, occasionally, by trains of opaque minerals. However, a
strong mylonitic schistosity and lineation is found in several localities.

The foliation generally trends northeast and dips 60° to the east. Itis
parallel to the long axis of the Sophie Downs Dome, and sub-parallel to
the Halls Creek Fault. Therefore, the foliation may be a result of
tectonism which created the dome structure, and/or caused by movement
on the Halls Creek Fault.

Small aplite dykes intrude the alkali-feldspar microgranite in the
central part of the pluton (Fig. 2-19A).

Numerous quartz veins are found in the pluton, especially in the
south. In the eastern part of the pluton, a large quartz vein which is 8km
long and 20m wide forms a prominent ridge and dominates the
topography in the area (Fig. 2-19B).

Brecciated granitoid which occurs in the north of the pluton is
thought to be a type of intrusive breccia (Fig. 2-19C). Brecciation might
have been caused by a pressure built up by the boiling of fluid in the final
stages of emplacement, as proposed for some high level intrusives by

Burnham and Ohmoto (1980).

2.5. Geology of Supplementary Sampling Localities in the Halls

Creek Mobile Zone

2.5.1. Turkey Creek Area

Sampling has been carried out near Turkey Creek (Fig. 2-2 and 2-
20), 60km northeast of the Sally Downs Bore, in the north of the Halls
Creek Mobile Zone. The basic purpose of this sampling was to examine

the main body of the Mabel Downs Granitoid Suite, and an
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Fig. 2-19. Field geological photographs; Sophie Downs Granitoid (2)

A. Aplite vein in the Sophie Downs Granitoid
Aplite veins are found in the central part of the granitoid body. Small
dislocations are observed cutting the aplite veins.

Scale: diameter of lens cap is 5 cm.

B. The large prominent ridge traveling in the Sophie Downs Granitoid is

the quartz vein (20 m wide and 8 km long), depicted in Fig. 2-17B.

C. Brecciated Sophie Downs Granitoid at the northern margin of the
granitoid body.

Scale: length of a hammer is 33 cm.






orthopyroxene bearing granodiorite. In addition, a specimen of Bow
River Granitoid was taken from north of the Bow River.

The granulite facies metamorphic grade is attained in the Turkey
Creek area, and is the highest grade outcropping in the East Kimberleys,
according to Gemuts (1971). Small bodies of igneous intrusions in the

region add to the complexity of the geology.

A. Mabel Downs Granitoid Suite

The site from which specimen (52006) was taken is 4km southeast of
Turkey Creek (Fig. 2-20), and situated on the northern margin of the
main body of the Mabel Downs Granitoid Suite. It was selected because
an Sr isotope analysis of the rock from this locality has been presented by
Bofinger (1967). Thus major and trace element data from the present
work can be combined with Bofinger's Sr isotope result, and comparisons
of Rb and Sr concentrations also can be made.

The rock at this site is a coarse grained biotite hornblende tonalite.
Minor allanite and epidote are present in the rock. The tonalite has
lenticular hornblende rich mafic microgranular enclaves.

The mineralogy and outcrop appearance of this tonalite resemble

occurrences of the Sally Downs Tonalite.

B. Gneissic Tonalite

Gneissic tonalite (52003) has been collected from a point 1km
southwest of the previous outcrop (Fig. 2-20). The rock is a medium
grained biotite tonalite; it apparently predates the emplacement of the

main body of the Mabel Downs Granitoid Suite.

C. Orthopyroxene bearing Tonalite
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Fig. 2-20. Geology of the Turkey Creek area and sample localities
Modified from Dow and Gemuts (1967) and Plumb (1968).
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Three orthopyroxene bearing granodiorite bodies have been
described by Gemuts (1971) to the north and southwest of Turkey Creek
(Fig. 2-20). The largest body is 7km by 7km near the Bow River
Homestead, and a small lenticular mass crops out Skm south of the largest
body. A triangular shaped 15km by 3km body is situated to the
northwest of Mabel Downs Station (Gemuts, 1971).

A specimen (52008) was collected from the second body along the
Great Northern Highway. The rock is a coarse grained tonalite, dark
brown in handspecimen. It is composed of biotite, orthopyroxene, and
brown quartz and feldspar. Orthopyroxene is generally not evident in the
handspecimen.

Gemuts (1971) described the orthopyroxene bearing granitoid as
part of the Mabel Downs Granodiorite. However, because there is no
orthopyroxene bearing granitoid in the main body of the Mabel Downs
Granitoid Suite and no evidence of transition between them, it is felt
unnecessary to group them together.

The characteristic presence of orthopyroxene in the granitoid from
near Turkey Creek and in the tonalite from the Dougalls Granitoid Suite,
suggests that these rocks can be correlated. Therefore, it is concluded
that the orthopyroxene bearing granitoid must be excluded from the
Mabel Downs Granitoid Suite, but included in the Dougalls Granitoid
Suite which is older than the Sally Downs Tonalite, a correlative of the
main body of Mabel Downs Granitoid Suite to the south of Ord River.
The occurrence of similar orthopyroxene bearing granodiorite from the
north of the Springvale Homestead (see section 2.5.3.) suggests that the

suite has a distribution of some considerable extent.

D. Bow River Granitoid
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A sample (52009) of the Bow River Granitoid was taken from
Mount Nyulasy (Fig. 2-20), 15km northeast of the Bow River Homestead.
The rock is a massive, coarse grained granite, and consists of biotite,

ovoid quartz, pale green epidotized plagioclase, and K-feldspar.

2.5.2. Mabel Hill Tonalite

Mabel Hill Tonalite is a new name for a small tonalite body of the
Mabel Downs Granitoid Suite near Mabel Hill (Fig. 2-21). The tonalite
body is 6km long, 2km wide and elongated in a north-south direction. A
tiny body to the northeast of the tonalite may be a part of the tonalite.

Samples were collected along the Great Northern Highway in the
middle of the body. The rock is a foliated, coarse grained hornblende-
biotite tonalite. Minor epidote and allanite are present. The tonalite is
very similar to an acidic part of the Sally Downs Tonalite.

Outcrop of the Mabel Hill Tonalite is very small compared with the
Sally Downs Tonalite pluton of the Mabel Downs Granitoid Suite.
Indeed, extent of outcrop of the suite decreases toward the south. This
could be a manifestation of the outcrop areas representing different levels
within the suite; hence only shallow portions of the granitoid close to its
roof are exposed now in the south; thus the granitoid appears small in
area and is expected to have a large portion of the body underneath. This
interpretation is consistent with an increase in metamorphic grade from
south to north, indicating exposure of a deeper crustal portion in the
north.

Alternatively, the igneous activity of the Mabel Downs Granitoid
Suite is less significant in the southern part of the area.

The granitoids of the Mabel Downs Suite are present in a narrow

zone trending NNE from the Bow River to Mabel Hill; the southern
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Fig. 2-21. Geology of the Mabel Hill and Springvale sample localities
Modified from Dow and Gemuts (1967). Dashed lines are roads.
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extension of the zone can be traced to the east of Carington Spring, 30km

south of the Mabel Hill Tonalite body (Gemuts, 1971).

2.5.3. Springvale area

A small area, 20km north of Springvale Homestead, has been
selected primarily to examine the Bow River Granitoid Suite (Fig. 2-21
and Fig. 2-22). It is in the middle of a batholith of the granitoid suite,
and is situated near large xenoliths of Tickalara Metamorphics. Large
gabbroic bodies, viz. Tobby sill and a gabbro body of the Springvale, are
present in this area.

The area is littered with bouldery tors (Fig. 2-23A)- typical Bow
River Granitoid topography.

A. Tickalara Metamorphics
The metamorphic rocks are fine grained psammitic and pelitic

gneisses which have been migmatized to a variable degree.

B. Orthopyroxene bearing granodiorite

Orthopyroxene bearing granodiorite was found to the west of the
gneisses (Fig. 2-22). It is the southernmost occurrence of orthopyroxene
bearing granitoid in the Halls Creek Mobile Zone.

The granodiorite is coarse grained and weakly foliated. It consists
of light brown quartz and feldspar, biotite, and a small amount of
orthopyroxene. Although no contact relationship has been observed, it is
likely that the granodiorite intruded the metamorphic rocks, then both
were intruded by the Bow River Granitoid Suite and brought to their
present position as a large xenolith.

The granodiorite can be correlated with part of the Dougalls

Granitoid Suite which contains orthopyroxene.
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Fig. 2-22. Detailed geology of the Springvale area and sample localities

See Fig. 2-21 for location of the area. The dashed line is a road.
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Fig. 2-23. Field geological photographs; Bow River Granitoids

A. Typical exposure of the Bow River Granitoid. The area is littered

with bouldery tors.

B. Type II Bow River Granitoid. Large rounded crystals are quartz, K-

feldspar, and epidotized plagioclase. Scale: 2 cm.

C. Type I Bow River Granitoid. Large rounded K-feldspar comprises

about 40 % of the rock. Scale: diameter of lens cap is 5 cm.






C. Bow River Granitoid Suite

Two types of granitoid have been found in the Bow River Granitoid
Suite of this area.

Type 1 Bow River Granitoid (Fig. 2-23C) is a coarse grained,
porphyritic granite and is widely exposed in the area. Large rounded K-
feldspars, up to 2.5cm in diameter, comprise about 40% of the rock.
Medium grained biotite and a small amount of muscovite are present.
Type I granitoid has rare xenoliths of gneissic granodiorite which may be
an earlier phase of the granitoid suite or a completely different granitoid.

Type II Bow River Granitoid (Fig. 2-23B) occurs to a smaller extent
than type I, and type II granitoid is intruded by type I. Type II granitoid
is 2 medium grained granite; it has large phenocrysts of rounded quartz,

K-feldspar, and epidotized plagioclase.

2.5.4. Whitewater Volcanics

The Whitewater Volcanics which comprise ashflow tuffs and lavas
ranging from andesite to rhyolite, unconformably overlie the Halls Creek
Group, but are intruded by the Castlereagh Hill Porphyry and Bow River
Granitoid (Dow and Gemuts, 1969). The volcanics occur mainly west of
the Greenvale Fault in the East Kimberleys, separating the Halls Creek
Group and Lamboo Complex from younger sedimentary rocks of the
Kimberley Basin.

The area where the volcanics were examined is situated 38km north-
northwest of the Springvale Homestead (Fig. 2-21). The volcanics are
exposed in a narrow belt, 2 to 4km wide, along the Greenvale Fault. The
Whitewater Volcanics consist of pale green rhyolitic ashflow tuffs and
reddish brown porphyritic rhyodacite. A welded texture is well

preserved in the ashflow tuffs.
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A small number of specimens were collected from the area for

petrography and geochemistry.

2.6. Lamboo Complex in the King Leopold Mobile Zone

As well as occurring in the Halls Creek Mobile Zone the Lamboo
Complex is well exposed in the King Leopold Mobile Zone (Fig. 1-1),
trending northwest to west-northwest. As mentioned in Chapter 1, the
crystalline complex in the King Leopold Mobile Zone was named the
Hooper Complex by Griffin (1989). The Hooper Complex includes the
Lamboo Complex and a upper part of the Halls Creek Group. An
examination of the Lamboo Complex in the King Leopold Mobile Zone
should provide further constraints on the petrogenesis of the igneous
rocks of the complex. A brief review of the Lamboo Complex in the
mobile zone, and comparisons of the complex in the two mobile zones are
presented. Descriptions of rocks from the Lamboo Complex which have
been studied in the present work are also included here.

The Lamboo Complex in the King Leopold Mobile Zone is described
by Gellatly et al. (1974), Gellatly et al. (1975), and Griffin and Grey
(1990).

The Halls Creek Group occurs in the central and southwestern part
of the mobile zone, among granitoids of the Lamboo Complex; it
comprises greywacke, shale, siltstone and minor acid volcanics which
have been strongly folded, and metamorphosed to greenschist and
almandine-amphibolite facies assemblages (Gellatly et al., 1974). These
rocks of the Halls Creek Group can be assigned to the Olympio
Formation, i.e. the upper part of the Halls Creek Group.

Contact relationships of igneous rocks of the Lamboo Complex in
the Lennard 1/250,000 sheet area of the King Leopold Mobile Zone are
diagramatically summarized in Fig. 2-24 based on the study by Gellatly et
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Fig. 2-24. Time relationships of crystallization of igneous rocks in the
King Leopold Mobile Zone

Arrows indicate intrusive relationships. A rock unit pointed by an arrow

head is intruded by a rock unit at the origin of the arrow. Construction

of this diagram is based on a study by Gellatly et al. (1974).
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al. (1974). The early, middle, and late Lamboo Complexes were defined
using time relationship against the Whitewater Volcanics which is the
middle of the complex.

The early Complex in the King Leopold Mobile Zone comprises two
basic intrusives and two granitoids (Fig. 2-24). The Wombarella Quartz
"Gabbro" is composed of biotite-orthopyroxene quartz gabbro, quartz
norite, and tonalite. Some tonalite contains orthopyroxene (Gellatly et
al., 1974). The Wombarella Quartz "Gabbro" is correlated with the
Mclntosh Gabbro in the Halls Creek Mobile Zone by Plumb and Gemuts
(1976), but the orthopyroxene bearing tonalite of the Wombarella Quartz
"Gabbro" may be comparable to similar rocks in the Dougalls Granitoid
Suite.

