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ABSTRACT

Structurally controlled sodic-calcic alteration and associated brecciation affected at least 200 square
kilometres of the Proterozoic Cloncurry-Selwyn terrain, of the eastern Mount Isa Inlier, Shear zones
separate the Cloncurry-Selwyn teirain into different lithostratigraphic domains and metamorphic
grade subzones. These shear zones are interpreted as reactivated early terrain boundary faults. The
alteration overprints the contact between the Maronan supergroup in the east and the Doherty
Formation in the west, and is spatially associated with a major NW-SE trending lineament, the
Cloncurry fault. Several east draining river sections (e.g. Maramungee Creek and Fullarton River)

give a good insight into the alteration and breccia complex.

Three regional deformation phases affected the Cloncurry-Selwyn terrain, with D, as the main phase.
The dominant foliation is S,, developed as a penetrative N-S fabric. Overprinting younger
deformations cause variations of this trend, from NW-SE to NE-SW. The peak of metamorphism
coincided with D, and reached the sillimanite - K feldspar grade. Late-post D, ductile shear zones and

brittle structures control the alteration and breccia complex.

Hot (400-550°C) saline (16-38 equivalent NaCl wt.%) fluids present post-peak metamorphism, based
on fluid inclusion studies, have been responsible for the aiteration. Rocks infiltrated by the hot saline
fluids are reconstituted to albite-actinolite with destruction of primary textures and mineralogy.
Albitic plagioclase (An < 8%), with magnesium rich actinolite (Mg/Mg+Fe ~ 80-90%) + magnetite
(£Ti) + titanite are the main alteration minerals. Isothermal pressure reduction and a low Xcg
controlled the local occurrence of diopside. Dilatational veins commonly contain titanite and
ilmenite, while some magnetites are rimmed with titanite, indicating local mobility of Ti. Main
elements depleted during this fluid infiliration, have been potassium and iron. Iron liberated by mica

destruction precipitated as a separate magnetite phase, and in magnetite veins.

Chlorine bearing minerals, such as scapolites, are also indicators of the presence of high salinity
fluids, and support the fluid inclusion observations. Scapolite alteration is abundant in the Corella
Formation of the Mary Kathleen zone, but comparatively rare in the eastern part of the Cloncurry-
Selwyn terrain. Scapolites in the eastern Cloncurry-Selwyn terrain are of two distinct types, a
metamorphic Ca-scapolite with approximately the same composition as the Mary Kathleen scapolite
and an alteration Na-rich scapolite with a high Cl content. The latter forms selvages around
oligoclase-quartz veins and occurs in strained metadolerites, located in the zones affected by the

sodic-calcic alteration.

The fluids were channelized in zones of high strain, localized in reactivated faults. Unroofing resulted
in a decrease in lithostatic pressure, and a relative increase in fluid pressure, evident from the

abundance of veining overprinting the ductile shear zones. Two sets of veins occur, namely layer

I



parallel and subhorizontal vein sets. The layer parallel veins are also axial planar to the refolded folds
in the shear zones. These veins consist of actinolite-tremolite centres with albite selvages.
Subhorizontal veins mainly occur adjacent to the shear zones, and consist of actinolite and diopside

centres overprinted by microcline selvages.

Megabrecciation is a result of increased fluid pressures caused by continuous unroofing and
infiltration of new fluids, flowing up temperature. High level granite intrusions (1510-1480 Ma) are
due to unroofing and (partly) sinistral strike slip movement on the Cloncurry fault. Brecciation, with
similar alteration mineral assemblages, locally affects the syn to post D5 granites, suggesting similar
fluids been active for up to a maximum of 40 million years. The breccia matrix has a "pseudo-
igneous” texture, with similar minerals as the altered clasts. The clast size varies from millimetre up
to 10s of metres scale. Many clasts are totally altered. The clasts are subrounded due to reaction with

the fluid rather than to transport. Some clasts still contain relict schist textures.

Unroofing also resulted in a telescoping effect of the alteration, with K-feldpar+quartz+hematite
(300°C, 24 Eq.wt.% NaCl), and epidote+prehnite+calcitetquartz assemblages overprinting the earlier
sodic-calcic alteration. Quartz and pyrite are part of a late stage (280°C, 25 Eq.wt.% NaCl,

hydrothermal) alteration, controlled in fractures related to the Cloncurry fault.

A mineralized corridor east of the regional sodic-calcic alteration system is the location of the Pb-
Ag+Zn and Cu-Au Maronan Prospect. This corridor is a high strain zone with various lithologies and
mineralized quartz lenses. Five distinct mineralized zones occur in the Maronan Prospect, and consist
of various peculiar horizons composed of magnetite, garnets, pyroxenoids and carbonates. These
zones give the appearance of a Broken Hill deposit / exhalative type setting. However, overprinting
relationships and elevated and flat REE patterns of garnet-rich layers, which are different to seafloor
hydrothermal alteration REE patterns, suggest an epigenetic origin. Calcareous horizons and to a
lesser extent the pyroxenoid layers are the main host rocks for the Pb-Ag mineralization, while Cu-
Au mainly occurs in fractures and veins associated with silicified rocks. Gold shows affinities with
HREE, Cu, Sb and As. Silver exhibits a strong positive correlation with Sb. Constant Pb/Cu and
Auw/Ag ratios in all mineralization affected rocks, and the occurrence of a high Au-Cu-As-low Ag

association, might indicate two types of fluids.
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Chapter 1 - Introduction and Regional Geology

CHAPTER 1 - INTRODUCTION and REGIONAL GEOLOGY
1.1 - Introduction

Metamorphic petrology has undergone a major rejuvenation in the last decade. The
idea of dynamic interactions between fluid phases and solid phases has won great
favour. Earlier methods of describing the metamorphic and petrological history were
based on the interpretation of mineral assemblages, with metamorphic facies as
"frozen" evidence of the prevalent P-T conditions. Present day studies are focussed
on ongoing processes driven by various types of gradients, such as pressure,
temperature and activity gradients. Fluid flow studies, such as fluid pumping,
reaction progress, heat flow and fluid pressures are studied by workers as Ferry,
Dipple, Oliver, Wall and Hoisch. Integrated studies on mass transport, rate of
metamorphism and metasomatism were done by Walther and Wood (1984), Bickle
and McKenzie (1987), and Dipple and Ferry (1992). Their studies indicate that deep
seated fluid flow is in the direction of decreasing temperatures and no large scale

fluid recirculation is necessary for metasomatism.

This thesis will describe structurally controlled regional alteration, the alteration
assemblages, the chemistry of the metasomatizing fluid and an associated Pb-Zn,

Cu-Au deposit, located in the eastern part of the Proterozoic Mount Isa Inlier.
1.2 - Aims

The Cloncurry-Selwyn area, which is part of the Proterozoic Mount Isa Inlier, shows
a remarkable protracted history of fluid-rock interaction that is reflected in regional-
scale metasomatism, associated with a gigantic breccia complex which is exposed
over 200 square km (De Jong and Williams 1995). This alteration system, preserves
a record of fluid activity during the unroofing of the "Isan" orogenic belt. Williams
& Phillips (1992) recognized that the breccia complex is composed of profoundly
metasomatic rocks. Numerous subeconomic prospect and a few world-class deposits
(e.g. Cannington, Ernest Henry) are spatially associated with the regional alteration

and breccia complex.

This thesis will describe the different stages of alteration, and try to rationalise the
interaction between the structural setting and the compositions of the fluids active

during metasomatic stages. The area studied is part of this regional alteration and
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breccia complex and is located northeast of the Selwyn Range east of the Williams
Batholith, southeast of Cloncurry (Figure 1.1). A smaller deposit, the Maronan
Prospect, is located a few kilometres east of the alteration zone. The structural

setting, major rock packages and ore assemblages was studied in this prospect.

Another goal of this thesis is to try to establish if there is a distribution pattern in the
various alteration stages and if this pattern can be linked to pervasive or channelized
fluid flow.

The regional breccia complex in the eastern part of the Cloncurry-Selwyn terrain is
defined and known by the stratigraphical implied name "Doherty Formation"
(Derrick 1977, Blake 1982, Blake ef al. 1984). However, the question is asked if the
Doherty "Formation" (see section 1.4 and Chapter 2) is a genuine stratigraphical
unit, or that the term "formation" is a misused term for an overprinting alteration

event,

A problem related to this study is the major uncertainty of the relative timing and the
correlation of the deformation events within and outside of the metasomatized zone.
Related to this problem is the uncertain correlation between the deformation events
of the eastern Selwyn area with the well studied, regional Mount Isa deformation
history (Blake 1980, Bell 1983, Loosveld 1987-1989a-b).