The extrusion of the Whitewater Volcanics was followed by
intrusion of porphyries which are believed to be comagmatic with the
volcanics.

The presence of a large number of post-Whitewater Volcanics
granitoid bodies in the King Leopold Mobile Zone may imply that more
complex and more extended igneous activity took place in the region than
in the Halls Creek Mobile Zone (Plumb and Gemuts, 1976). However, it
is more likely that more detailed field observations are able to identify
more granitoid bodies and more igneous activities in the King Leopold
Mobile Zone. In the Halls Creek Mobile Zone, most of post-Whitewater
Volcanics granitoids are simply grouped into the Bow River Granitoid
Suite. A detailed study of the Bow River Granitoid Suite should reveal
multiple igneous intrusions within the suite, similar to those in the King
Leopold Mobile Zone.

Emplacement of granodiorite and tonalite, such as McSherrys
Granodiorite, after the eruption of the Whitewater Volcanics and before

the intrusion of the Lennard Granite are recorded in the King Leopold
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Mobile Zone (Gellatly et al., 1974). The Bow River Granitoid and
Lennard Granite and related granite form large batholiths in both the
Halls Creek and King Leopold Mobile Zones.

In the King Leopold Mobile Zone, specimens were collected from
the Richenda Granodiorite, McSherrys Granodiorite, and Dyasons

Granite (Fig. 2-24).

A. Richenda Granodiorite

The largest body of the Richenda Granodiorite (Richenda
Microgranodiorite of Gellatly et al. (1974)) was examined 4km to the
northwest of the Colemans Camp (Fig. 2-25).

The granodiorite body has a roughly circular shape 4km in
diameter. It is a medium grained biotite granodiorite, and is generally
massive. Locally a schistosity caused by shearing is apparent. Dark
bluish gray rhyolite occurs in the western part of the body. Phenocrysts
of quartz and biotite are evident. The presence of the rhyolitic variety
suggests that the Richenda Granodiorite is a high level intrusive.

Therefore it is likely to be a member of the late Lamboo Complex.

B. McSherrys Granodiorite

Specimens were collected along the track from Cadjebut Yard to
Colemans Camp (Fig. 2-25). The rocks are coarse grained hornblende-
biotite granodiorite, and are strongly foliated. A large number of

lenticular mafic microgranular enclaves are present.

C. Dyasons Granite
A specimen was collected 7km to the southeast of the Colemans
Camp. It is a medium grained biotite granodiorite. Very strong foliation

in the rock could be related to the Sandy Creek Shear Zone (Fig. 2-25).
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Fig. 2-25. Geology of central part of the King Leopold Mobile Zone
Geological map modified from Gellatly et al. (1974). Sample localities

are indicated in the map.
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2.7. Regional Structure and Gravity Data

2.7.1. Regional Structure

Two mobile zones, the Halls Creek Mobile Zone and the King
Leopold Mobile Zone, form the basic regional structure in the Kimberley
area.

The north-northeast trend of the Halls Creek Mobile Zone is
manifested by faults which have similar trend to it, such as Halls Creek
Fault, Springvale Fault, and Greenvale Fault (Fig. 2-2). However, these
faults show a slightly oblique relationship to the axial trend of the Mabel
Downs Granitoid Suite. The trend of the suite is considered to be parallel
to the major trend of Early Proterozoic orogenic activity, that is of the
Halls Creek Orogenic Zone, which is thus divergent from the trend of the
Halls Creek Mobile Zone, manifested by the faults.

In the Halls Creek Mobile Zone (Fig. 2-2), north-northeast trending
faults show left-lateral strike-slip displacements (Plumb and Gemuts,
1976). North-northwest trending faults also show left-lateral
displacement, and lineaments parallel to these faults are obvious in the
Landsat image (Fig. 2-26). However east-west trending minor faults,
such as the Sally Downs Fault and Melon Patch Fault in the Sally Downs
Bore area, suggest right-lateral displacement. The displacement patterns
can be explained as the result of left-lateral movement along the Halls
Creek Mobile Zone (Rod, 1966). The total cumulative left-lateral
displacement across the Halls Creek Mobile Zone is considered to be at
least 110km by Plumb and Gemuts (1976). However, Hancock and
Rutland (1984) suggested much smaller displacement, viz. about 30km by
the correlation of their D3 structures across the Halls Creek and

Woodward Faults. The left-lateral movement along those faults took

place after D3 phase of deformation of Hancock and Rutland (1984), and
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Fig. 2-26. Landsat image of the Halls Creek Mobile Zone

Band 5 image of the MSS sensor of Landsat is used. Part of two scenes,
Path 114/ Row 072 and Path 114/ Row 073, are shown. An image taken
in winter of the southern hemisphere was selected to avoid any cloud
cover; this season is dry in the studied area. The images were taken on
28th June, 1980. The combined image shows broad structural and

lithological variety in the area.






possibly in Late Proterozoic to Early Paleozoic (Dow and Gemuts, 1969).
Although the major displacement took place after D3, the faults may have
originated in the Early Proterozoic or even earlier in the tectonic history
(Hancock and Rutland, 1984; White and Muir, 1989).

On the other hand, the King Leopold Mobile Zone was deformed by
reverse faulting and folding overturned towards the northeast, and was
affected by only minor strike-slip faulting (Plumb and Gemuts, 1976).
Deformation may be the result of displacement along the Halls Creek
Mobile Zone, involving movement of the western block (Kimberley

block) to the south (Plumb and Gemuts, 1976).

2.7.2. Gravity Anomalies and Their Implications

The gravity map was examined to obtain information on the
subsurface distribution of rocks and regional structure. The striking
feature of the Bouger gravity map of the region is the large positive
anomaly coinciding with the Halls Creek Mobile Zone (Fig. 2-27). It has
a gravity maximum 50km southwest of Turkey Creek, corresponding to
the area of high grade metamorphic rocks and ultrabasic-basic intrusives.

Large negative anomalies east of the Halls Creek Mobile Zone
correspond to the sedimentary basins. A positive anomaly is present to
the southeast of Halls Creek over The Granites-Tanami Complex.

In the region of the Kimberley basin, the gravity picture shows no
marked anomaly suggesting a simple structure.

In the Halls Creek Mobile Zone, the ultrabasic-basic plutonic bodies
of the McIntosh Gabbro, such as Mclntosh sill, Tobby sill, and gabbro
near Springvale underlie small scale positive anomalies, and could be
responsible for them. Hence, similar small positive anomalies might

suggest the presence of other ultrabasic-basic plutonic bodies.
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Fig. 2-27. Gravity map of the Halls Creek Mobile Zone

Gravity data from following 1/500,000 Bouguer gravity maps published
by Bureau of Mineral Resources.

Lissadell sheet: Bureau of Mineral Resources (1977)

Dixon Range sheet: Bureau of Mineral Resources (1978)

Gordon Downs sheet: Bureau of Mineral Resources (1978)

Mount Elizabeth sheet: Bureau of Mineral Resources (1977)

Lansdowne sheet: Bureau of Mineral Resources ( 1977)

Mount Ramsay sheet: Bureau of Mineral Resources (1977)

Gravity values are in mgal. Cross-hatch indicates exposure of Mabel
Downs Granitoid Suite. Crosses indicate exposure of granitoids other
than the Mabel Downs Granitoid Suite. Dashed lines are boundaries
between the area of Early Proterozoic Halls Creek Group and Lamboo
Complex and that of younger cover rocks. Dash dot lines are faults,

High gravity is observed in the Halls Creek Mobile Zone. See text for

further discussion.
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Granitoids have a relatively low specific gravity compared to basic
rocks and metamorphic rocks, and may be expected to show negative
Bouger anomalies. However, granitoid bodies in the area do not show
obvious negative anomalies. For example, the area of the Bow River
Granitoid Suite is characterized by a positive anomaly. This might
indicate that the granitoid is of small volume, and rocks which have a
higher specific gravity, e.g. basic igneous or high grade metamorphic
rocks, are present under the granitoid. Basic igneous rocks might have
provided thermal energy for the generation of a granitoid magma.

A flexure of the gravity contour to the west, over the Sophie Downs
Granite, 10km east of Halls Creek, is perhaps indicative of a local
negative anomaly near the granite body. The anomaly extends to the east
over the Saunders Creek Dome. Therefore there may be a granitoid core
under the dome similar to the Sophie Downs Dome.

From analysis of the gravity trends, Wellman (1976a, 1978)
identified crustal blocks, which are in good agreement with the structural
province defined by surface geology (G.S.A., 1971), and further
identifiable in areas where the basement is not exposed. The north
Australian block (Wellman, 1978) is bounded by the Halls Creek Mobile
Zone to the west and the Arunta block to the south. Although there are
covers of younger sedimentary rocks, in places, northern Australia is
seen to consist of a large crustal block continuous from the Halls Creek
Mobile Zone to Mount Isa, possibly with an Archaean basement.

Wellman (1978) examined the gravity anomalies across the block
boundary coinciding with the Halls Creek Mobile Zone and interpreted
the eastern side as the older. The interpretation implies the possible
presence of an Archaean basement to Proterozoic terrain east of the Halls

Creek Mobile Zone.
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Wellman (1976b) calculated crustal thicknesses for Australia from
gravity anomalies, and his results show that the East Kimberley region
has a 35km thick crust. The thickness is a middle value within the 30-
45km range of crustal thicknesses of Australia as a whole, derived by
seismic survey (Dooley, 1976). However, contrasted with this
interpretation, Finlayson (1987) presented larger crustal thickness for the
Proterozoic North Australian Craton based on the results of refraction
seismic survey, viz. 51-54km for the central part of the craton and 44-
45km at the craton margins to the north and northeast. The East
Kimberley region, western margin of the North Australian Craton, could
have similar thickness, about 45km. The thickness of the crust in
Archaean provinces is generally found to be about 35km, whereas
Proterozoic crust has a significantly greater thickness of about 45km and
has a high-velocity layer at the base (Durrheim and Mooney, 1991).
Therefor, the crust thickness of about 45km will is likely for the East
Kimberley region.

In any petrogenetic model, the current thicknesses of the crust must

be considered.
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CHAPTER 3. PETROLOGY (PART 1): PETROLOGY OF THE ROCKS
FROM THE SALLY DOWNS BORE AREA EXCLUDING THE SALLY
DOWNS TONALITE

3.1. Introduction

This chapter describes the petrology of the rocks from the Sally
Downs Bore area. However, the petrology of the Sally Downs Tonalite
of this area will be given in the next chapter. In the section dealing with
the Dougalls Granitoids Suite, descriptions of two orthopyroxene bearing
granitoid samples from the north of Turkey Creek and from north of
Springvale are included. For each rock unit, petrography, mineral
chemistry, and whole rock geochemistry are provided and discussed in
this order. Full analytical results of mineral chemistry using electron

microprobe are listed in Appendix 8.

3.2. Tickalara Metamorphics and Fine Grained Tonalitic Rocks

3.2.1. Pelitic and Psammo-pelitic Schists and Gneisses

A. Petrography

The petrography of the pelitic and psammo-pelitic schists and
gneisses is briefly described. The following mineral assemblages have
been recognized in the thin sections examined:

1. quartz - alkali feldspar - plagioclase - biotite - opaques

2. quartz - alkali feldspar - plagioclase - biotite - garnet -

opaques

3. quartz - alkali feldspar - plagioclase - biotite -

sillimanite- opaques

4. quartz - alkali feldspar - plagioclase - biotite - garnet -

sillimanite - opaques

5. quartz - alkali feldspar - plagioclase - biotite - garnet -

sillimanite - cordierite - opaques
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6. quartz - alkali feldspar - plagioclase - biotite - garnet -

orthopyroxene - orthoamphibole - opaques

7. quartz - alkali feldspar - plagioclase - biotite -

muscovite - opaques

Garnet is present as pale pink porphyroblasts or xenoblasts, and
commonly contains sigmoidaly distributed inclusions of quartz, biotite,
sillimanite, and opaques (Fig. 3-1A). Cordierite is found only in samples
from the central and northern parts of the Sally Downs Bore area. It
ranges in size up to 3mm, and contains inclusions of sillimanite and
opaques. The rim of the cordierite is altered to pinite. The textural
relationships suggest that the biotite and sillimanite were formed before
the garnet and the cordierite.

Biotite is a common mineral in the schists and gneisses, and is
present as subidioblastic to idioblastic laths. The pleochroism is : o=
straw yellow, B= y= reddish brown.

Sillimanite is present as small discrete grains or as fibrolite. In the
gneiss from north of the Sally Downs Bore, sillimanite has grown parallel
to the axis of S7 folds (Fig. 3-1B), suggesting crystallization of sillimanite
during D2 deformation.

Sample 40204 (sample location in Fig. 3-2) is composed of quartz,
plagioclase (An 42-51), biotite, and garnet, with small amounts of
orthopyroxene and orthoamphibole (Fig. 3-1C). The orthopyroxene is
very small, and shows pink to blue pleochroism. Chemical composition
of the orthopyroxene demonstrates that it is hypersthene with a relatively
high Al203 content (Table A8-1). Small grains of the hypersthene are
commonly altered to opaque minerals along the rim. Paragenesis of the
orthopyroxene and the garnet is not clear but it seems that the
orthopyroxene was not stable with the garnet. Pale yellow

orthoamphibole is also fine grained and is possibly derived from the
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Fig. 3-1. Photomicrographs of Tickalara Metamorphics, fine grained
tonalitic rocks, and meta-gabbro

A. Pelitic gneiss (21402) of the Tickalara Metamorphics. Garnet

porphyloblast with inclusions of quartz. Gar: garnet, Bi: biotite, Cord:

cordierite, Qz: quartz. Plane polarized light. Scale bar is 1 mm.

B. Biotite gneiss (51005) from the north of the Sally Downs Bore.

Sillimanite has grown parallel to the axial plane of S folds. S2 fold

hinge is present in the center of the photograph. Sill: sillimanite. Plane

polarized light. Scale bar is 10 mm.

C. Orthopyroxene bearing biotite gneiss (40204). Opx: orthopyroxene,

Gar: garnet, Bi: biotite, P1: plagioclase. Plane polarized light. Scale bar

is 1 mm.

D. Amphibolite (21603) of the Tickalara Metamorphics. Am: amphibole,

Pl: plagioclase (An 78-88). Plane polarized light. Scale bar is 1 mm.

E. Fine grained tonalitic rocks: hornblende-biotite tonalite (11110)

including elongated aggregates of hornblende. Am: amphibole

(hornblende), Bi: biotite. Plane polarized light. Scale bar is 1 mm.

F. Fine grained tonalitic rocks: plagioclase porphyritic biotite tonalite

(11301). Crossed polarized light. Scale bar is 5 mm.

G. Meta-gabbro (22101) is composed of plagioclase (pl), hornblende

(Am), and picotite (Pic). Plane polarized light. Scale bar is 1 mm.

H. Meta-gabbro (22102) is mainly composed of hornblende (Am),

orthopyroxene (Opx), and green colored chromian ferroan spinel (Cr-

Sp). Plane polarized light. Scale bar is 1 mm.






orthopyroxene. The orthopyroxene and the amphibole have similar
chemical compositions, except lower FeO and slightly higher H20
(estimated from values of total), Al203, Ca0, and Na20 in the amphibole
than in the orthopyroxene (Table A8-1).

The presence of the orthopyroxene indicates granulite facies
metamorphism, but the mineral assemblage is almost destroyed by
subsequent lower grade metamorphism. Geothermometry from garnet-
biotite pairs in the same rock, using the equation of Ferry and Spear
(1978), yields temperatures of 680 and 776°C at 5 and 10kb, respectively.
The derived temperatures are somewhat lower than the temperatures
obteined from mafic granulite in the Sally Malay area (Thornett, 1981),
20km north of the studied area.

B. Geochemistry

Major element and trace element contents of the metamorphic rocks
which are thought to be derived from sedimentary rocks, are listed in
Table 3-1, together with major element data from the Tickalara
Metamorphics (two schists and eight paragneisses) reported by Gemuts
(1971). Gneisses which are considered to be derived from igneous rocks
or from a mixture of igneous and sedimentary rocks are listed in Table 3-
2. These are grouped as a orthgneiss member of the Tickalara
Metamorphics. Locations of samples analyzed are shown in Fig. 3-2.

A study of the chemical composition of the metamorphic rocks is
relevant to a consideration of the production of granitoid magmas by
partial melting of the host rocks. Since the Mabel Downs Granitoid is
believed to have formed by the partial melting of the Tickalara
Metamorphics (Dow and Gemuts, 1969), the study provides the basis of

the constraint to a petrogenesis of the granitoid.

Major elements
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Fig. 3-2. Sample locality map for samples of the Tickalara
Metamorphics, Fine grained tonalitc rocks, Western

Porphyritic Granite, and Central Leucocratic Granite in the

Sally Downs Bore area.

TM: Tickalara Metamorphics, FT: Fine grained tonalitc rocks, WG:

Western Porphyritic Granite, and CG: Central Leucocratic Granite
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Table 3-1. Chemical compositions of the Tickalara Metamorphics (1)

Sample 51901 51902 51905 81702 1G1 1G2 1G3
Gneiss Gneiss Gneiss Schist Schist Schist Gneiss
Si02 (%) 59.39 57.13 54.79 54.53 36.60 48.30 51.40
Al203 16.13 17.94 18.74 15.11 27.40 18.20 18.20
Fe203" 9.81 9.58 9.50 21.44 15.93 22.99 10.58
MnO 0.09 0.08 0.07 0.34 0.18 0.08 0.24
MgO 3.32 3.26 3.33 3.69 4.95 4.65 2.1
CaO 2.00 2.57 2.73 1.28 1.34 1.65 12.10
Na20 1.84 2.50 2.56 2.87 0.90 1.13 0.74
K20 4.67 4.61 4.72 2.37 3.90 2.35 2.47
Tio2 1.19 1.05 1.09 1.76 2.53 1.49 0.95
P205 0.03 0.03 0.04 0.05 0.15 0.05 0.08
LOI 1.17 1.00 1.10 -0.78 6.72 0.93 2.21
Total 99.64 99.75 98.67 100.66 100.60 101.82 101.08
Trace elements(ppm)
Ba 1143 960 1078 518 - - -
Rb 168 166 167 104 - - -
Sr 205 247 266 90 - - -
Zr 420 330 361 167 - - -
Nb 23.3 23.4 24.2 12.5 - - -
Y 7.6 6.6 7.7 36.9 - - -
Sc 17.9 19.3 16.5 36.9 - - -
Vv 141 134 136 335 - - -
Ni 48 45 47 194 - - -
Th 0 0 0 5 - - -
Ce 97 79 97 52 - - -
Nd 44 35 45 18 - - -
Cr 180 158 174 474 - - -
A/CNK 1.377 1.302 1.312 1.572 3.367 2.459 0.703
Sample 1G4 IG5 1G6 1G7 1GS8 1G9 IGl(]]
Gneiss Gneiss Gneiss Gneiss Gneiss Gneiss Gneiss
Si02 (%) 53.10 46.50 69.60 66.30 66.50 60.61 75.49
Al203 18.10 31.30 17.50 17.00 17.70 20.14 12.43
Fe203” 17.55 13.08 5.59 7.74 5.88 7.46 13.79
MnO 0.09 0.05 0.04 0.05 0.04 0.04 0.03
MgO 3.33 3.00 1.88 1.92 1.73 2.46 0.96
CaO 0.55 0.67 0.26 3.00 0.95 2.05 0.68|
Na20 0.30 0.89 0.11 2.24 1.35 2.08 1.01
K20 3.66 2.35 2.94 0.55 4.46 3.83 3.88
TiO2 1.37 1.02 0.54 1.00 0.56 1.19 0.47
P205 0.12 0.12 0.13 0.05 0.59 0.02 0.08
LOI 0.27 1.77 1.29 0.55 0.97 0.73 1.00]
Total 101.44 100.70 99.88 100.40 100.23 100.61 99.82
A/CNK 3.318 5.989 4.562 1.746 2.017 1.783 1.751

Analyses of IG1 to IG10 are from Gemuts (1971).
Fe203*: total Fe as Fe203, LOI: Loss on ignition
A/CNK: Mol.Al203/Ca0+Na20+K20



Table 3-2. Chemical compositions of the Tickalara Metamorphics (2)

Orthogneisses

Sample 51004 51903 51904 51907 51908 90806
Major Elements (wt%)

Si02 6440 71.86 66.19  65.31 61.86 67.38
AI203 1592 1328 1559 1582 16.47  14.51
Fe203* 6.13 3.96 5.36 6.19 7.02 6.01
MnO 0.07 0.04 0.06 0.06 0.09 0.06
MgO 1.92 1.50 1.86 2.12 2.75 1.55
CaO 418 2.18 3.60 2.86 5.51 3.56
Na20 3.33 3.01 3.32 3.60 1.58 3.35
K20 2.20 2.88 2.40 2.52 2.70 2.07
TiO2 0.86 0.49 0.60 0.69 0.79 0.72
P205 0.24 0.04 0.22 0.03 0.18 0.21
LOI 0.52 0.66 0.79 0.69 0.60 0.55
Total 99.77 99.90 9999 99.89 99.55 99.97
Trace Elements (ppm)

Ba 1286 653 759 605 582 726
Rb 86 95 88 93 127 79
Sr 400 177 334 276 249 275
Zr 281 231 278 262 133 259
Nb 14.1 11.7 10.7 11.2 8 11.8
Y 21 7.8 20.9 10.9 18 14.6
Ce 180 67 62 79 46 160
Nd 71 31 29 38 24 59
Sc 16.9 8.5 13.5 11.3 18.1 12.4
\Y 79 55 64 73 117 55
Cr 30 66 24 81 38 33
Ni 14.5 18.9 14.9 24.7 31.8 13.4
Cu 22 5 7 5 7 67
Zn 73 38 61 75 78 67
Ga N.D. N.D. 20.2 21.6 N.D. 21
Ratios

A/CNK 1.030 1.104 1.067 1.142 1.060 1.020
Rb/Sr 0215 0537 0263 0337 0510 0.287
(CelY)n 23.34 23.39 8.08 19.78 6.96 29.84

Fe203": Total Fe as Fe203
LOI: Loss on ignition
N.D.: Not determined

A/CNK: Mol.Al203/Ca0O+Na20+K20
(Ce/Y)n: Chondrite normalized Ce/Y



SiO7 contents of the schists and gneisses in Table 3-1 range widely
from 36.6 to 75.49% with average value of 57.16%. High alumina and
iron reflect the dominance of phyllosilicate minerals, such as mica and
chlorite. A variable ratio of clays to quartz in the original sediments
produces the broad spectrum of SiO2 contents.

K70 is moderately high, ranging from 2.35 to 4.72%, except for
sample 1G7 of Gemuts (1971). The Na20/K20 ratio is less than 0.6 for
most of the samples - a common characteristic of sedimentary rocks.
When plotted on a ternary Na20 - K20 - CaO diagram (Fig. 3-3), the
schists and gneisses lie near the K20 corner of the diagram, and on a line
representing Na20/CaO = 1, suggesting variation of K20 with constant
Na20/CaO ratio.

Mol [Al203/(Ca0 + Na20 + K20)] ratio is more than 1.3 reflecting
a peraluminous composition; an exception is sample IG3 of Gemuts
(1971) - a calcareous gneiss.

The additional four major element analyses of the schists and
gneisses in the present work support the conclusion of Gemuts (1971),
viz. that the rocks are similar in composition to the average shale (Clark,
1924) and greywacke (Pettijohn, 1957).

Si07 contents of the orthogneisses range from 61.86 to 71.86%
(Table 3-2). Moderate levels of K20 are found in the samples, ranging
from 2.07 to 2.88%. Mol.[Al203/(Ca0+Na20+K20)] ratios of the
gneisses are less than 1.142. The ratios are clearly lower than those of
the samples derived from the sedimentary rocks (Table 3-1).

Trace elements

Ba and Zr contents in the gneisses (Table 3-1) are high, ranging
from 960 to 1143ppm, and from 205 to 266ppm respectively; these are
slightly lower in the schist (sample 81702). Rb in the gneisses is about

167ppm. Rb depletion, a characteristic feature of granulite facies rocks
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Fig. 3-3. Na0-CaO-K20 diagram of Tickalara Metamorphics



Na20

CaO



(Rollinson and Windley, 1980a) is not observed. K/Rb ratios range from
190 to 235 in the metamorphic rocks.

Complete rare earth element (REE) determinations have not been
made for any rocks; only the two light rare earth elements (LREE), Ce
and Nd, have been analyzed. In the gneisses, Ce and Nd are high, and Y
is low, suggesting a steep chondrite normalized REE pattern with LREE
enrichment. The schist shows moderate LREE enrichment relative to
HREE (heavy rare earth elements) estimated from the Y content. Higher
Y concentration in the schist than in the gneisses may result from the
presence of garnet which preferentially accommodates HREE and Y
rather than LREE.

Comparing the trace element concentrations with crustal abundances,
in particular post-Archaean upper crustal values (Taylor and McLennan,
1981) there are some similarities, viz. high Rb, Ba and high LREE
contents (Table 3-1). However the gneisses have lower Y contents than
Taylor and McLennan's values indicating depletion of HREE.
Transitional metal elements, Cr, V, Sc, Ni, are generally high in the
gneisses and schist compared to the post-Archaean upper crustal value
(Tylor and McLennan, 1981). Values might suggest the possibility of
numerous mafic rocks in the provenance. Contradicting concentrations,
viz. the high Rb, Ba, LREE, Cr, V, Sc, and Ni, could be accounted for by
bi-modal volcanic rocks in the source area.