1.3 - Approach

A study of the structures that are controlling the different styles of alteration is
essential in understanding such a large scale alteration-breccia system. Detailed
mapping of rivers (Maramungee Creek and Fullarton River) draining perpendicular
to the trend of the main structural grain was undertaken in combination with regional
mapping. This was done to obtain a structural framework of the zone of alteration
and brecciation. The structural style in the altered and brecciated zone, which was
called the Doherty Formation by Blake (1987), Derrick (1977), Blake et al. (1984),
was compared and correlated with deformation phases in unaltered psammopelitic
lithologies of the adjacent Maronan supergroup, informally named by Beardsmore et
al. (1988) and Laing (1988).
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Timing relationships of different alteration stages were established based on field
data and laboratory work. Interaction between the deformation events and

metasomatism was recorded and studied in detail.

Laboratory work included examining of ninety slabs which were cut and examined
macroscopically for their textures and mineral assemblages. Also over five hundred
thin sections were prepared, including eighty polished thin sections which were

subjected to microprobe studies.

Fluid composition and entrapment temperatures of some of the main, obvious
alteration styles have been constrained by fluid inclusion studies of twenty double

polished thin sections.

Geochemical analyses were conducted to quantify the regional alteration. Eighty
samples from the Maramungee Creek section were analysed for a suite of major and
minor elements by XRF whole-rock method. The ferric oxide content from mafic
samples was obtained by titration techniques. Selective mafic samples were also

analysed for REE (rare earth elements) by Neutron Activation Analysis.

Thirteen diamond drill holes from the Maronan Prospect, held by Acacia (Billiton
Australia) until 1994, were logged (total ~ 3500 metres). Detailed petrography was
undertaken on three representative holes. Fifty samples were analysed by Neutron

Activation Analysis for gold, silver and rare earth elements.

Table 1.1 defines the specific terms used in this thesis.

Table 1.1 - Definition of terms used in this thesis.

METASOMATISM

METAMORPHISM

REPLACEMENT

"Metasomatism" is defined as an allo-
chemical recrystailization, reconstitu-
tion process, accompanied by a bulk
composition change of the rock. This
process is regarded as a local phe-
nomenon in metamorphic terrains
which could happen over a wide range
of pressure and temperature conditions.
Metasomatism  usually takes place
without volume change. Halogens, es-
pecially chlorine may play an important
role as a transport media during meta-
somatism.

"Metamorphism" which is essentially
an isochemical process, with facies that
occur in specific pressure and tempera-
ture fields. However volatile compo-
nents, such as HpO and CO», are ex-

pelled during metamorphism. Meta-
morphic differentiation on the other
hand is an allochemical process in-
volving mass movement on a small
scale, operating under specific condi-
tions.

"Replacement" is defined as simultane-
ously dissolving one mineral and de-
positing of an other mineral in its place
with the possibility of a volume
change. Replacement will be used in
the thesis as alteration confined to thin
layers and on mineral scale. In a strict
sense are replacement and alteration
the same, but the extend on which this
happens is much larger in the latter.

Definitions after Miyashiro (1973}, Evans (1987), Henderson (1990).

page-1.3



Chapter | - Introduction and Regional Geology

The first six chapters deal with the alteration, metamorphism and structure in the
Doherty Formation. Chapter seven describes the Maronan Prospect . The last chapter

is a discussion with conclusions.
1.4 - Regional Geology of the Mount Isa Inlier

The Proterozoic rocks of the Mount Isa Inlier underwent multiple phase deformation
and metamorphism. Blake (1987) divided the Mount Isa inlier into three main
tectonic and geographical units (Figure 1.1), the "Western Fold Belt", the "Kalka-
doon-Leichhardt Belt" and the "Eastern Fold Belt". Blake and Stewart (1992)
subdivided the Mount Isa Inlier into the Western Area, fault bounded in the east with
the Central Area by the Quilalar Fault zone in the north and the Wonomo Fault in the
south. The Pilgrim Fault zone separates the Eastern Fold Belt from the Central Fold
Belt (Figure 1.2). Including the "Mary Kathleen zone" "in the Central Fold Belt" is
the difference with Blake (1987).

The Western Fold Belt is subdivided, on the basis of faults and stratigraphy, into four
subunits; these are from west to east the "Lawn Hill Platform", "Leichhardt River
Fault Trough", the "Ewen Block" and the Myally Shelf". Basement is defined as
rocks that were deformed and metamorphosed before 1875 Ma, such as the Yaringa
Metamorphics and the May Down Gneiss (Blake 1987), which forms part of the
Barramundi Orogeny. The Ewen Block consists of the Ewen Granite and
metasedimentary rocks, defined as cover sequence 1 by Blake (1987), while the other
subunits consist of cover sequence 1 and 2 (Figure 1.3). Derrick (1982) and Glikson
et al. (1976) described the Western Fold Belt as an ensialic or continental margin rift
structure, which was formed at 1800-1650 Ma, as a north-south trending basin,
which Derrick called the Leichhardt River Fault Trough. This rift system now forms
a central uplift in the Mount Gordon Arch, which divides the Leichhardt River
Trough into two sub-basins, with the Lawn Hill Platform in the west (Figure 1.2).

The central belt contains the Kalkadoon-Leichhardt Belt and the Mary Kathleen zone
(Blake and Stewart 1992), and is bounded in the west by the Quilalar Fault zone
which separates this belt from the Leichhardt River Fault Trough and the Myally
Shelf. To the east, the Kalkadoon-Leichhardt Belt is separated from the Mary
Kathleen zone by the highly deformed Wonga Belt (Derrick 1981). The Kalkadoon-
Leichhardt Belt consists mostly of basement and cover sequences 1 and 2 (Blake
1987). Derrick et al. (1977) divided the belt into the Kalkadoon-Leichhardt Block
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and the Blockade Block. The common rock type of the former consists of gneissic

metasediments with recrystallised porphyritic metavolcanites cut by the Kalkadoon
Granite. The Blockade Block is bounded in the east by the Wonga Belt/Fault. The

main rock types are metarhyolite, dacite and metagabbro-dolerite. Blake and Stewart

(1992) regarded the Mary Kathleen zone as being structurally part of the Kalkadoon-

Leichardt Belt.

The Mary Kathleen zone is highly deformed and consists

predominantly of plastically deformed banded calc-silicate rocks of cover sequence 2
(Corella Formation) and the foliated Wonga Batholith (Figure 1.3).
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Figure 1.1 - Tectonic zones in the Mount lsa Inlier. The subdivision is made on the basis of
stratigraphical, tectonic and geographical features. Figure is after Blake and Stewart (1992).
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The Eastern Fold Belt was subdivided by Blake (1987), from west to east into the
Quamby-Malbon zone and the Cloncurry-Selwyn zone. The Quamby-Malbon zone
consists mostly of greenschist facies quartzites and conglomerates belonging to
cover sequence 2 and 3 (Figure 1.3). Amphibolite facies rocks of the Cloncurry-
Selwyn zone, are separated by the Mount Dore Fault from the greenschist facies
Quamby-Malbon zone. The Cloncurry-Selwyn zone consists of strongly deformed
metasediments, which Blake (1987) assigned to cover sequence 2, overprinted by
large scale sodium (+ calcium and magnesium) metasomatism and brecciation. Most
major plutons, such as those of the Williams batholith, which forms the central part

of the Cloncurry-Selwyn zone, postdate the main deformation.
1.4.1 - Regional Stratigraphy and Lithology

Figure 1.3 gives an overview of the stratigraphy on the Mount Isa Inlier. Basement
rocks are considered to be the Yaringa Metamorphics, the Plum Mountain Gneiss
and Kurbayia Migmatite in the southern part of the Kalkadoon-Leichhardt Belt In the
Western Fold Belt (Blake 1987). The Double Crossing Metamorphics are considered
to be the oldest exposed rocks in the Eastern Fold Belt, in the south of the Quamby-
Malbon zone.

The Double Crossing Metamorphics in the Eastern Fold Belt consist of quartzo-
feldspatic metasediments, with migmatitic gneisses and minor felsic and mafic rocks.
Quartz-tourmaline rocks and hematite-rich strata occur in this package. This possible
basement is more deformed and metamorphosed than the concordant and partly
faulted contact with the Answer Slate and Staveley Formation of cover sequence 2.
Bultitude and Wyborn (1982) considered the Double Crossing Metamorphics to be
similar to the Argylla formation. In the Eastern Fold Belt, the Argylla Formation

forms the base of cover sequence 2.