Trace element contents of the orthgneisses (Table 3-2) show some
similarities to the gneisses of the sedimentary rock origin from the

Tickalara Metamorphics, having high levels of Ba and Zr.

3.2.2. Amphibolite
A. Petrography
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The amphibolites are fine grained, and have granoblastic to
nematoblastic texture (Fig. 3-1D). They have plagioclase and hornblende
as major constituents. The following mineral assemblages have been
recognized in the amphibolites.

1. plagioclase - hornblende - quartz - opaques

2. plagioclase - hornblende - quartz - clinopyroxene - opaques - (+
epidote)

3. plagioclase - hornblende - clinopyroxene - garnet - quartz
-opaques

The garnet amphibolites are light colored rocks, having less
amphibole than the amphibolite without garnet.

Plagioclase

The plagioclase is present as xenoblasts with average grain size about
0.6mm. The composition of the plagioclase ranges from An 78 to 88 in
sample 21603 which is a typical example of the amphibolite (Fig. 3-4).
However, in the garnet amphibolite (samples 20904 and 22105), the
composition varies from An 39 to 49.

Hornblende

The hornblende ( o= pale yellowish green, = dark green, Y= bluish
green) is a significant component of the rocks, constituting as much as
45%. Tt forms subidioblastic to xenoblastic grains ranging in size up to
Imm. ZA"C ranges from 12 to 21°.

The chemical composition and structural formula of several
hornblendes are given in Table 3-3.

The hornblende in the amphibolite is magnesio-hornblende or ferro-
hornblende according to the nomenclature of Leake (1968); Mg/Mg + Fe
ratios from 0.478 to 0.529. Ti content of the hornblende (on the basis of
23 oxygens) varies from 0.108 to 0.147, corresponding to the content of

hornblende typical of high-grade amphibolite facies (Raase, 1974).
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Fig. 3-4. An-Ab-Or plot of plagioclase from amphibolite

Sample localities of amphibolites, 21603, 20904, and 22105, are shown in
Fig. 3-5.






Table 3-3. Representative chemical compositions of minerals from amphibolite

Clinopyroxene Amphibole Garnet

Sample 21603 21603 22105/ 21603 21603 22105| 22105 22105
Si02 (wt%) 52.59 5256 49.93| 4584 4502 38.54| 38.13 38.01
Tio2 0.11 0.19 0.12 0.99 1.25 1.19 0.00 0.05
Al203 1.61 1.92 1.91 9.57 10.19 14.26 20.36 20.51
FeO” 11.94 12.31 18.67 17.51 17.62  26.66 27.23  26.17
MnO 0.31 0.36 0.57 0.28 0.18 0.23 3.99 401
MgO 11.84 11.82 6.16f 10.69 9.89 249 1.38 1.32
CaO 22.00 22.03 22.03 11.53 11.94 11.51 9.72 10.21
Na20 0.45 0.40 0.37 1.29 1.53 1.01 0.00 0.05
K20 0.00 0.00 0.00 0.38 0.52 1.89 0.00 0.00
Cr203 0.08 0.00 0.00 0.06 0.09 0.00 0.00 0.00
Total 100.93 101.59 99.76 98.14 98.23  97.78| 100.81 100.33
Structural formula

No.Ox. 6 6 6 23 23 23 12 12
Si 1.970 1.959 1.962 6.810 6.711 6.121 3.032 3.029
Aliv 0.030  0.041 0.038 1.190 1.289 1.879 0.000 0.000
Alvi 0.041 0.043  0.051 0.486 0.502  0.792 1.909 1.927
Ti 0.003 0.005 0.004] 0.1M1 0.140 0.142] 0.000  0.003
Fe 0.374 0384 0614 2175 2197  3.541 1.818 1.744
Mn 0.010  0.011 0.019| 0.035 0.023  0.031 0.269 0.271
Mg 0.661 0.656  0.361 2.367 2197 0.589 0.164 0.157
Ca 0.883 0.880 0.928 1.835 1.907 1.959 0.828 0.872
Na 0.033 0.029 0.028] 0.372 0.442 0.311 0.000  0.008
K 0.000 0.000 0.000; 0.072 0.099 0.383| 0.000 0.000
Cr 0.002 0.000 0.000| 0.007 0.011 0.000 0.000 0.000
Total 4.007 4.008 4.004| 15.460 15518 15.748| 8.013 8.009
Mg/Mg+Fe 0.639 0.631 0.370 0.521 0.500 0.143| 0.083 0.082
Ca* 0.460  0.458 0.488 0.288 0.303 0.322 - -
Mg* 0.345 0342 0.190| 0.371 0.349 0.097 - -
Fe* 0.195 0.200 0.323| 0.341 0.349  0.582 - -

FeO*: Total Fe as FeO
No.Ox.: Number of oxygens in structural formula
Ca*: Ca/Ca+Mg+Fe, Mg": Mg/Ca+Mg+Fe, Fe™ Fe/Ca+Mg+Fe




In the garnet amphibolites(eg. sample number 22105), the
hornblende is hastingsite or hastingsitic hornblende, with lower Mg/Mg +
Fe ratios.

Clinopyroxene

The clinopyroxene is pale green to colorless, and is present as
xenoblasts or subidioblasts with average grain size 0.8mm. The chemical
composition of the clinopyroxene (Table 3-3) is that of salite in the
amphibolite and ferrosalite in the garnet amphibolite.

Garnet

The garnet is present as pale pink idioblasts or subidioblasts, up to

1mm in size, and rich in iron and calcium (Table 3-3).

B. Geochemistry

The major and trace element contents of two amphibolites are given
in Table 3-4. Sample locations are shown in Fig. 3-5.

Major elements

The silica contents show the amphibolites to be basaltic, but the
values may not be truly indicative because of quartz veins which are
common in the amphibolites. The obtained figures are thus maximum
values only.

Although some elements may be mobile during metamorphism
(Condie, 1976), the chemical data are initially treated on the assumption
that the rocks preserve the original chemistry.

Total alkali contents are 1.73 and 1.55, and these are in the range of
subalkalic rock in terms of boundary between alkalic and subalkalic rocks
suggested by Macdonald and Katsura (1964) and Miyashiro (1978). FeO*
(total Fe as FeO)/MgO versus Si07 and FeO*/MgO versus FeO values
(Fig. 3-6) indicate that the rocks are tholeiites according to the
discrimination boundary of Miyashiro (1974).
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Table 3-4. Chemical compositions of amphibolite

Sample 21602 21603
Wt(o/o)

Sio2 49.72 50.64
Al203 14.40 15.05
Fe203* 12.77 12.40
MnO 0.22 0.20
MgO 7.77 6.50
CaOo 11.70 12.98
Na20 1.44 1.32
K20 0.29 0.23
TiO2 0.52 0.55
P205 0.05 0.07
LOI 0.64 0.24
Total 99.52 100.18
Trace Elements (ppm)

Ba 715 21.6
Rb 25 2.7
Sr 102 63
Zr 22.1 31.2
Nb 3.1 1.4
Y 13.8 16.2
Ce 7 5.1
Nd 9.4 5.8
Sc 49.8 44 1
\Y 278 256
Cr 295 312
Ni 98 82
Cu 324 166
Zn 94 82
FeO*/MgO 1.48 1.72

Fe203*: Total Fe as Fe203
LOI: Loss on ignition
FeO*: Total Fe as FeO



Fig. 3-5. Sample locality map for mafic rocks in the Sally Downs Bore
area
MG: meta-gabbro, AM: amphibolite, MD: meta-dolerite,

UM: hornblendite and mela-gabbro (ultramafic rocks)
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Fig. 3-6. FeO*/MgO-SiO2 and FeO*/MgO-FeO plots of amphibolite
Solid squares: present study

Open circles: data from Gemuts (1971)

FeO*: total Fe as FeO

Tholeiite field (TH) and calcalkaline field (CA) are from Miyashiro
(1978).
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Major element data of four amphibolites from the Tickalara
Metamorphics were presented by Gemuts (1971), and these are also
considered here. They are subalkalic, and three of them plot in the
tholeiite field (Fig. 3-6), though one sample, which has 54% SiO2 is
calcalkaline.

The major element data thus indicate that the amphibolites could
have been derived from tholeiite.

Trace elements

Most of the trace elements are of similar value in the two samples;
but Ba and Sr concentrations differ, suggesting possible element mobility.
7r and Nb, which are thought to be relatively immobile during alteration
and metamorphism (Condie, 1976), are low in the rocks. The levels of
HREE in the samples, suggested by their Y contents, ar¢ very low, about
3 times chondritic abundance. The close similarity to low-K tholeiites of
modern island arc environments is indicated by Ti - Zr - Y
discrimination (Pearce and Cann, 1973).

Vanadium is 278 and 256ppm in the samples. Ti/V ratios are 11.2
and 12.9. This ratio is high in modern mid-ocean ridge basalts (MORB)
and ocean island and alkalic basalts, viz. generally more than 20, but is
less than 20 in arc tholeiites, and is between 10 and 50 in back-arc basin
basalts (Shervais, 1982). Hence these ratios are compatible with values
from arc tholeiites or back-arc basin basalts. Ti/Cr ratio versus Ni
discrimination (Beccalura et al., 1973) also suggests that the rocks are
similar to the island arc tholeiite.

Therefore most of the trace element contents show that the rocks
have similar characteristics to the island arc tholeiite. This is relevant to
a consideration of the tectonic setting during deposition of Halls Creek

Group.
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3.2.3. Fine Grained Tonalitic Rocks

A. Petrography

Two samples, 11110 and 11301, are examined in detail. Sample
locations are shown in Fig. 3-2. 11110 is a hornblende-biotite tonalite
including elongated aggregates of medium grained hornblende (Fig. 3-
1E). 11301 is plagioclase porphyritic biotite tonalite (Fig. 3-1F). They
are essentially fine grained, but include medium to coarse grained
hornblende or plagioclase crystals. Foliation manifested by plagioclase
and biotite is apparent.

11110 is composed of plagioclase (45%), biotite (20%), hornblende
(15%), and quartz (20%). The comositions are plotted on Qz-Af-Pl
diagram (Fig. 3-7). Apatite, epidote, and opaque minerals are accessory.
The plagioclase is subhedral; its composition ranges from An 36 to An 42
(Table A8-1), with very low Or content. Hornblende is subhedral,
magnesio-hornblende as classified by Leake (1968). Biotite (o= straw
yellow, PB= y= dark brown) is subhedral, with Mg/Mg+Fe 0.581-0.597
(Table A8-1).

11301 contains abundant plagioclase (45%), and lesser amounts of
quartz (30%) and biotite (20%). Accessories are epidote, allanite, apatite,
zircon, and opaque minerals. Small amounts of muscovite and calcite are
probably secondary. Rare amphibole is mostly replaced by biotite and
opaque minerals. Plagioclase is subhedral or euhedral; composition
ranges from An 34 to 46, averaging An 39.6. Or content ranges from Or
0.4 to 1.7. Porphyroblastic plagioclase includes quartz, plagioclase, and
biotite crystals. No compositional difference between the porphyroblastic
plagioclase and matrix plagioclase is found. Biotite (o= straw yellow, B=
y= dark brown) is subhedral. Mg/Mg+Fe of the biotite ranges from
0.467 to 0.483 (Appendix 8), which is somewhat lower than that of
biotite from 11110.
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Fig. 3-7. Modal Quartz-Alkali feldspar-Plagioclase diagram for
granitoids

Q: quartz, A: alkali feldspar, P: plagioclase

Classification of granitoid given in the diagram is after Streckeisen

(1976).

FT: Fine grained tonalitic rocks

EG: Eastern Leucocratic Granitoid

DU: Dougalls Granitoid Suite

OR: Ord River Tonalite Suite

CG: Central Leucocratic Granite

WG: Western Porphyritic Granite

SA: Sally Downs Tonalite

ME: Mafic maicrogranular enclave in the Sally Downs Tonalite

SO: Sophie Downs Granitoid

BR: Bow River Granitoid

KL: Granitoids from the King Leopold Mobile Zone
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B. Geochemistry

The major and trace element data from the same samples (11110 and
11301) are listed in Table A4-1 (Appendix 4).

SiO2 in 11110 and 11301 is 61.79 and 61.92 wt%, respectively,
indicating that the rocks have intermediate composition. Sample 11110 is
metaluminous, whereas 11301 is peraluminous. The Na2O/K20 ratio in
11110 and 11301 is 2.45 and 1.83, respectively. The lower ratio in
11301 results from higher K20 of 11301 than in 11110.

Trace element data (Table A4-1) show that the two analyzed samples
have contrasting compositions, suggesting different origins. 11110
contains high V, Cr, and Ni, and may be derived from a relatively
primitive intermediate igneous rock, e.g. tonalite or andesite. However
11301 has a high concentration of Rb, Zr, Ce, and Nd. Therefore, it is
likely that this rock has originated from a differentiated tonalite or

possibly from sedimentary rocks.

3.3. Meta-gabbro

3.3.1. Petrography

The meta-gabbro is composed essentially of hornblende, plagioclase,
spinel, and orthopyroxene. Mineral assemblages of three samples
examined are:

22101; plagioclase—hornblende—picotite

22102; hornblende-orthopyroxene-chromian ferroan spinel-

plagioclase

22103; plagioclase—hornblende-orthopyroxene.

The texture of the rocks is granoblastic to nematoblastic with
average grain size 0.5mm. The hornblende occurs as subidioblastic or

xenoblastic grains. In sample 22101, the hornblende is clustered as
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irregular shaped glomeroporphyroblastic aggregates which commonly
have picotite grains in the core (Fig. 3-1G). The hornblende is pale
green and its pleochroism is weak. The chemical composition of the
hornblende (Table 3-5) is that of a magnesio-hornblende or tschermakitic
hornblende.

The plagioclase is extremely calcic, ranging from An 97 to 98. It
occurs as subidioblastic to xenoblastic grains. In sample 22101, the grain
boundaries of the plagioclase are generally straight with triple junctions.

The xenoblastic grains of the orthopyroxene are slightly smaller than
the amphibole, ranging up to 0.4mm. The orthopyroxene is a bronzite as
revealed by electron microprobe analysis (Table 3-5) and by 2V of about
90°.

As indicated above, two types of spinel, picotite and chromian
ferroan spinel, are recognized. Opaque picotite is present in sample
22101 closely associated with hornblende. It has high Fe and Cr contents
(Table 3-5).

Chromian ferroan spinel is dark green and appears as small
subidioblastic grains in sample 22102 (Fig. 3-1H). Zoning is manifested
by color variation. Cores are richer in Cr and Fe but lower in Mg and

Al (Table 3-5), relative to the rims.

3.3.2. Geochemistry
Major element and trace element contents of the meta-gabbro are

presented in Table 3-6. The sample location is shown in Fig. 3-5. Si02

in the analyzed sample (22101) is 45.01% which approaches that in
ultrabasic rocks. Although the SiO2 content is low, FepO3* (total Fe as
Fer03) and MgO are not high, being 4.89 and 8.63% respectively. High
concentrations of Al203 and CaO, together with the features described

above, suggest that the precursor of the meta-gabbro was rich in
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Table 3-5. Representative chemical compositions of minerals from meta-gabbro

Mineral Opx Amphibole Spinel

Sample 22102 22101 22102 22101 22102 22102
Wt(cyo)

Si02 54.52 45.60 47.23 0.00 0.08 0.07
TiO2 0.00 0.32 0.05 0.00 0.00 0.00
Al203 4.97 13.34 14.41 33.46 60.26 62.58
FeO* 10.60 7.1 5.20 30.16 18.52 16.75
MnO 0.21 0.09 0.19 0.34 0.15 0.07
MgO 31.67 16.71 17.63 7.71 16.80 18.14
CaO 0.10 11.39 11.55 0.00 0.00 0.00
Na20 0.00 1.64 1.39 0.00 0.00 0.00
K20 0.00 0.28 0.14 0.00 0.00 0.00
Cr203 0.00 1.11 0.07 27.08 5.05 3.15
Total 102.07 97.59 97.86 98.75 100.86 100.76
Structural formula

No.Ox. 6 23 23 8 8 8
Si 1.878 6.495 6.596 0.000 0.004 0.004
Al iv 0.122 1.505 1.404 0.000 0.000 0.000
Al vi 0.080 0.735 0.968 2.460 3.706 3.792
Ti 0.000 0.034 0.005 0.000 0.000 0.000
Fe 0.305 0.847 0.607 1.573 0.808 0.720
Mn 0.006 0.011 0.022 0.018 0.007 0.003
Mg 1.626 3.547 3.669 0.717 1.306 1.390
Ca 0.004 1.738 1.728 0.000 0.000 0.000
Na 0.000 0.453 0.376 0.000 0.000 0.000
K 0.000 0.051 0.025 0.000 0.000 0.000
Cr 0.000 0.125 0.008 1.335 0.208 0.128
Total 4.021| 15.541 15.410 6.102 6.039 6.036
Mg/Mg+Fe 0.842 0.807 0.858 0.313 0.618 0.659

FeO*: Total Fe as FeO
No.Ox.: Number of oxygens in structural formula



Table 3-6. Chemical composition of the meta-gabbro

Unit MD| Panton Sill Mclintosh Sill SLCI

Sample 22101|PS-A20 PS-A14|MS-14 MS-37 MS-33 |SLK8
H17 H22 M4 M8 M10

Wt(cyo)

Si0o2 45.01| 45.00 46.72| 45.95 45.37 47.51| 48.03

Al203 23.88| 27.34 27.65| 28.18 24.68 23.35| 23.36

Fe203* 489 324 4.09! 397 6.03 397 4.10

MnO 0.01 0.07 0.05| 0.04 0.06 0.06] 0.07

MgO 863 582 246| 536 792 5744 7.86

CaO 15.28| 16.78 14.48| 14.10 1223 15.32| 12.50

Na20 096 043 242 1.56 1.82 1.76 1.31

K20 0.14| 0.04 0.16/ 007 0.07 0.05f 0.74

TiO2 0.17| 0.07 0.28/ 0.06 010 024 0.09

P205 0.04| 0.03 0.08) 0.04 004 0.03f 0.00

H20+ 057 0.80 1.17 1.44 1.56 1.76

LOI 0.64

Total 099.74| 99.39 99.19| 100.50 99.76 99.59| 99.82

(ppm)

Ba 25.9

Rb 1.1

Sr 143

Zr 8.1

Nb 1

Y 3.2

Sc 21.4

Vv 104 41 100

Ni 237 144 59 140 145 73 79

Nd 4.5

Cr 5638 640 38 105 310 1020 684

Cu 139 43 45 20 40 95

Zn 47 9 17 18 31 13

Na20+K20 1.10| 047 2.58 1.63 1.89 1.81 2.05

FeO*/MgO 0.51 0.50 150, 067 0.69 0.62| 047

MD: meta-gabbro, SLCI: Salt Lick Creek Layered Intrusion

Rock type and source of data:

22101: meta-gabbro: this work

PS-A20-H17: Leucocratic meta-gabbro (pl amph chl ilm): (1)

PS-A14 H22: Leucocratic meta-gabbro (pl amph ¢z sph im): (1)

MS-14-M4: Leucocratic olivine gabbronorite (pl ol hb cpx opx): (1)

MS-37-M8: Leucocratic olivine norite (pl ol opx hb): (1)

MS-33-M10: Leucocratic olivine gabbronorite (pl cpx ol opx hb): (1)

SLK8: Plagioclase-orthopyroxene mesocumulate (pl amph opx 2): (2)
pl=plagioclase, amph=amphibole, chl=chlorite, iim=ilmenite, cz=clinozoisite, z=zoisite
ol=olivine, hbl=hornblende, cpx=clinopyroxene, opx=orthopyroxene, sph=sphene
Source of data: (1)Hamlyn(1977), (2)Wilkinson et al. (1 975)

Fe203*: Total Fe as Fe203 FeO™: Total Fe as FeO

LOI: Lss on ignition



plagioclase, thus possibly a leucocratic gabbro or the plagioclase
cummulate phase of a basic intrusion.

Total alkali content indicates that the rock is subalkalic. High
chromium content reflects the presence of the picotite.

In the Halls Creek Orogenic Zone, rocks of similar chemical
composition to that of the meta-gabbro are reported by Wilkinson et al.
(1975) from the Salt Lick Creek Layered Intrusion, and by Hamlyn
(1977) from the Panton Sill and Mclntosh Sill (Table 3-6). Comparison
of the chemistry of the meta-gabbro to that of relatively unrecrystallized
samples of MclIntosh Sill suggest that plagioclase, olivine, and pyroxenes
are major constituents of the meta-gabbro precursor.

From the geochemistry, it is concluded that the meta-gabbro is
derived from a leucocratic gabbro which may represent part of the

plagioclase rich cumulate phase of a basic intrusion.

3.4. Eastern Leucocratic Granitoid Suite
3.4.1. Petrography
Three types of Eastern Leucocratic Granitoid Suite are described

separately.

A. Type I Granitoids

Type 1 granitoids of the Eastern Leucocratic Granitoid Suite are
characterized by the presence of garnet (Fig. 3-8A and B). The garnets
appear as rounded euhedral or subhedral grains, one to three millimeters
in diameter. They are pale pink to reddish brown in thin section, and
typically inclusion free. The granitoids contain quartz, plagioclase (An
12 - 17), and microcline (Or 86 - 94) as major constituents (Fig. 3-7),
comprising more than 90% of the rocks (Table A2-1). Small amounts of

biotite, muscovite, opaque mineral, and zircon are present. The biotite
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Fig. 3-8. Photomicrographs of the Eastern Leucocratic Granitoid and
Dougalls Granitoid

A. Eastern Leucocratic Granitoid (type I).
Sample: 51603. Gar: garnet, Bi: biotite. Plane polarized light.
Scale bar is 1 mm.

B. Same as A, but under crossed polarized light.
Qz: quartz, KF: K-feldspar, Pl: plagioclase

C. Eastern Leucocratic Granitoid (type II).

Sample: 41702. Gar: garnet, Opq: opaque mineral, Bi: biotite
Plane polarized light. Scale bar is 1mm.
Type II granite is more mafic than the type I granite.
D. Same as C, but under crossed polarized light.
Pl: plagioclase, KF: K-feldspar.

E. Orthopyroxene bearing tonalite of the Dougalls Granitoid Suite
Sample: 12702. Opx: orthopyroxene, Ho: hornblende, Bi: biotite,
Opq: opaque mineral. Plane polarized light. Scale bar is 1 mm.

F. Same as E, but under crossed polarized light.

PI: plagioclase, Qz: quartz.

G. Trondhjemite of the Dougalls Granitoid Suite
Sample: 90301. Bi: biotite. Plane polarized light.

Scale bar is 1 mm.

H. Same as G, but under crossed polarized light.

Pl: plagioclase, Qz: quartz.






(o= yellow, B= y= dark greenish brown) is generally subhedral, and fine
to medium grained. The opaque mineral phase is ubiquitous as is the
garnet.

The texture of the rocks is hypidiomorphic-granular with slight
recrystallization along the grain boundaries. Myrmekite texture is

observed at some plagioclase-microcline grain boundaries.

B. Type II Granitoids

The granitoids of type II are slightly more mafic than the type I
granitoids, containing as much as 15% of mafic mineral. Up to 1%
garnet is present also in these granitoids (Fig. 3-8C and D). Small
subhedral grains are between 0.2 and 1mm in diameter. The garnets have
a pale pink color in thin section, and occasionally have inclusions of
quartz and perthitic feldspar.

The texture of the type II granitoids is hypidiomorphic-granular.
Myrmekite texture is common. Strong foliation is manifested by parallel
alignment of small flakes of biotite (a= straw yellow, B= y= dark
brown).

The type II granitoids consist of quartz, plagioclase (An 15 - 18),
microcline (Or 79 - 95), biotite, muscovite, opaque minerals, zircon,

apatite, allanite, and garnet.

C. Type III Granitoids

Granitoids of this type are characterized by the presence of
particularly dark gray colored plagioclase. Similar gray to dark gray
colored plagioclase is commonly found in charnockite, and the cause of
the color is discussed by Howie (1967) and Oliver and Schultz (1968).
They concluded that thin veins of iron rich material, possibly chlorite, in

the plagioclase are responsible for the overall color. Under the
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microscope, apart from yellowbrown to brown veins in plagioclases of
the type III granitoids, the dark plagioclases are no different from normal
plagioclase.

The granidoids are trondhjemite, consisting mainly of quartz and
plagioclase. Rounded phenocrysts of quartz and plagioclase are present in
a fine grained matrix. The texture provides evidence of extensive
deformation and recrystallization.

Biotite (o= yellow, B= y= reddish brown) occurs as elongated
aggregates manifesting strong foliation. Minor muscovite and zircon are

present.

3.4.2. Mineral Chemistry

A. Biotite

Representative chemical compositions of biotite from the Eastern
Leucocratic Granitoids are presented in Table 3-7. Mg/(Mg+Fe+Mn) in
biotites is generally low (Fig. 3-9A); in those from sample 51603 (type
1) it is extremely low, approaching the pure end molecule of
siderophyllite. High K20 contents and relatively low Si (5.185- 5.511)
are also characteristic. TiO2 content ranges from 2.12 to 3.23 wt %,
higher in biotites from the type I granitoid (51603 and 51607) than in
those from the type II (40306 and 41702). The MnO range, from 0.08 to
0.55 wt %, is lower than that of biotites coexisting with garnets,
described from other areas, whose the value is typically more than 0.75

wt % (Miller and Stoddard, 1981).