The Ballara Quartzite in the Kalkadoon Leichhardt Belt and the Malbon Group in the
Eastern Fold Belt forms the base of the Mary Kathleen Group, which forms the
upper part of cover sequence 2 in those two belts. These formations and the Soldiers
Cap Group will be described in Chapter 2.

Cover sequence 3, 1680-1670 Ma, Blake (1987), was considered to be only exten-
sively exposed in the Western Fold Belt and the Kalkadoon-Leichardt Belt. Page
(1993) dated the Soldiers Cap Group in the Eastern Fold Belt as 1677 + 9 Ma, based
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on zircon U-Pb data, and considered this unit to be part of the cover sequence 3,
which has the same age as the Mount Isa Group in the Western Fold Belt. The
overlaying McNamara Group consists of a more dolomitic stromatolitic base, with a
psammitic top. Cover sequence 3 in the Western Fold Belt are intruded by different
pulses of granite namely, the Weberra Granite - 1698 Ma, the Sybella Batholith -
1671 Ma and the Sybella Microgranite - 1670 Ma (Wyborn et a/. 1988).
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Figure 1.2 - Proterozoic blocks of the Mount Isa Inlier bound and cut by major north-south trending

fauit zones. These fault zones underwent a complex history of dominantly transcurrent and
transpressionial movements.
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Some controversy exists on the nature of cover sequence 3 in the Eastern Fold Belt.
Earlier work of Blake et al. (1984), Blake (1987) and Derrick et al. (1977) indicated
an almost total absence of cover sequence 3, though Wyborn et al. (1988) considered
part of the Mount Albert Group as cover sequence 3. Laing (1991) considered the
Maronan supergroup and the Cloncurry terrain as an allochthonous fragment of the
Diamantina Orogen, thrusted onto the Mount Isa Inlier, with the Corella Formation
as the detachment zone. Laing (1991) based his conjecture on the distinctly different
geochemical, sedimentary and lithological features of the Mount Isa Inlier and the
Cloncurry terrain.

1.4.2 - Regional Structural Framework

Earlier work on the Mount Isa Inlier was mostly concentrated on the Western Fold
Belt (Glikson et al. 1976, Blake et al. 1984, Bell 1983, Page and Bell 1986, Valenta
1989). The Central Area was studied by Reinhardt and Rubenach (1989), Holcombe
et al. (1991), Pearson et al. (1992) and Oliver et al. (1992). Only few studies have
been conducted on the Eastern Fold Belt, Loosveld (1989a-b, 1992), Laing (1991),
Beardsmore et al. (1988) and Williams and Phillips (1992) and Phillips et al. (1994),
but recent discoveries of large deposits in the Cloncurry - Selwyn zone, such as

Cannington, Ernest Henry and Osborne, will bring about changes in this situation.

Not much is known of the early deformation phase that affected the basement of the
Mount Isa inlier termed the Barramundi Orogeny (1870 - 1890 Ma) (Etheridge et al.
1987, Page 1988, Page and Williams 1988, Wyborn 1988). Blake and Page (1988)
ascribed the tectonism, with complex folding and metamorphism, partial melting and
formation of migmatite of the Kurbayia Migmatite in the Kalkadoon-Leichhardt Fold
Belt to the Barramundi Orogeny. The occurrence of gneissic textures, myrmekites
and leucosomes, indicates upper amphibolite facies metamorphism with pressures of
probably 4 kbar which can be correlated with the high grade metamorphic Yaringa
Metamorphics of the Western Fold Belt. Page (1988) dated the Barramundi Orogeny
on the basis of U-Pb zircon studies and recognized two elements that are typical for
this tectonism; first regional deformation and metamorphism of the basement, supra-
crustals, and secondly accompanying orogenic magmas with crystallization of I-type,
potassium rich felsic intrusions. The Barramundi Orogeny affected approximately a
third of the Australian continent (Page and Williams 1988). Wyborn (1988) and

Wyborn and Page (1988) considered that the magmatism was due to underplating
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caused by small scale convection cells in the upper asthenosphere creating

Proterozoic basins as a result of mantle upwelling.
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Figure 1.3 - Schematic stratigraphic correlation diagram of the major tectonic, stratigraphic and
intrusive events in the Mount Isa Inlier. Geochronological data from Page (1983), Page and Bell
(1986), Page (1988) and Wyborn and Page (1983), Page (1993).

1.4.2.1 - Early Deformation Phases of the Isan Orogeny - D Extension

The period of 1850 - 1780 Ma, between the Barramundi Orogeny and the Isan
Orogeny was characterized by rifting with cycles of basin development and
deposition of the cover sequences. The first rifting stage that followed the
Barramundi Orogeny was described by Derrick (1982) and Glikson ef al. (1976) as
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the Leichhardt River Fault Trough which was formed over a period of 150 Ma as a
major extension zone overlaying a region of thermal mantle upwelling. The trough
was up to 600 km long and 65 km wide, developed as a half graben. A zone of
central uplift is evident (Mount Gordon Arch). On the basis of sedimentological and
paleogeographical variations (thinning of the cover sequence formations in the
centre of the trough), basin subsidence took place up to the deposition of the Myally
Subgroup, which was then covered by the Quilalar Formation. Derrick (1982) also
mentioned significant thickness variations in the cover sequence from north to south
across east-west faults, which were interpreted as growth faults. Glikson ez al. (1976)
proposed, also on the thickness variations, that the east-west faulting took place
before deposition of the Myally Subgroup. Bell (1983) argued against the east-west
faults being growth faults and favour an origin as listric faults in a décollement zone
giving a imbricate geometry within a thrust duplex, formed during the Isan Orogeny.
Etheridge (1986) and Lister (1991) questioned Bell's "ramp synclines" and "roof
thrust” hypotheses and offered the idea that north-south trending structures are
transpressional (D3) wrench fault systems containing east-west orientated "flower

structures”.

Brittle extensional features, occurring in the Kalkadoon-Leichhardt Belt, were
recognized by Williams and Etheridge (1987). Low angle normal southwest dipping
faults are part of early detachment zones, and caused regional extension in the
Duchess Belt (Figure 1.3). These low angle faults were active prior to the Isan
Orogeny, and were described as rotational normal faults which make a small angle
with the bedding. Roll-over anticlines and ramp synclines were described from
adjacent areas. Extension of between 67-81% were been estimated from fault block
separation. Breccia lenses inferred to by formed by collapse in to dilations of the
brittle fault are strained by the early ductile deformation of the Isan Orogeny. These
extension faults affect the Mitakoodi Quartzite of the Malbon Group which is
separated from the underlaying Argylla Formation by a low-angle detachment fault
that truncates the Argylla Formation and along which a basic sill intruded. These
extension features affect a granite dated at 1740 Ma (Page 1983) and ceased to be
active before deposition of the Mount Isa Group 1670+18 Ma.

The Mount Isa Inlier underwent three main ductile deformation events, following the
early brittle extensional deformation, which affected the whole of the inlier, ascribed
to the Isan Orogeny, between 1620 and 1480 Ma (Table 1.2). Holcombe et al. (1991)

considered the tectonic-magmatic activity associated with subhorizontal shearing in
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the Mary Kathleen Fold Belt to part of D. Holcombe et al. (1991) interpreted the

strong biotite-amphibole mineral lineation, which has a subhorizontal to vertical
orientation, to be folded Dj stretching lineations. The stretching lineations were

formed in a mid crustal extensional décollement surface at 7 to 10km depth. A high
thermal gradient is inferred to have caused strain softening at such shallow depths.
Early extension in D was also acknowledged by Loosveld and Schreurs (1987), but
seemed to have occurred after a thrusting event in the Blockade Block in the Mary
Kathleen Fold Belt.

Table 1.2 - General geochronology of the tectonic events in the Mount Isa Inlier. Note in this thesis
the suffix 1, 2, 3, 4 added to D indicates respectively the deformation / tectonic events while the
suffix 0, 1, 2, 3 added to S indicates respectively bedding / primary layering, firsts, second and third

developed (recognised) cleavage. The symbols LO] , L02 , le , Lz;; indicate a lineation defined by the

intersection of respectively the bedding and the firsts developed cleavage, the second cleavage, the
first and second cleavage, and the second and third cleavage.