B. Garnet
Representative chemical compositions of the garnet in the granitoids
are given in Table 3-7. The results show that the garnets are essentially

almandine-spessartine solid solutions (Fig. 3-9B); these two end members
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Table 3-7. Representative chemical compositions of minerals from the Eastern Leucocratic Granitoid

Mineral Biotite Garnet

Sample 40306 41702 51603 51607 40306 40306 40306 40306 41702 51603 51607
Type 1 il 1 I I 1T I I il 1 I

Core--------- Rim Core--------- Rim

Si02 (wi%) 34.43 34.75 31.83 34.50 35.76 36.01 35.74 36.80 36.58 36.04 36.91
Tio2 242 212 3.23 3.04 0.03 0.00 0.00 0.07 0.00 0.00 0.04
Al203 16.86 17.68 18.20 17.73 20.14 20.39 20.01 20.12 20.65 20.57 20.11
FeO* 25.33 24.35 32.20 23.30 27.48 27.41 27.45 27.87 24.41 34.50 25.59
MnO 0.55 0.34 0.08 0.18 9.79 9.72 9.85 9.71 15.10 5.48 11.13
MgO 5.89 7.21 1.00 7.85 1.23 1.05 0.86 0.86 0.74 0.51 2.33
Ca0 0.00 0.00 0.00 0.00 452 4.48 4.28 4,20 2.92 2.66 3.25
Na20 0.10 0.00 0.07 0.03 0.05 0.01 0.07 0.14 0.05 0.05 0.09
K20 9.76 9.95 9.07 9.52 0.02 0.00 0.01 0.00 0.00 0.00 0.01
Cr203 0.00 0.03 0.00 0.01 0.02 0.03 0.05 0.02 0.02 0.07 0.00
Total 95.34 96.43 95.68 96.16 99.04 99.10 98.32 99.79 100.47 99.83 99.46
Structural formula

No.Ox. 22 22 22 22 12 12 12 12 12 12 12
Si 5.447 5.394 5.185 5.331 2.955 2.967 2.975 3.009 2.982 2.969 3.007
Aliv 2.553 2.606 2.815 2.669 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Al vi 0.591 0.629 0.681 0.561 1.962 1.981 1.964 1.939 1.985 1.998 1.931
Ti 0.288 0.247 0.396 0.353 0.002 0.000 0.000 0.004 0.000 0.000 0.002
Fe 3.351 3.161 4.387 3.011 1.899 1.889 1.911 1.906 1.664 2.377 1.743
Mn 0.074 0.045 0.011 0.024 0.685 0.678 0.694 0.673 1.043 0.382 0.768
Mg 1.389 1.668 0.243 1.808 0.151 0.129 0.107 0.105 0.090 0.063 0.283
Ca 0.000 0.000 0.000 0.000 0.400 0.396 0.382 0.368 0.255 0.235 0.284
Na 0.031 0.000 0.022 0.008 0.008 0.002 0.011 0.022 0.008 0.000 0.014
K 1.970 1.970 1.885 1.877 0.002 0.000 0.001 0.000 0.000 0.000 0.001
Cr 0.000 0.004 0.000 0.001 0.001 0.002 0.003 0.001 0.001 0.005 0.000
Total 15.693 15.724 15.625 15.643 8.066 8.043 8.048 8.027 8.029 8.029 8.033
Mag/Mg+Fe 0.283 0.345 0.052 0.375 0.074 0.064 0.053 0.052 0.051 0.026 0.140

FeO™*: Total Fe as FeO

No.Ox.: Number of oxygens in structural formula




Fig. 3-9. Biotite and garnet composition plot from the Eastern

Leucocratic Granitoid

A. Biotite.
Si: Si value in the structural formula of 22 oxygens.

Mg: Mg/Mg+Fe+Mn

B. Garnet.
Mn, Mg, Fe: Mn, Mg, Fe values in the structural formula of 12 oxygens
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of the garnet comprise more than 80 mole %. Spessartine content of the
garnets is high, varying from 12.3 to 34.2 mole %, antithetically with the
almandine content.

Analyses of core and rim, from two garnet crystals in sample 40306
(Table 3-7), indicate that zoning is weak. Similarly, Table 3-7 shows that
the garnet composition is roughly uniform within a sample. However,
notable compositional differences of the garnets are found between the
samples analyzed, though no consistent differences between garnets from

the type I and II granitoids are apparent.

3.4.3. Geochemistry
Eleven samples of the Eastern Leucocratic Granitoid are examined,
and their major and trace element data are listed in Table A4-2

(Appendix 4). Sample locations are indicated in Fig. 3-10.

A. Major elements

The Eastern Leucocratic Granitoids have a limited range of Si02,
from 74% to 78% (Table A4-2), excluding a specimen with slightly low
Si02 (70.27%). Despite this, three types of granitoid are distinguished
according to the SiO2 content; viz. granitoids of type I have a middle
value within its SiO2 range, and type II lower and type III higher, values.

Mol. (Al203/Ca0+Na20+K20) ratios range from 0.965 to 1.051
(Table A4-2). Three samples out of 11 samples analyzed are mildly
peraluminous. It is interesting to point out that the garnet-bearing
granitoid samples are metaluminous.

On the variation diagram (Fig. 3-11), Al203 shows a small decrease
with increase of SiO2. Because of the effect of constant sum on the
Harker-type variation diagram, it is necessary to consider whether the

decrease of an element with increase of SiO2 is influenced by this effect
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Fig. 3-10. Sample locality map for the Eastern Leucocratic Granitoid
(D: type I

(II): type II

(II): type III
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Fig. 3-11. Major element variation diagram of the Eastern Leucocratic

Granitoid

A. A1203-Si0O2

Reference line in the diagram shows effect of constant sum, and is drawn
from a point representing 100% SiO2 and 0% of the other element
extrapolated into the diagram. Same for lines in B., C., and D. See text
for details

B. Fe203*-Si02 (total Fe as Fe203)

C. MgO-Si02

D. Ca0O-SiO2

E. Na20-SiO2

F. K20-Si0O2

G. TiO2-SiO2

H. P205-SiO2
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or not. To check this, reference lines are drawn from a point,
representing 100% SiO2 and 0% of the other element into the diagram
(Fig. 3-11A,B,C, and D). As shown, Al203 in type II to type I
granitoids decreases along the line indicating the effect of the constant
sum. Fe203* decreases more than the effect of constant sum. On the
CaO versus SiO2 diagram, it is clear that the type III granitoids have a
higher CaO content than the other two types, suggesting a compositional
gap between them. The difference is also observed in the K20 content,
viz. the type III granitoids have very low K20 (less than 1%). Type I
granitoids may be derived from type II by fractional crystallization.

On the Na2O versus K2O diagram (Fig. 3-12A), type I and II
granitoids show a common linear trend with total alkali content about
7.7%. However, type III granitoids occupy an area of lower total alkali
with high Na2O/K20 ratio, resulted from a low K20 content in the
granitoids. In contrast to the K20 concentration, a relatively high CaO
content of the type III granitoids is shown in the ternary plot Na20 -
K20 - CaO (Fig. 3-12B).

B. Trace element

Ba

Ba content in the granitoids varies considerably from 276 to
2266ppm; nevertheless, the range within each granitoid type is small as
shown on Ba versus SiO2 diagram (Fig. 3-13A). A large difference
between the Ba content of type I and II granitoids contrasts with the
similarity of most of the major elements in the two granitoids. A positive
correlation of Ba and K20 is significant (Fig. 3-13B), as they are
potentially mobile and values are susceptible to modification during
metamorphism and fluid migration. The K/Ba ratio ranges from 16 and

34.
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Fig. 3-12. Na20-K20 and Na20-K20-CaO plot of the Eastern
Leucocratic Granitoid

Symbols are the same as those in Fig. 3-11.

A. Nap0-K20

B. Na20-K20-CaO
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Fig. 3-13. Trace element variation diagram of the Eastern Leucocratic
Granitoid

A. Ba-SiO2

B. K20-Ba

C. Rb-SiO2

D. Sr-SiO2

E. Rb-Sr

F. Ce-SiO2

G. Y-SiO2

H. Ga-Al203



2500 5r
- s T : A A -B B
2000} ype 4
ok = Type ll e ; K/Ba=20
£1500 o Type Il < 3 A
o 8 OF 5 [ |
o - m @)
10001 & S 2
m ; . 1 m
500P . © 1 E
o'|||||||i||1|||||:n| O'.u|11|||||||||||||11||:|
70 72 74 76 78 80 0 500 1000 1500 2000 2500
SiO2 (%) Ba (ppm)
70F 300
. C D =
60f . 250 |-
- A - O
= 50 Em A —~ 200
... “ E e
& 40E 5 8-_150. A
g 30f & 100
o o0fF o : g »A
T 50
10: O = A
O:I 1 i | 1 1 1 1 1 1 1 I L 1 1 ! L 1 L 0:1 L 1 I L 1 I} I 1 1 | ! I, 1 1 | 1 L 1
70 72 74 76 78 80 70 72 7_4 76 78 80
Si02 (%) SiO2 (%)
70F = 80 - =
60F E 70
= A 60}
E 40f M n E >
o - A a 40f
~ 30| Rb/Sr=0.1 ~ -
é 8 30im = A
10¢ @ 100 A, 0
0 III!lIIlllllll"l]lllr]ll' Or-l 1 1 ] i 1 1 | L 1 : | 1 1 1 l i 1 1
0 50 100 150 200 250 300 70 72 74 76 78 80
Sr (ppm) Si02 (%)
100[ 2571
1! G - H Nl
80| 20 A
i . f A
= - 15} )
E 60| E 15¢ o
a ; u A R -
= 40 Em A s 10
> _ A o k
20 51
L 0] 1
0 T I IR B .Y GV o (SN 0—.'...,...l...'.....l...l.k...
70 72 74 76 78 80 0 5 10 15

Si02 (%) AI203 (%)



Rb

The Rb content is generally low, increasing 40 to 60ppm, then
decreasing from 60 to 6ppm with increase of SiO7 content (Fig. 3-13C).
Very low Rb content in the type I1I granitoids is characteristic. A low
level of Rb is commonly found in granitoids of granulite facies rocks
(e.g. Rollinson and Windley, 1980b).

Sr

Sr content in the type I granitoids ranges from 37 to 160ppm, with a
mean at about 80ppm. Type II granitoids have a moderate Sr content of
about 85ppm. Type III granitoids show higher St content than the other
two types (Fig. 3-13D). Rb/Sr ratios of type I and II granitoids are
between 0.26 and 1.3, but they are substantially lower in the type III
granitoids, viz. less than 0.1 (Table A4-2 and Fig. 3-13E).

Y and REE

Y content varies significantly from 1.3 to 88ppm. Even in
granitoids of same type, it shows considerable variation (Fig. 3-13G).
With respect to the concentration of Y, the Eastern Leucocratic
Granitoids can be grouped into two types, namely a low Y type
(containing less than 9ppm Y) and a high Y type (containing more than
30ppm Y); the two types correspond to garnet-free and garnet-bearing
granitoids, respectively. Thus the large variation may be due to the
presence or absence of garnet which generally contains a high level of Y
and heavy REE.

Ce is generally low, ranging from 7 to 29ppm, except in one sample
from type III (Fig. 3-13F). Ce/Nd ratio is more than 1.5 - slightly higher
than the ratio in chondrites (about 1.36), suggesting a slight light REE
(LREE) enriched chondrite normalized pattern, at least in the LREE
region. However, a high level of Y in some of the samples is not in

accordance with this suggestion. In fact, a complete rare earth element
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determination on a sample from type I (Table A5-2) reveals a peculiar
chondrite normalized pattern (Fig. 3-14), with a concave shape,
apparently depleted in the middle REE (MREE), with strong positive Eu
anomaly. It is not a common pattern in any igneous rocks. Two
examples of a similar pattern have been reported by Weaver et al. (1982)
in an Archaean amphibolite from S.W. Greenland. Duke et al. (1992)
presented similar REE patterns from granite and pegmatite of the
Calamity Peak Pluton, in South Dakota.

Leucogranites showing MREE depleted chondrite normalized pattern
with negative Eu anomaly are described by Zhao and Cooper (1993).
They considered that the geochemical characteristics of the granite
resulted from fractionation of monazite and indicated the importance of
the fractionation of accessory minerals. The monazite effectively
accommodates rare earth elements as indicated by their extremely high
distribution coefficients (Fig. 3-15). Therefore, monazite fractionation
should rapidly reduce REE (especially LREE) concentration in the
magma. However, constant levels of LREE in the Eastern Leucocratic
Granitoid do not indicate monazite fractionation between the samples
analyzed. Furthermore, the high concentrations of HREE in the Eastern
Leucocratic Granitoid are not consistent with the monazite fractionation
model.

The MREE depletion and positive Eu anomaly can be achieved by
apatite fractionation from a granitoid magma. The distribution
coefficient values of rare earth elements between apatite and melt are
shown in Fig. 3-15. Indeed, P205 content in the granitoids is very low -
less than 0.02% - which may result from apatite fractionation. However,
the large depletion of MREE could not be explained solely by apatite
fractionation. Since the level of HREE is rather high, the apparent
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Fig. 3-14. Chondrite normalized REE plot of Eastern Leucocratic

Granitoid

Sample: 51607 (type I of the Eastern Leucocratic Granitoid)
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Fig. 3-15. Distribution coefficients of rare earth elements for typical
minerals

Kd: mineral/melt distribution coefficients

Zircon Kd from Nagasawa (1979).

Monazite Kd from Yurimoto et al. (1990).

Kd of other minerals from Arth and Hanson (1975).
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MREE depletion is merely regarded as a consequence of strong HREE
enrichment.

A concentration of garnet crystals could produce the strong HREE
enrichment as indicated by their high distribution coefficient values (Fig.
3-15). If garnets which generally contain high level of HREE are
included in a granitoid magma as xenocrysts from the source region of
the magma or country rock, they will produce the HREE enrichment. On
the other hand, it is also possible that the garnet-bearing granitoid is a
kind of cumulate phase in terms of garnet, concentrating most of HREE
in the garnet-bearing granitoid and depleting HREE in the granitoid
without garnet.

Ga

Ga content in the garnet-bearing granitoids ranges from 19.6 to 22.9
ppm (Fig. 3-13H), which is slightly higher than that in the garnet-free
granitoids. This high Ga content in the garnet-bearing granitoid is likely
due to the high level of Ga in the garnets, suggesting role of garnet
crystals control the some of trace element compositions. 10000Ga/Al
ratios in the garnet-bearing granitoids are high, more than 3.0 (Table Ad4-
2). Although the Eastern Leucocratic Granitoid is not considered to be

an A-type granite, the values are within the range of the A-type granites.

3.4.4. Origin of Garnets in the Eastern Leucocratic Granitoid

Garnets are occasionally found in igneous rocks. Most of the
recorded occurrences of garnet are in granitoids and silicic volcanic
rocks. Garnets from silicic volcanic rocks are typically rich in
almandine; origin of such garnets has been discussed by Miyashiro
(1955), Oliver (1956), Green and Ringwood (1968, 1972), Fitton (1972),
Wood (1973), Birch and Gleadow (1974). Experimental results by Green
and Ringwood (1968, 1972) indicate a high pressure (9-18kb) origin for
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almandine-rich garnets in igneous rocks. However, garnets from
granitoids, pegmatite, and aplite are generally rich in spessartine.
Crystallization of such garnets was considered possible from an Mn-rich
magma at low pressures (Miyashiro, 1955; Hall, 1965). Experimental
results by Green (1977) demonstrated that spessartine-rich garnets are
stable in silicic liquids to pressures as low as 3kb.

A variety of origins of garnets in granitoids has been postulated over
the years and these are summarized by Miller and Stoddard (1981) and
Pattison et al. (1982). The origins can be classified as follows:

(A) primary crystals crystallizing directly from the melt

A-1) high pressure phenocrysts
Green and Ringwood (1968)
A-2) low to moderate pressure crystals
Cawthorn and Brown (1976) and Abbott and Clarke (1979)
A-3) late phase stabilized by high Mn in differentiated
magma
Hall (1965), Miller and Stoddard (1981), and Joyce (1973)
A-4) crystallization from a magma after its contamination
with country rock
Miyashiro (1955)
(B) xenocrysts
B-1) xenocrysts brought up from near the depth of magma
origin as relict source material
Pattison et al. (1982)
B-2) xenocrysts that entered the melt from country rock
Vennum and Meyer (1979)
(C) metamorphic garnets produced by metamorphism after the

solidification of the granitoid magma
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Garnets are present in the metamorphosed pelitic and carbonate
rocks around the Eastern Leucocratic Granitoid. As the CaO content of
the garnets in the granitoid is low, the xenocrystic origin of the garnets
derived from the metamorphosed carbonate rock may be ruled out.
Garnets in the metamorphosed pelitic rocks may have similar composition
to those in the granitoid. However distribution of the pelitic rocks
around the granitoid is restricted to several narrow zones, thus the widely
distributed garnet crystals in the Eastern Leucocratic Granitoid should
perhaps have a more widespread source.

If the garnets are Xenocrysts brought up from near the depth of
magma origin as relict source material, the granitoid would contain other
relict xenocrysts as well. However, in the Eastern Leucocratic Granitoid,
garnet is the only unusual mineral, and no other possible relict minerals,
such as sillimanite, cordierite, or orthopyroxene, is found. Thus the
garnets may not be derived by this mechanism.

Chemical analysis of the garnets indicates that they are almandine-
spessartine solid solutions with minor contents of pyrope. Therefore they
are not high pressure phenocrysts; such are typically rich in pyrope
(Green and Ringwood, 1968; 1972).

Garnets commonly occur in peraluminous or corundum-normative
igneous rocks (Green, 1977), however major element data of the Eastern
Leucocratic Granitoid show that samples containing garnet crystals are
metaluminous. Since the introduction of the aluminium into the granitoid
magma by contamination would facilitate garnet crystallization, no
indication of excess aluminium in the granitoid would not support the
contamination model for the formation of the garnets.

Metamorphism imposed on a granitoid may produce garnets in it.
However, because the Eastern Leucocratic Granitoid is metaluminous, the

garnets would not readily develop as a consequence of metamorphism.
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Furthermore, the peculiar REE concentration of the Eastern Leucocratic
Granitoid would not be due to metamorphism alone, as the REE are
relatively immobile during the metamorphism.

Thus the available evidences seem to indicate that the garnets in the
Eastern Leucocratic Granitoid are primary magmatic crystals,
crystallizing as either low to moderate pressure crystals or late phase
crystals stabilized by high Mn in magma. Hence, the HREE enriched
character of the garnet-bearing granitoid must be due to the HREE
enrichment in the late stage of the magmatic differentiation, or to partly

segregation of magmatic garnets in the granitoid as cumulate crystals.

3.5. Dougalls Granitoid Suite

3.5.1. Petrography

Two types of granitoid, tonalite and trondhjemite, comprise the suite
in the Sally Downs Bore area. Petrographic descriptions of the two types
of the granitoids are presented separately. In addition, a brief
petrography of orthopyroxene-bearing granitoids from the Turkey Creek
and Springvale areas is also included here, as these granitoids are

considered to be a member of the Dougalls Suite.

A. Tonalite

Modal composition of the tonalite (Table A2-1) shows it consists
largely of plagioclase, about 60% of the rocks. Subordinate amounts of
quartz and mafic minerals, but no K-feldspar, are present (Fig. 3-7).
Biotite (o= pale yellow, = = reddish brown), generally the major mafic
mineral in the rocks, is distributed as aggregates of small subhedral
flakes, or as medium grained individual flakes with its elongation parallel

to the foliation. Small amounts of hornblende (0= yellow, B= brownish
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green, y= bluish green ) occur as euhedral or subhedral grains, but it is a
major mafic mineral in orthopyroxene-free mafic tonalite.

Orthopyroxene is characteristically present in most of the tonalite as
small anhedral grains (Fig. 3-8E and F). Shape of the orthopyroxene and
replacement from its margin by biotite and opaque minerals suggest that
it is a relict mineral. Weak pleochroism, pale pink to pale blue, is
observed.

Pale pink garnet is found in some tonalites, as small or large
subhedral grains.

Plagioclase is generally coarse grained and subhedral, and shows
weak zoning. Quartz, typically medium grained, occurs as anhedral
grain, and shows undulatory extinction.

Apatite, zircon, opaque are found as accessory minerals.

Texture of the tonalite are generally hypidiomorphic-granular.

B. Trondhjemite

Trondhjemite is also composed largely of plagioclase (about 60%)
and quarzt, but contains only small amounts of mafic minerals (Table A2-
1), generally biotite and hornblende (Fig. 3-8G and H).

Biotite (0= straw yellow, f= y= brown) and hornblende (o= yellow,
B= greenish brown, Y= bluish green) occur as small subhedral grains,
occasionally clustered in small aggregates. Subhedral plagioclase is
medium or coarse grained. Zircon, apatite, and opaque minerals are

present as accessory minerals.

C. Orthopyroxene bearing Tonalite from north of the Turkey Creek
The tonalite (52008) has hypidiomorphic-granular texture, and the
modal composition (Table A2-1) shows plagioclase is a dominant phase of

the rock, and orthopyroxene is next. The plagioclase is subhedral and
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medium to coarse grained, up to 7mm long. Some of the grains show
zoning and small K-feldspar inclusions as exsolved phase. Orthopyroxene
is anhedral or subhedral and up to Amm in size, and shows weak
pleochroism, pale pink to pale blue green.

Quartz, hornblende (o= pale greenish yellow, B= greenish brown,
y= bluish green), biotite (0= pale yellow, B=vy= reddish brown) are also

present in the rock. Accessory minerals are zircon and opaque minerals.

D. Orthopyroxene bearing granite from north of Springvale

The granite differs from other granitoids of the Dougalls Suite, in
having considerable amounts of K-feldspar.

Equal amounts of K-feldspar and quartz are present, and plagioclase
is slightly more abundant than either. K-feldspar is medium grained,
with and without microcline twining. Plagioclase is mostly subhedral,
and some of the grains show zoning. Myrmekite texture developed
between the feldspars.

Orthopyroxene, about 5%, is present as small anhedral grains, and
has weak pleochroism (pale pink to pale green). Biotite (0= pale yellow,
B= y= reddish brown) occurs as subhedral flakes, more than the amount
of orthopyroxene.

The presence of the K-feldspar may indicate the occurrence of
orthopyroxene bearing granite in the Dougalls Suite, in addition to the
tonalite-trondhjemitic rocks. However, because the granite is surrounded
by Bow River Granitoid, the K-feldspar is possibly derived from the

granitoid as a result of K-metasomatism.

3.5.2. Mineral Chemistry
A. Feldspars
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Plagioclase is only feldspar in the granitoids of the Dougalls Suite,
except for the sample from north of Springvale. Feldspar compositions
are summarized in Fig. 3-16A, showing that the plagioclase is andesine
(An30 - An50). The feldspar composition is generally more calcic in
granitoids of the suite with lower Si07. Typically the plagioclase is
normally zoned, having about An50 in the core, but weak oscillatory or
reversely zoned plagioclase is also found.

The plagioclase in the granite (91502) from north of the Springvale
is rather calcic (An49) compared to the other granitoids of the suite.

Composition of coexisting K-feldspar is about Or92.

B. Orthopyroxene

Chemical compositions of orthopyroxene from the Dougalls
Granitoid Suite are plotted on the pyroxene quadrilateral shown as Fig. 3-
16B. Representative analyses are given in Table 3-8.

The orthopyroxene is of hypersthene or ferrohypersthene
composition. Fig. 3-16B shows that the compositional range is small
within each specimens, but is substantial from rock to rock. Variation in
composition of the orthopyroxenes may be influenced by variation in
whole rock chemistry, especially the FeO/MgO ratio. No obvious
relationship is found between whole rock FeO*/MgO and the
orthopyroxene compositions, suggesting that random oxidation states
pertain between samples.

Al203 content of the orthopyroxene is generally low, ranging from

0.50 to 1.30 wt% (Table 3-8 and Table A8-1).

C. Amphibole
Amphiboles in the Dougalls Granitoid Suite are ferro-tschermakitic

hornblende, ferro-hornblende or magnesio-hornblende according to
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Fig. 3-16. Plagioclase and pyroxene plots of the Dougalls Granitoid Suite
A. Plagioclase An - whole rock SiO? value

B. Pyroxene quadrilateral plot
Solid square: 51605

x mark: 12703

Solid triangle: 20907

Open diamond: 52008

Open triangle: 91502
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Leak's (1968) classification. Representative chemical compositions of
amphibole are shown in Table 3-8. Amphibole Mg/(Mg + Fe) in the
granitoids from the Sally Downs Bore area ranges from 0.408 to 0.516
(Table A8-1). A slightly lower Mg/(Mg + Fe) value, ranging from 0.373
to 0.401, is found in the tonalite (52008) collected north of the Turkey
Creek (Table A8-1). The total Al content (AlT = sum of tetrahedral and
octahedral Al per 23 oxygens) of the amphiboles ranges from 1.88 to
2.18 (Table A8-1), except in two analyses. Experimental and empirical
calibrations of the Al-in-hornblende barometer have been presented by
Hammarstrom and Zen (1986), Hollister et al. (1987), Rutter et al.
(1989), and Schmidt (1992). Using Schmidt's (1992) calibration, the Al
content of hornblende in orthopyroxene-free trondhjemite (21502)
indicates 7kb for the pressure during crystallization. The estimated
pressure is considerably high. Although small differences are present
between the calibrations, AlT contents of amphiboles generally from the

Dougalls Granitoid Suite indicate a pressure of solidification between 6

and 7 kb.

D. Biotite

Representative chemical compositions of biotite from the Dougalls
Granitoids Suite are presented in Table 3-8. Mg/Mg+Fe in all biotites
from the Dougalls Granitoids Suite ranges from 0.411 to 0.559 (Table

A8-1). A slightly lower value of the ratio is found in the tonalite (52008)
sampled from north of Turkey Creek. TiO2 content of biotites is

generally high, ranging from 16.4 to 4.64 % (Table A8-1). TiO2 content
of biotites from the Dougalls Granitoid Suite tends to increase from south

to north in the Sally Downs Bore area.

3.5.3. Geochemistry
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Major and trace element contents of the granitoids are listed in Table
A4-3 (Appendix 4). Locations of samples from the Sally Downs Bore
area are shown in Fig. 3-17. Those of samples from north of the Turkey
Creek and from north of the Springvale are found in Fig. 2-20 and Fig.
2-22, respectively.