TIMING Ma DEFORMATION TECTONIC FABRIC and ORIENTATION COMMENT
P|D4 Large scale flexures with NEE axial planes
[
ls D3 prittle Conjugate NNW-ENE faults and fractures,
metasomatism
1510-1480  {D,| D3.quctite & NW-NE trending folds with shearing Reinhardt (1952)
— 6]
] g
Dap shearing C Highly strained retrograde fabric, parallel to S,
Dy Z,
P i i [Winsor (1983)
1545 Dy compression w S, penetrative cleavage, NW-ENE trending folds,
Freomp metasomatism [Valenta (1989)
1620 D1.compression Sy cleavage, N-S thrusting with E-W folds Bl ell (vleglg?,()l 988)
1670-1740  {P1} Dib-extension E-W low angie faults with southward movement Holcombe et al.(1991)
D i 2 = Williams &
17777 1a-extension E-W to NW-SE low angle faults Etheridge (1987)
1780-1850 Rifting N-S trough bounded in the east by the Quilalar Fault 8%;2’; (eltflzil o76)
LRFT g
. . . . , Page & Williams (1988)
1890-1870 Barramundi Compiex folding with migmatites [Wybom & Page (1988)
Orogeny

Loosveld (1989a and b) described a compressional phase postdating an extensional
phase (approximately 41% extension based on dolerite intrusions). Loosveld
suggested two possible ages for the extensional event in the northern part of the
Cloncurry-Selwyn zone. First he noted that the extension has been synchronous with
the early deposit of the Mitakoodi Quartzite, which correlate with the 1780 Ma
extension event in the lower Malbon Group. This is based on the observations that
the Mitakoodi Quartzite is not affected by the dolerite intrusions and associated

high-angle faults. Secondly if the Mitakoodi Quartzite had behaved in a more ductile
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manner, then the extension event could also be younger and that the Mary Kathleen
Group that was deposited during the second extensional event. Orientation of the

mineral lineations indicate a NW-SE direction of shear.

Much controversy still exists on the early nature of the Isan Orogeny. Low angle
high strain zones (the shear zones make a low angle with the bedding) were
recognized by workers as Bell, Loosveld and Passchier. Repetition of the
stratigraphy and bedding parallel shear zones are a result of thrusting and extensional
faulting. Only a combination of the knowledge of the above criteria and
metamorphic isograds prior to the faulting will demonstrate either thrusting or

extension.

1.4.2.2 - D1 Compressional Phase

The D contraction phase happened at about 1620 Ma (Page and Bell 1986). Bell
(1983) and Valenta (1989) recognized tight east-west D; synclines with the
development of a slatey cleavage, but without associated anticlines in the Mount Isa
Group of the Western Fold Belt. Bell ascribed this to early north-south fold thrust
duplex-formation and the development of late D; E-W faults (Valenta 1989, Winsor
1983).

Sy is developed as a penetrative fabric in the Wonga Granite (Central Fold Belt,
Passchier 1991, Reinhardt 1992). Reinhardt (1992) recognized thrusting in the Mary
Kathleen Fold Belt, with D represented by a flat-lying north-south foliation.
Loosveld (1989a) described tight to isoclinal upright folds, east of the Pilgrim Fault,
attributed to the D; compression with an E-W to NNW trend in the Soldiers Cap
Group. S; is axial planer and contains a south to southeast plunging mineral
lineation. S is in places bedding parallel and developed in discrete zones (Loosveld
1989b, Reinhardt 1992). Mesoscopic folds are only found in the northern part of the
Eastern Fold Belt and in eastern part of the Cloncurry-Selwyn terrain (Chapter 3).

From above it can be deduced that the geometry of Dy is poorly constrained in the
Cloncurry-Selwyn terrain. Beardsmore ef al. (1988) deduced D on the basis of fold
interference patterns formed by D; and on downward-facing D, structures and

interpreted D thrusting and recumbent folding.
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Compression in the later phase of the Dj, resulted in NW direction thrusting.
Loosveld (1989b) argued that the Cloncurry Fault in the Cloncurry-Selwyn zone is a
thrust fault and that the NNW verging folds are parasitic D folds on the limbs of
large scale nappe structures The nappe structures were results of NW-directed

simple shear, while the upright folds are due to a coaxial N-S shortening.

1.4.2.3 - Peak Deformation Phase in the Mount Isa Inlier - D,

The main tectonic orientation in the Mount Isa Inlier is a well developed north-south
fabric. This fabric was produced by east-west shortening (D») which occurred at

about 1548 Ma (Page and Bell 1986, based on D5 structures in the Sybella Granite).
Large scale open to tight upright to slightly inclined folds with a north-south
cleavage were produced during this stage Local anisotropy caused deflection in this

trend.

D, fold hinges in the Western Fold Belt preserved relict D folding. Dy quartz
inclusion trails are also observed in cordierite porphyroblasts (Rubenach 1992). The

foliation is developed as a slaty cleavage in the lower grade rocks of the Mount Isa
Group (Page and Bell 1986, Winsor 1985).

D, styles and orientations are more diverse in the Eastern Fold Belt than in the rest
of the Mount Isa Inlier. Loosveld (1989) noted that D> styles and structures are
different to those in the other fold belts and recognized S; as a steeply dipping
crenulation cleavages with NNW-SSE and NNE-SSW strikes and steep plunging L}
mineral lineations. The Williams Batholith (crystallization age of the granite is
1480+28 to 1500 Ma, Page 1993) intrude into the D structures, which constrain the

upper time limit of Dp. SHRIMP age dating on zircons, gives ages in the order of
1584417 Ma (Page 1994).

Metamorphism reached its peak during Dy (Jaques er al. 1982, Reinhardt 1992).
Loosveld (1989) observed weakly deformed sillimanite fibres overgrowing the
muscovite Sy foliation, with cross cutting fibres in the D5 fold hinges and argued
peak metamorphism to be syn- to post-Dj. Jaques er al. (1982), divided the
Cloncurry-Selwyn Range into three metamorphic zones with lower grade

metamorphism in the west and amphibolite grade metamorphism in the east.
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1.4.2.4 - Post D; Deformation Phases in the Mount Isa Inlier

Post Dy, transpressional strike-slip faulting development at the brittle-ductile
transition (Lister 1991, Page and Bell 1986). Etheridge and Thomas (1986)

discovered that these faults had substantial influence on the structures in the Western
Fault Belt. Wrench faulting caused transpression during D3 / Dy resulting in
refolding of earlier structures, normal, reverse and strike slip faulting. Local pop-out

structures causes deflection of the northerly trending D, fold axes to northwesterly

and northeasterly orientations.

Two major sets of strike-slip faults exists in the Mount Isa inlier: a northeast dextral
set and a northwest striking sinistral conjugate set. These fault orientations suggests

a continuing east-west compression with a north-south extensional component
(Stewart 1990).

Post D, east-west faults are located in areas between major transcurrent faults which

have opposite sense of movement. These east-west faults have mainly normal fault

movement and are consistent with the north-south extension.
1.4.3 - Alteration in the Mount Isa Inlier

Alteration is widespread in the Mount Isa Inlier. A long history of alteration events
has been documented in the Haslingden Group of the Western Fold Belt, and
especially the Eastern Creek Volcanics adjacent to the Mount Isa Fault (Rubenach
1992, Huang and Rubenach 1994). Early pre- to syn-Dj alteration of metabasalt
involved addition of Mg and loss of Ca and Na producing chlorite-quartz schists.
Quartzitic rocks and psammites in high strain zones of the Eastern Creek Volcanics
exhibit gains in Na and Ca, and a strong losses in K and Mg, during syn- to late-D;
alteration, resulting in massive tremolite and oligoclase-tremolite pods (Huang and
Rubenach 1994). Muscovite-biotite schist, adjacent to metadolerites and in boudin
necks between metadolerites, are reconstituted to cordierite - quartz + anthophyllite
rocks. Preserved L lineations, indicate that the schist was metasomatized post D5.

Lesley (1987) recognized four alteration stages affecting the metabasalts in the
Eastern Creek Volcanics, with the onset of the first alteration approximately 200 Ma
after deposition of the Mount Isa Group, hence = D3. This type 1- alteration consists

of albite-actinolite + chlorite. The overprinting alterations are: type 2- which consists
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of epidote and titanite and type 3- of calcite and magnetite; while type 4- only occurs
in late retrograde shear zones in amphibolite grade metabasalts which are altered
dominantly to albite-chlorite-rutile rocks. Copper and uranium are leached during the
alteration. Hannan er al. (1993) attributed the regional chloritization of the
metabasalt of the Eastern Creek Volcanics due to focussing of hydrothermal fluids in
post Dy shear zones, conform to the stratigraphy. Hannan er al. (1993) also
recognized that several components, e.g. K, Rb, Ba and Cu were removed from these

shear zones, forming adjacent biotite schist and Cu enrichment of the wall rocks.

The central part of the Mount Isa Inlier and especially the Corella Formation in the
Mary Kathleen Fold Belt exhibit large scale scapolitization of calc-silicate rocks
(Oliver et al. 1990a-b, 1992, 1993, Oliver and Wall 1987). Oliver and his co-workers
demonstrated that metasomatism and related fluid flow could be correlated to
particular structural styles and deformation intensity. Earlier work of Oliver,
demontrated that rocks deformed in a ductile fashion show evidence of low
fluid/rock ratios, indicating negligible fluid infiltration. This contrasted with episodic
brittle behaviour elsewhere associated with high fluid/rock ratios. The timing of the
fluid pathways (and scapolitization) is still controversial. Scapolitization was first
interpreted to occur syn to late Dy in and adjacent to competent metadolerite bodies.

Later work of Oliver ef al. (1994) suggest, based on isotopic studies, that the
scapolitization occurred during D extension, and is controlled by D shear zones.

Alteration affected all kinds of lithologies (metasedimentary and igneous) in the
Eastern Fold Belt. The rocks that are affected by alteration are reconstituted to high
variance mineral assemblages, composed of albitic plagioclase + amphibole +
clinopyroxene + scapolite + iron oxides (Blake er al. 1983, Donchak et al. 1983,

Williams and Phillips 1992, Phillips er al. 1994, De Jong and Williams 1995). The
alteration shows a protracted thermal history, beginning late-post Dy and stayed

active to at least D3. Iron mobility throughout the alteration event is the cause for the
enigmatic term "red rock". Different hues of red are dependent on the grain size and
abundance of hematite in the rock. The occurrence of hematite is a function of the T-
0, conditions, and occur generally in the later D3 event (Williams 1994a-b). Fluids
related to the metasomatism are in general hypersaline and are in the order of 30~40
weight % NaCl (Chapter 6).
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1.4.4 - Mount Isa Inlier as a Metallogenic Province

The Mount Isa Inlier is a major producer of lead, zinc, silver, copper and also gold.
Uranium and REE have been mined at Mary Kathleen, but mining activity stopped in
1982. Mining has been a major activity since the discovery of copper and gold at
Cloncurry in the last century. Major mines in the Western Fold Belt are the Mount
Isa -, Hilton - (just north of Mount Isa), Lady Loretta and Century mines, which are
shale hosted Pb-Zn-Ag deposits (Figure 1.4). The Mount Isa and Hilton mines are
hosted in the Mount Isa Group, while Lady Loretta is hosted in the McNamara
Group. Another major Pb-Zn-Ag deposit is Dugald River, located in the Eastern Fold
Belt, and hosted in the Mary Kathleen Group. This might be taken to suggest there
were at least two episodes of this type of ore forming; respectively ~1670 Ma and
~1720 Ma for the Western and Eastern deposits. However, a lively debate is still
ongoing for the last fifteen years if those stratiform shale hosted Pb-Zn-Ag deposits

are not replacement.

Subeconomic stratiform iron-rich Pb-Zn deposits, such as Pegmont, Fairmile, Dingo,
Maramungee and Maronan, occur in the Maronan supergroup, in the Eastern Fold
Belt (Figure 1.4, Stanton and Vaughan 1979, Vaughan and Stanton 1989, Williams
and Heinemann 1993). A striking feature in the Mount Isa Inlier is the linear
geographical occurrence of the deposits (Figure 1.4). Another striking feature is the
lack of Pb-Zn in Cu-Au deposits. New discoveries of concealed deposits in the
Eastern Fold Belt, were all made in the last ten years: Osborne (Cu-Au, 36 million
tonnes @ 2% Cu. 1 g/t Au), Cannington (Pb-Ag, 47 million tonnes (@ average 10.7%
Pb, 4.6% Zn, 470 g/t Ag) and Ernest Henry (Cu-Au, 132 million tonnes @ 1.2% Cu,
0.6% Au). Geophysical methods, and especially aeromagnetic anomalies, played an
important role in the discovery of these concealed deposits. Geochemical exploration
formed the basis for the discovery of Tick Hill (470 000 tonnes @ 27 g/t Au). The
discovery of Cannington, being possibly the biggest Ag resource in the world, has

changed the outlook on exploration for the Cloncurry terrain.

Other minor commodities mined as by-products in the Mount Isa Inlier are: cobalt,
tungsten, mica, beryl, manganese, cadmium and bismuth. Considerable amounts of
calcite and silica have been mined for the use as flux in the smelters of the Mount Isa

mine.
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Figure 1.4 - Major metalliferous deposits in the Mount Isa Inlier, with detail from the Cloncurry

terrain in the Eastern Fold Belt.

1.5 - Introduction to the studied area

The studied area is located in the eastern part of the Cloncurry-Selwyn terrain

(Figure 1.4). Eight smaller areas were mapped in detail (Figure 1.5), in conjungtion

with the Cloncurry-mapping project of James Cook University. Regional mapping

was undertaken at 1:25000, while specific river sections were mapped at a more

detailed scale. In the following chapters references will be made to these specific
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areas and locations. This section outlines the main lithologies and structures in the

different subareas.

The Cloncurry-Selwyn terrain (Figure 1.5)

A brief overview will be given of the eastern part of the Cloncurry-Selwyn terrain
(Figure 1.5). The main lithologies are upper amphibolite facies calc-silicate and
psammepelitic metasediments, intruded by different (pre to post peak deformation
and metamorphism) felsic and mafic igneous rocks. Multiple deformation occurred
with D> as the main phase (synchronous with peak metamorphism) which caused
north-south upright close to tight folds (Chapter 3). Major brittle and ductile high
strain zones seperate several structural domains (Chapter 3). Although the main
structural grain is north-south, the main fabric orientation in these domains deviate
from this general trend. A major northwest trending lineament, the Cloncurry fault
(10-30 metres high and 2-5 metres thick), is prominent on aerial photographs and
satellite imagery and manifests itself as a silicified stockwork breccia. Locally
gneissic rocks are observed in the fault. A large batholith, the Williams Batholith,
which consists of unfoliated hornblende two feldspar granite (Mount Angelay
granite), bounds the studied area in the west. Fracture patterns in the granites are
approximately parallel to the Cloncurry fault and orientations of post D»

deformations.

Maronan-Fairmile area (Figure 3.3)

This area is part of the northern extension of domain (iii) in the Glen Idol-Fairmile
region. It consists predominantly of interbedded psammopelitic schists and
amphibolites. Overprinting deformation events (D3 over D;) cause a complex
interference pattern. The northern part contains a major D7 north to north-east
plunging antiform (Turpentine antiform). The Maronan Prospect is located just north

of this antiform. This prospect will be described in Chapter 7.

Figure 1.5 - Geology of the eastern Cloncurry-Selwyn terrain. Map after BMR: 1:100000 "Geology
of the Duchess-Urandangi Region" (1983), and the JCU 1:25000 Cloncurry Mapping Project (1990 to
1993). The areas mapped in detail are: A- Maronan-Fairmile area; B- Glen Idol - Fairmile; C- The
Fullarton River Area; D- Fullarton River gorge; E- Mallee Gap area; F- Spring Creek area; G-
Boorama Waterhole area and H- Maramungee Creek.
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Glen Idol -Fairmile area (Figure 1.6)

The Glen Idol - Fairmile region is separated into three structural and lithological
domains by zones of high strain, trending approximately north-south (Figure 1.6).
Four deformation events have been recognized, with the last two events overprinting

all previous deforations.

i) The western domain (west of Glen Idol) consists of competent laminated calc-
silicate rocks and psammopelitic schists interlayered with amphibolites and
metadolerites of the Doherty Formation (see Chapter 2). This domain is bounded in
the west by the Mount Angelay granite and the Cloncurry Fault. The main fabric is
S, which strikes about 340° and makes a small angle with the Cloncurry Fault. The

Cloncurry Fault is a locus for post D, breccias and alkali metasomatism.

i1) The central domain forms a wedge shape, and is bounded by strain zones that join
northwest of Fairmile near Willy's Bore. The dominant lithology is a coarse
retrograde muscovite + sillimanite, biotite, quartz, feldspar gneiss with partial melts
(leucogneiss), typical of the "Fullarton River Group", and is the structurally deeper
component of the Maronan supergroup (Beardmore et al. 1988, see Chapter 2 and 7).