A. Major elements

Tonalite and trondhjemite from the Dougalls Suite range in
composition from 58 to 75% SiO7, with mean about 68%. SiO2 content
of the trondhjemite is more than 70%, and is higher than that of the
tonalite.

High Na20/K20 ratio and less than 1.01 of mol [Al203/(CaO +
Na20 + K20)] ratio of the granitoids (Table A4-3) are in accordance
with distinctive chemical properties of the I-type granitoids (Chappell and
White, 1974).

The major element data of the granitoids, including data from
orthopyroxene bearing granitoid from north of the Turkey Creek
presented by Gemuts (1971), are plotted on variation diagrams (Fig. 3-
18). The tonalite and trondhjemite show linear trends on most of the
diagrams, and the colinearity of the trends of the tonalite and
trondhjemite implies a close genetic relationship between them.

Al»03, Fep03*, MgO, Ca0O, and TiO? display a negative correlation
with SiO2 on the diagrams. Compared to the Paleozoic I-type granitoids
from the Kosciusko Batholith (Hine et al., 1978), the granitoids of the
Dougalls Suite have higher Al203, lower MgO, and similar values of
Fe203* and TiO2 contents.

P705 shows a small peak at about 63% SiO2. This feature strongly
suggests that variation in composition of the granitoids is due to crystal

fractionation. A mixing of residium (= restite) and melt (White and
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Fig. 3-17. Sample locality map for the Dougalls Granitoid Suite

P-Tn: orthopyroxene bearing tonalite
Tn: orthopyroxene free tonalite
Tr: trondhjemite

Sample 51605 is collected from same location as 51604.
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Fig. 3-18. Major element variation diagram of Dougalls Granitoid Suite

A. A1203-Si07

B. Fe203*-Si0Op

C. MgO-Si02

D. Ca0O-SiO2

E. Na20-SiOp

F. K20-SiO2

G. TiO2-Si0O2

H. P205-Si02

Reference lines in the diagrams A., B., C., and D., show effect of

constant sum, and are drawn from a point representing 100% SiO2 and

0% of the other element extrapolated into the diagram. See section 3.4.3

for detailed discussion of the lines.

Solid square: samples from the Sally Downs Bore area.

Open circle: granitoids of the Dougalls Suite from the area other than the
Sally Downs Bore area.

Solid circle: data from Gemuts (1971).
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Chappell, 1977) can not produce the depicted curved compositional
variation.

Na20 content of the Dougalls Suite granitoids is relatively constant
over the compositional range, ranging between 4 and 5%. This value is
significantly higher than that in the typical I-type rocks (Hine et al.,
1978).

K70 is very low, with a tendency for slight decrease with increase in
Si02. Most of the Dougalls granitoids are plotted in the field of tholeiitic
rocks on K20 versus SiO2 diagram (see Fig. 7-1 for a boundary line
separating the tholeiitic rocks). An Na20 - K20 plot (Fig. 3-19A)
shows the distinct characteristics of the Dougalls Suite granitoids
compared to the granitoids from Kosciusko Batholith (Hine et al., 1978),
viz. low K20 and high Na20 of the Dougalls Granitoids.

The two samples of orthopyroxene bearing granitoids, one from
north of Turkey Creek (Gemuts, 1971) and another (91502) from north
of Springvale, have quite different chemical compositions from the other
granitoids of the Dougalls Suite. They have higher mol [A1203 / (CaO +
Na20 + K20)], viz. 1.06 and 1.07, than the Dougalls Suite granitoids
from the Sally Downs Bore area. This peraluminous character and the
low Nap0O/K20 ratio might suggest their classification as S-type
granitoids. Most of the other elements also suggest such an affinity. Both
granitoids occur in areas where Bow River Granitoid is dominant, hence
modification by the Bow River Granitoid, by metasomatism or
contamination, may produce S-type characteristics from an originally I-
type granitoid. On the other hand, the two rock types may represent
orthopyroxene bearing S-type granitoids of similar age to the tonalite and

trondhjemite of the Dougalls Suite.
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Fig. 3-19. Na20-K20 and normative Qz-Ab-Or plots of the Dougalls

Granitoid Suite

A. Nap0-K20 plot
Symbols are the same as those in Fig. 3-18.

Field of typical I-type granitoids is from Hine et al. (1978).

B. Qz-Ab-Or plot
Phase boundaries of the granitic system for water pressure 0.5 kb and 10
kb are shown. Crossed are minima and small open circles are eutectic

points. Data from Tuttle and Bowen (1958) and Luth et al. ( 1964).
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Normative Q-Ab-Or (Fig. 3-19B) for the granitoids of the Dougalls
Suite plot near the gabbro-trondhjemite trend of Barker and Arth (1976),

but not near the minimum melt composition of Tuttle and Bowen (1958).

B. Trace elements

Fig. 3-20 shows trace elements variations within the Dougalls Suite.
As with the major elements, the trace elements also vary systematically
from tonalite to trondhjemite, suggesting that the two types of granitoid
are closely related by crystal fractionation.

Ba

Ba decreases from 1100ppm to 250ppm with increasing Si02.
Because Kd's (mineral/melt distribution coefficients) of Ba for most
rock-forming minerals are low, except bictite and K-feldspar (Hanson,
1978), the depletion of Ba must be due to the fractionation of one of these
two minerals. Absence of K-feldspar in the tonalite and trondhjemite
strongly supports the role of biotite in the depletion of Ba.

Rb

The Rb versus SiO2 diagram shows a very similar pattern to the
K20 versus SiO2 diagram, decreasing slightly with increasing SiO2 (Fig.
3-20B). The Rb contents vary from 55ppm in the tonalite to 9ppm in the
trondhjemite. The decrease of Rb is also accounted for by the biotite
fractionation. The K20 versus Rb diagram (Fig. 3-21A) illustrates a
clear positive correlation between them, with slight increase of the K/Rb
ratio from 240 to 360 with decreasing K20 content. The change in the
ratio is not easily explained, because the Kd (K/RD) is generally high for
most rock forming minerals (Hanson, 1978). Rb depletion during
subsequent metamorphism which may be considered to approach
granulite facies, may be responsible for the relative depletion of Rb

against K20. Rb depletion relative to K during granulite facies
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Fig. 3-20. Trace element variation diagram of the Dougalls Granitoid

Suite

A. Ba-SiO2

B. Rb-SiO2

C. Sr-Si02

D. Zr-SiO2

E. Nb-SiO2

F. V-SiO2

G. Sc-Si02

H. Y-AI203

Solid square: samples from the Sally Downs Bore area.

Open circle: granitoids of the Dougalls Suite from areas other than the

Sally Downs Bore area.
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Fig. 3-21. Rb-K20 and chondrite normalized Y-Ce/Y plots of the

Dougalls Granitoid Suite
A. Rb-K20

B. Chondrite normalized Y-Ce/Y plot

Symbols are the same as those in Fig. 3-20.
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metamorphism has been described by many workers (e.g. Rollinson and
Windley, 1980a).

Sr

Sr decreases from 550 to 300ppm with increase of SiO2 (Fig. 3-
20C). However, a compositional gap may be present between the
tonalites and trondhjemites (samples with SiO2 greater than 70%). Rb/Sr
ratios in the tonalite and trondhjemite are very low, ranging from 0.023
to 0.107.

Zr and Nb

Plotting against SiO2, Zr and Nb show maxima at 62% SiO2. These
trends demonstrate residual enrichments of Zr and Nb in the tonalitic
melt, and subsequent depletion by fractionation of zircon. The feature
supports a role of fractional crystallization to account for the variation
from tonalite to trondhjemite.

V and Sc

V and Sc show strong negative correlations with Si02. The
depletion could be the result of fractionation of pyroxene, amphibole,
biotite, and magnetite.

REE and Y

Chondrite normalized Ce/Y versus chondrite normalized Y (Fig. 3-
21B) demonstrates that the tonalite and trondhjemite have an LREE
enriched and HREE depleted fractionated pattern, with generally low and
variable values of Y which indicates the level of HREE. Y decreases
from about 20ppm to less than 1ppm with increasing SiO2. Strong
depletions of HREE in the trondhjemite are indicated by the very low Y
value.

REE concentrations of three rocks from Dougalls Suite are listed in
Table A5-2 (Appendix 5), and chondrite normalized patterns are
presented in Fig. 3-22A. All of the rocks show a LREE enriched pattern
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Fig. 3-22. Chondrite normalized REE plot and tonalite (21902)

normalized REE plot of Dougalls Granitoid Suite samples
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with positive Eu anomaly. The positive Eu anomalies become large as
SiO7 increases. Although most of REE, except La and Ce, decrease with
increasing Si0O2, marked HREE depletion with increasing Si02 reflects a
very strongly fractionated pattern (chondrite normalized (Ce/Yb) = 42.9
) in the trondhjemite (sample 21902), as suggested above.

The chondrite-normalized pattern of the trondhjemite is steep, but
becomes flat in HREE region. Such a feature is common in trondhjemite
from various areas (Arth et al,, 1978; Compton, 1978; Tarney et al.,
1979; Weaver and Tarney, 1980), and is generally considered to be the
result of hornblende fractionation.

As suggested by Hanson (1980), it is advantageous, in a cogenetic
sequence of rocks to normalize the REE to one of the rocks in the
sequence rather than to chondrite. The trondhjemite (21902), the most
fractionated sample of the three, is selected for normalizing and Fig. 3-
29B shows the pattern illustrating relationships of the granitoids of the
suite. HREE are reduced in the trondhjemite to about 1/15 of those in
sample 52008 or 1/4 of those in sample 12703, but only small depletions
from the tonalites are required to obtain the level of LREE in the
trondhjemite. Therefore fractionation of some minerals which have high
Kd (mineral/melt) in the HREE region and near unity in the LREE
region and with negative Eu anomaly in the Kd pattern could have been
responsible for the tonalite-trondhjemite REE relationships.

In fact, Fig. 3-22B indicates a pattern of relative Kd's of fractionated
material; the absolute magnitude of the Kd's is dependent on the fraction
removed. The evidence suggests that hornblende (see Fig. 3-15 for
hornblende Kd's) is the most likely mineral fractionation of which

controlled REE concentration.

3.6. Ord River Tonalite Suite
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3.6.1. Petrography

A. Type I tonalite of the Ord River Tonalite Suite

This tonalite is generally coarse grained (Fig. 3-23A and B), but
includes fine to medium grained crystals as a result of recrystallisation
and granulation along grain boundaries. Hence, the texture is a
combination of hypidiomorphic-granular and inequigranular. Foliation
manifested by preferred orientation of plagioclase and biotite is apparent.
Modal compositions of the tonalites are listed in Table A2-1. Data are
plotted in Qz-Af-Pl diagram (Fig. 3-7). The tonalites are primarily
composed of subhedral to anhedral, slightly zoned plagioclase (40 - 50%),
and anhedral quartz (25-30%) which generally has undulatory extinction.
Biotite (0= yellow, P=y= yellowish brown to brown) is fine to medium
grained and subhedral; it commonly forms aggregates around hornblende
crystals, suggesting a replacement of hornblende by biotite. Some grains
of poikilitic biotite may result from this replacement. Total biotite is 15 -
25%.

Some specimens contain subhedral to anhedral hornblende (o=
yellow, P= pale green, Y= dark blue green), up to 15%. More than
accessory amounts (up to 4%) of epidote are present. Accessory minerals
include sphene, apatite, allanite, and zircon. Traces of carbonate and

sericite are alteration products.

B. Type I tonalite of the Ord River Tonalite Suite

The type II tonalite is medium grained, hypidiomorphic-granular. It
contains abundant plagioclase (50-55%) and lesser amounts of quartz (28-
35%) and biotite (13-15%). Small amounts of garnet (up to 3%) are
found in two samples (Fig. 3-23C and D). Accessory minerals are
zircon, apatite, muscovite (probably secondary) and opaque minerals.

Plagioclase is generally subhedral or anhedral; some grains are weakly
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Fig. 3-23. Photomicrographs of the Ord River Tonalite Suite, Western
Porphyritic Granite, and Central Leucocratic Granite
A. Ord River Tonalite (type I)
Sample: 51303. Bi: biotite, Al: allanite. Plane polarized light.
Scale bar is 5 mm.
B. Same as A, but under crossed polarized light.
Qz: quartz, PI: plagioclase
C. Ord River Tonalite (type II)
Sample: 11203. Bi: biotite, Gar: garnet, PI: plagioclase.
Plane polarized light. Scale bar is 1 mm.
D. Same as C, but under crossed polarized light.
E. Western Porphyritic Granite
Sample: 90805. Bi: biotite. Plane polarized light.
Scale bar is 10 mm.
F. Same as E, but under crossed polarized light.
Qz: quartz, Pl: plagioclase, KF: K-feldspar.
G. Central Leucocratic Granite
Sample: 52101A. Bi: biotite, Opq: opaque mineral.
Plane polarized light. Scale bar is 