The main trend of S, is 320° - 330° and there are numerous concordant pegmatites.

ii1) The eastern domain ( which contains the Fairmile Prospect) is composed of the
rocks belonging to "Soldiers Cap Group", the structurally higher part of the Maronan
supergroup (see Chapter 7 and 2). It comprises interbedded pelites and psammites
with quartzites and amphibolites. Some quartzite horizons grade into quartz -
magnetite + garnet + apatite rich horizons. The main trend of the foliation in this

domain is north-south.

The three structural and lithological domains are separated by zones of steep easterly
dipping strained and retrograde fine grained muscovite schist, with a penetrative

cleavage. These high strain zones reflect post D5 faulting,

which juxtaposed the
stratigraphically deeper Fullarton River Group as a wedge-shaped window between
the Doherty Formation and the Soldiers Cap Group. The different orientations of S,
in the eastern domain compared to the central and western domains are partly due to

this faulting and later overprinting deformation events (Chapter 3).
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Figure 1.6 - Geology of the Glen Ildol - Fairmile region. Three major lithological and structural
domains are present. Domain (i) west of Glen Idol contains mainly the competent calc-silicate and
brecciated rocks. Domain (ii) consists of coarse muscovite-quartz gneiss with concordant pegmatites.
Domain (iii) consists of high strained psammopelitic metasediments with amphibolites. Map after
JCU Cloncurry Mapping program 1993.

The Fullarton River Area and Fullarton River gorge (Figures 1.7 and 1.8)

The Fullarton River area is part of domain (i) in the Glen Idol-Fairmile region. It
contains a kilometre scale moderately northwest plunging D> antiform (Figure 1.7),
with relict gneiss and "altered" schist (see Chapter 2) in the core. Numerous steep
faults and fractures are developed parallel to the axial plane and are the locus for
large scale brecciation. Brittle faults are concentrated in the nose of the antiform, and
localising large scale megabreccias, which are well exposed in the Fullarton River
gorge (Figure 1.8). The lithologies varies from "pristine" unaltered psammopelitics,

calc-silicates, marbles to regional alteration-affected metasediments. Breccia clast
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diameters vary dramatically, from centimetres up to tens of metres. These clasts rest
in an albite-clinopyroxene+actinolite matrix. Numerous small diapiric fine grained

leucogranite intrusions outcrops in the core of the antiform.

Mallee Gap, Spring Creek and Boorama Waterhole areas (Figures 1.9-10-11)

The central part of the studied area includes the Mallee Gap area (part of domain (i)
of the Glen Idol-Fairmile region) and two smaller areas in the south, Spring Creek
and the Boorama Waterhole. Mallee Gap is a hundred metre 50° inclined waterfall,
which exposes granitic and unaltered and altered metasedimentary rocks. Sinistral
movements caused small scale thrusting east and west of the Cloncurry fault.
Strongly deformed metasedimentary rocks and foliated granites are dominant in the
east and north, while unfoliated granite intrusions and breccias occur in the west and
south. Metasediments east of the Cloncurry fault are folded by a tight northwest-
plunging D, synform, while west of the Cloncurry fault there is a tight south
plunging D, antiform. Brittle open space veins, varies in width from centimetres
upto tens of metres scale, which make a small angle with the Cloncurry fault, are
filled with quartz and K-feldspar.

The Spring Creek area (Figure 1.10) is located 1.5km SE of the Mallee Gap area.
This area contains a high strain zone which separates coarse muscovite-
quartztbiotite gneiss with foliated granites in the east from calc-silicate, weakly
foliated granites, metadolerites and breccias in the west. Fracture patterns related to
this high strain zone indicate dextral movement (Figure 1.10). The breccias form a
trend parallel to the shear contact, and cause albitization of the granites. The felsic

and mafic intrusions form a large net-veined complex.

The Boorama Waterhole area located south of Spring Creek consists predominantly
of intrusive rocks (Figure 1.11). Extensive granites and metadolerites are intruded in
calc-silicate rocks are foliated and folded by the Dy deformation. This results in a
tightly folded southeast plunging antiform and synform. On regional scale and
outcrop scale, the granite and metadolerite from a complex deformed net-veined
system. Fractures and brittle-ductile strain zones make an approximately 40° angle

with the Cloncurry fault and were apparently formed by late sinistral movement.

Figure 1.7 - Geology of the Fullarton River area.
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Maramungee Creek section (Figure 1.12)

A number of east-draining river systems, provide a.good three-dimensional insight in
the geology. The Maramungee Creek section in the southern part of the studied area,
exposes ductily deformed rocks, located in high strain zones. The rock units are
predominantly calc-silicates, with foliated felsic and mafic intrusions (Enclosure B:
"Geology of the Maramungee Creek"). Reconstituted rocks, which reflect the
regional metasomatism, are controlled by late D, structures. These shear zones,
which are the loci for the sodic-calcic metasomatism, are up to 100 metres thick and
are overprinted by breccias. The breccias are heterogeneously deformed in places.
These metasomatic breccias are characteristic of the regional alteration event, and
overprint retrograde muscovite schist, indicating that the alteration itself is

retrograde.
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Figure 1.11 - Geology of the Boorama Waterhole area.
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Chapter 2 - Stratigraphy and Lithology

CHAPTER 2 - STRATIGRAPHY and LITHOLOGY
of the Eastern Cloncurry - Selwyn terrain

2.1 - Introduction

Rock types encountered in the eastern Cloncurry-Selwyn terrain are the
metasediments of "rift cover" sequences 2 and 3 (Blake 1987). The "rift cover"
metasediments are divided into two stratigraphic groups, the Mary Kathleen Group
(1790 - 1720 Ma) at the base, overlain by metasedimentary rocks informally named
the Maronan supergroup (Beardsmore ef al. 1988, 16779 Ma based on SHRIMP
zircon dating, Page 1993).

The Malbon Group lies beneath the Mary Kathleen Group. The former comprises
two formations, the Marraba Volcanics and the conformably overlaying Mitakoodi
Quartzite. The former consists of interlayered metabasalts (and/or meta-andesites)
with fine- to coarse- grained psammopelitic metasediments. The latter formation
mainly consists of fine grained feldspathic and psainmitic metasediments with minor

scapolite-bearing calc-silicate rocks (Blake ef al. 1984).

The upper part of the Mary Kathleen Group is well studied in the Central Fold Belt
and the Quamby-Malbon zone (Derrick et al. 1977, Wilson 1983, Reinhardt 1992,
Blake et al. 1984, Oliver et al. 1991). The Corella Formation is the most extensively
exposed unit in those areas. Its rock types range from psammopelitic, quartzitic
metasediments to marble, but are predominantly layered calc-silicates. The calc-
silicate bearing rocks were divided into rocks containing various mineral
assemblages consisting of various combinations of biotite, calcite, quartz,
microcline, amphibole, scapolite, clinopyroxene, magnetite, titanite and minor
garnets, plagioclase and muscovite (Oliver ef al. 1990, 1992). Numerous dolerites
intruded the Mary Kathleen Group prior to the onset of the Isan Orogeny. The
Doherty Formation is seen by various workers as the Corella Formation equivalent in

the Cloncurry-Selwyn terrain (see next section 2.2).

The Maronan supergroup is believed to have been thrust over the Mary Kathleen
Group during the D; compression phase (Loosveld 1989b, Laing 1990) and
comprises quartzites, psammopelitic metasediments interlayered with metabasic and
metafelsic volcanic rocks. The Maronan supergroup was divided by Beardsmore et
al. (1988) into two units, at the base, the Fullarton River Group conformably
overlain by the Soldiers Cap Group.
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The Fullarton River Group was further subdivided into the Gandry Dam Gneiss, the
Glen Idol Schist and the New Hope Arkose formations. These consist broadly of
massive to poorly thick-bedded coarse quartzofeldspathic psammites, biotite-rich
psammopelites and pelites. Higher metamorphic grade rocks (sillimanite-K-feldspar)
at the base of the Fullarton River Group are composed of granitic gneisses,

quartzofeldspathic segregations and are intruded by swarms of pegmatite sills.

The Soldiers Cap Group consists of lower amphibolite facies metamorphic rocks
(sillimanite-muscovite and andalusite-staurolite grade). The Soldiers Cap Group was
also subdivided into three formations: Llewellyn Creek Formation (oldest), Mount
Norna Quartzite and the upper Toole Creek Volcanics (youngest). Discrete
interbedded psammopelite units, interpreted to have been derived from turbidites
(Beardsmore et al. 1988), form the base of the Soldiers Cap Group. Towards the top,
the rocks become more feldspathic intercalated with graphitic slates and minor

marble (see Chapters 3 and 7).
2.2 - The "Doherty Formation' as a tectono-stratigraphic unit

The "Doherty Formation" (1720+7 Ma U-Pb zircon dating, Page 1993), in the
Cloncurry-Selwyn terrain, is seen by various workers as the Corella Formation
(Blake 1982, Wilson 1983, Oliver et al. 1990, Williams and Phillips 1992). Blake et
al. (1984) described the Doherty Formation as predominantly thin-bedded calc-
silicate granofels with massive chaotic, oligomictic and polymictic calc-silicate
breccias. The breccias where thought to be possibly of sedimentary and/or tectonic
origin (Glikson 1972). Williams and Phillips (1992) were the first to recognize that
the breccias of the Doherty Formation were probably formed due to a large scale
fluid overpressured alteration system. They reported that large volumes of rocks
were affected by a "telescoped" hydrothermal system and that the Doherty Formation
consists of strongly altered products of precursor rocks similar to the Corella
Formation, as in the Mary Kathleen Fold Belt, and to metasediments of the Maronan
supergroup. Williams and Phillips (1992) also observed that the affected area of the
so called "Doherty Formation" formed a zone of brecciated and reconstituted rocks,
strongly spatial associated with a major northwest-southeast trending lineament, the
Cloncurry Fault. By a "telescoped” hydrothermal system, Williams and Phillips

(1992) suggested that the system cooled down due to unroofing, causing
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overprinting of younger and cooler alteration assemblages on the earlier older and

hotter alteration assemblages (Chapter 5).

The recognition that the "Doherty Formation" is not a stratigraphic unit (senso
stricto, Figure 2.1) explains much of the controversial observations previous workers
reported on this unit. Although the term "formation" is not correctly used in a
chronostratigraphical sense, in this study, the term "Doherty Formation" will still be
used for the brecciated and alteration affected rocks, but also for the unaltered calc-
silicate (Corella type) rocks. The area that is affected by this type of regional-scale

brecciation and alteration is in the order of hundreds square kilometres.

Schematic Tectono-Stratigraphic Column

WEST EAST

-{*Unconformity

Interlayered feldsphatic psammites with pelites,
amphibolites, minor felsic volcanics, carbonates

bR A B A

% 8 and graphitic slates. Intruded by dolerite.
o w
o
O]
o
wi
o
o]
%)
=
< taw
% Interbedded psammopelitic rocks.
35( +
+
= g +
[T +
: Quartzofeldsphatic gneiss with pegmatite sills.
: D, thrust
+
+
+
+
amungee
‘suite

Laminated and banded calc-silicate rocks, with some
marble layers at the base. Minor psammopelitic
layers. Intruded by thick sill fike metadolerite bodies.

MARY KATHLEEN GROUP
Corella Formation

The "Doherty Formation" consists of reconstituted
precursor.rocks of the Corella Formation and Maronan
Supergroup, in parts relict banding is preserved, but
in general, high variance mineral breccias occur.

Figure 2.1 - Schematic tectono-stratigraphical column for the eastern Cloncurry-Selwyn terrain. Note
the diachronous nature of the Doherty Formation. FRG is Fullarton River Group, SCP is Soldiers Cap
Group. Stratigraphic nomenclator after Blake et al. (1984) and Beardsmore et al. (1988). The
Maramungee suite intruded pre to syn D5, while the Williams Batholith intruded mainly syn to post

D3 (see section 2.4).
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2.3 - Lithology and Distribution
2.3.1 - Rock types in areas of inferred low Fluid/Rock ratio

Areas of low fluid/rock ratios are inferred on the basis of a paucity of veining,
breccias and absence of obvious alteration. These domains host the "pristine"
precursor rock units of the reconstituted rocks. The rock units in those domains are
laminated, strongly deformed, folded, and are characterized by low-mineral variance
assemblages (Table 2.1, see also Table 5.1). Two types of banded calc-silicate units
can be distinguished (CSj-A and CSj-B) on the basis of their mineral composition.
The stratigraphic relationship between those calc-silicate units is somewhat
enigmatic, due to the overprinting alteration and the spatial distribution. However,
the calc-silicate unit CSj-A lies structurally deeper in the sequence (Enclosure B),

based on the main orientation of the foliation in the terrain.

Table 2.1 Approximate mineral abundances in some of the rock types and veins of the Doherty
Formation.

Rock/Sample Plagioclase Amphibole Scapolite
Qtz "And_OI _Ab_Kfs "Hbl Act Di "Ma Miz Bt Ms Ep Czo Ttn Cal Ap Chi Mag Hem Sulp
PRISTINE CALC- blLlLA'l h (CSI-A)

DP#44618 + + tr ++ + tr tr tr tr
DP#44627 + + ++ + + tr tr + tr +
DP#44628 + + + + + tr tr tr tr + +
DP#44629 + + + ++ + tr tr tr tr tr +
DP#44631 + + + + + tr tr tr tr
PRIblINb LALL blLlLAlh (Lbl B)

DP#463 tr ++ tr tr tr tr tr
DP#46‘H 1 + + n tr + tr tr + tr tr

LESS ALlhRH) CALC- blLlLATI: (me-A)

DP#4462 tr hd tr tr tr tr
DP#44624 + + ++ ++ tr tr tr tr
DP#44652 : + ++ + + tr + +
DP#44654 +++ + + + tr tr tr tr tr
DP#44657 + + ++ ++ + + tr tr tr tr tr tr
ACTERED {7y (,AL(, SILTCATE (me-B)

DP#44637 tr ++ tr tr tr
DP#44651 + + b ++ ++ tr + tr tr +
ALTERED (,AL(, bILI(,Alh (MbL) {CSh-A}

DP#44585 ++ tr tr tr tr tr +
DP#44586 + + ++ + ++ o+t + tr tr tr tr te tr
DP#44638 ++ + ++ + + tr tr tr tr
DP#44639 tr T+ + tr ++ tr tr tr tr +
DP#44590 tr + ++ o+ tr tr
PRIST INL METADOLERITE

DP#4459 tr tr tr ++ ++ tr tr + tr +
DP#44597 tr +++ et + + tr tr tr
DP#46334 tr +4 + + + tr tr tr tr tr tr
DP#46335 tr + ++ + tr tr tr tr +
DP#46316 +++ + + tr tr tr tr tr
DP#44615 + + ++ Tt + i tr
DP#44643 tr ++ +++ tr tr tr tr tr +

MET ADOLHU TETE bLAI’()Ll T th].))

DP#44592 + ot + tr tr tr
DP#44599 ++ ++ + tr tr
DP%46305 tr tr ++ + AT tr tr tr

DP#44675 + ++ tr ++ + ir tr r
DP#44679 ++ tr o+t tr tr
DP#44625 tr tr ++4 ++ ++ + tr tr tr tr

ALT thI) ML l AD()L!:IU l E

DP#46332 ++ + + + tr tr t + t
DP#463 15 tr T+t tr ++ tr + tr tr tr
46316 (Bx) tr ++ ++ + t + t
DP#44646 tr + +t tr tr + + + tr + + +
DP#44647 + + ++ +++ ++ tr tr tr tr
DP#44676 tr ++ ++ tr tr tr tr +
DP#44677 .

DP#44678 -+ ++ + +++ tr i ir
VEIN at mm g Metadolerite

DP#44598 F+++ tr ++ tr + tr tr tr tr tr
DP#44616 +++ + + + tr

VEIN mn Altered Calc-silicate

DP#44636 ++ + + ++ + : w ir +

Note: Bx=breccia, Qtz=quartz, And=andesine, Ol=oligoclase, Ab=albite, Kis=K-feldspar, Hbl= homblende, Act=actinoliie, Di=diopside, Ma=
marialite, Miz=mizzonite, Bt=biotie, Ms=muscovite, Ep=epidote, Czo=clinozoisite, Ttn=titanite, Mag=magnetite, Cal=calcite, Chi=chlorite, Hem=
hematite, Ap=apatite, Sulp=sulphides. Approximate mineral abundance: tr= < 3, 5-15=+, 15-30=++, 30-60=+++, 60-100=++++, MSZ= Mara-
mungee Shear Zone. CSI-A refer to text.
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"Pristine"” Calc-Silicate Units

CSj-A - This unit is well exposed in the western part of the Maramungee Creek
section and comprises centimetre-scale bands, locally strongly deformed, with
pegmatite veinlets (Figure 2.2A). These bands consists of greyish microcline-biotite-
rich bands, alternating with green, coarse (0.5 to 1mm length crystals) hornblende
bands and reddish feldspar (= quartz) only bands. Internally the bands are foliated
due to alignment of metamorphic brown (pleochroic) biotite (overprinted by
chlorite), dark green hornblende (Xyg defined as Mg/Mg+Fe is ~ 0.7, Figure 2.2B),
which is replaced by epidote (with an average Ps, pistacite, of 28,
100Fe3*/(Al+Fe3*-2)), titanite and recrystallized quartz and microcline.
Metamorphic feldspars consist of microcline (with hatch twinning) and K-feldspar
(Carlsbad twinning) with myrmekite intergrowths and perthitic exsolution textures.
Myrmekite textures occur frequently in the strain shadows of K-feldspar
porphyroblasts. Andesine plagioclase (~40% An) is more dusted with hematite, and
exhibits dynamic and static recrystallization textures. Accessory minerals are zircon,
rutile, apatite calcite (with traces of Fe and Mg) and magnetite (containing 10 wt.%
Ti and up to 34 wt.% Ti in exsolution lamellae, see Chapter 5). Meionitic scapolite
with an equivalent anorthite percentage (Eq.An) of about 50 occurs in some layers
(see also section 5.5.4). These layers are possibly metamorphosed evaporitic beds.
These metamorphic scapolite crystals are deformed and slightly elongated, parallel to
the main foliation (Figure 2.2C). The quartz crystals are deformed to ribbons with a

strong crystallographic c-axis orientation due to intense deformation.

The pegmatite bands consist of coarse-grained microcline and quartz. The bands are
half a centimetre thick with pinch and swell structures. The quartz is recrystallized,
while some of the K-feldspars exhibit myrmekitiec and perthite textures.
Occasionally these pegmatites cross-cut the calc-silicate banding, but are generally
parallel to the banding and folded by the main D, deformation event (Figures 2.2A).

This laminated calc-silicate unit is locally interlayered with narrow (< Im) beds of
more micaceous schist. These narrow beds exhibit a domainal foliation and are
composed of dark brown pleochroic biotite with quartz and plagioclase lithons, with

traces of K-feldspar, magnetite, apatite and hornblende.

CS)-B - Another type of banded and deformed calc-silicate rock dominates in the
northern part of the studied area (Boorama Waterhole-, Mallee Gap- and Fullarton

River domains). This calc-silicate unit is more fine grained, and in general also
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redder, than CSj.5 (Figure 2.2D). The bands are also thinner than CSj.o (and a few
millimetres up to half a centimetre in width). There are also no pegmatites. The
prograde metamorphic mineral assemblage contains green diopsidic clinopyroxene
(Kd ~ 0.95, Kd=Ca/(Fe+Mg)), plagicclase (20-30 An%), traces of quartz, titanite,
apatite and calcite. Secondary minerals overprinting this assemblage include epidote,
traces of albite, microcline and hematite. The hematite is partitioned into the

feldspars, giving them a macroscopic brick red colour (Figure 2.2E).

A pronounced red hematite alteration affects the more brittle deformed area in the
north (Chapter 3), ‘that have been altered under high fluid/rock conditions.
Hematization only occurs in areas of high fluid/rock ratios in the Maramungee Creek
section. Almost no hematite alteration is observed in the Boorama Waterhole area.
Hematization becomes more pronounced in the Fullarton River area. This
hematization, associated with red colouring, is one of the later effects of the ongoing
alteration process. In this case hematite becomes stable relative to magnetite, due to
unroofing which caused a decrease in temperature (and possibly minor fO, increase,
Chapter 5).

Pristine Psammopelitic Metasediments (PSi-PLy)
High grade schists and gneisses of the Fullarton River Group (Beardsmore et al.

1988) form the base of the Maronan supergroup. Numerous pegmatite sills intruded
this gneiss (Spring Creek area). Locally domains in the Doherty Formation contain
pristine siliclastic metasediments. As mentioned previously, the pristine calc-silicate
unit, CS}-A, is interlayered with narrow biotite-quartz-feldspar schist. A large zone
of this unaltered siliclastic metasediments occurs, interbedded with amphibolites, in
the Mallee Gap area (Figure 1.9). Quartzite and quartzofeldspathic beds look similar
to the ones observed in the Soldiers Cap Group in the Maronan-Fairmile area

(Chapter 3 and 7) and could possibly be refractory domains.

Figure 2.2 - Rock types in areas of low fluid/rock ratio. A- "Pristine” calc-silicate unit, CS|-A,
deformed with pegmatite veinlets (location M157/dp#44665-6). B- Microphotograph of unit CSj-A,
sample DP#44628, aligned hornblende and biotite with feldspar and quartz. Field of view 0.9mm. C-
Sample DP#44618, deformed metamorphic calcic scapolite. Field of view 0.9mm. D- "Pristine” calc-
silicate unit, CS}-B. Fine, folded, compositional banding, with hematite overprint (location 32.7). E-
Microphotograph of unit CSj-B, sample DP#46304, diopsidic pyroxene, with plagioclase and quartz
overprinted by hematite. Field of view 2.6mm.

N.B. In this thesis following objects were used as size indicators on photographs: geology hammer -
40cm; bank hammer - 50cm; black pen with red tip - 20cm; compass - 10cm; photocap - Scm; |
dollar Australian coin - 2.3cm; 2 dollar Australian coin - 2cm; 5 cent possum Australian coin - 1.9cm.
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Marble Pods (MBy)

Marble units (= scapolite) are a distinct rock package in the Corella Formation
(Blake et al. 1984). These marble units are locally outcropping in the Doherty
Formation, east and west of the Cloncurry Fault. Marble pods are clustered in groups
and form relatively unaltered large breccia clasts, up to tens of metres in size (Figure
1.8, Rose 1993). These pods are laminated, with calcite rich- and silicate bands, in
which the calcite bands accommodated stress, by means of crystal plastic
deformation (Hobbs et al. 1976). The silicate bands vary in thickness from
centimetre up to decimetre scale and behaved competently, to produce boudinage
and pinch and swell structures. This is in contrast to the calcite bands which
deformed in a more ductile fashion. The overall incompetent behaviour of these
marble pods, compared with surrounding calc-silicates, results in a paucity of

veining and fractures.

2.3.2 - Rock types in inferred moderate zones of Fluid/Rock ratio

Areas where rocks have been altered by moderate fluid/rock ratios are those that
contain sufficient veining, with selvages causing pervasive alteration adjacent to
veins, but lack major breccia occurrences. These type of rocks occur at margins of
high strain zones (these high strain zones acted as fluid conduits, Chapter 4 and 5), or
as relict / refractory enclaves in high fluid/rock ratio zones. Three types of
moderately altered calc-silicate rocks can be distinguished (mineral assemblages are
tabulated in Table 5.1). These are best observed in areas such as the Maramungee
Creek section and at the Boorama Waterhole (Figure 1.12, Figure 2.3 and Figure
5.1).

Moderately Altered Calc-Silicate Rocks

CSm-A - The precursor of this rock unit was probably the "pristine calc-silicate" type
CSi-A; however, recognizable relicts of pegmatites are only locally observed. This
unit consists of wispy irregular banding on millimetre to centimetre scale (Figure
2.3A and B). Actinolitic hornblende (Xmg ~ 0.82), clinopyroxene (Kd ~ 0.7) and
epidote (Ps ranges from 33-37) with some oligoclase-andesine plagioclase (~ 24
An%, see Appendix C) magnetite and traces of titanite and calcite are dominant in
greenish grey bands. Slightly reddish bands consist of albitic plagioclase, quartz and
K-feldspar with relict traces of metamorphic (chloritized) biotite (Mg/Fe ~ 0.25) and
calcite. Feldspars are dusted with submicroscopic hematite. White-grey bands are
more wispy in character and more fine grained than the others (Figure 2.3C). This

type of band is more microcline rich with a granoblastic mineral texture. Near zones
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of high fluid/rock ratio, these wispy white bands consist dominantly of granoblastic
albite (5-10 An%).

Subhorizontal veining occurs regular in this rock unit and consists of mono-
mineralic clinopyroxene (diopside, Kd ~ 0.87, Appendix C) or actinolite (Xmg ~
0.76) and traces of oligoclase (~ 15 An%). These diopside-dominant veins have
microcline selvages (Figure 4.10, Figure 2.3D). This in contrast to veining in more
intensely altered areas, where the dominant vein infill is actinolite (Xpg ~ 0.81).
These veins have albite (~ 5-10 An%) selvages. However, albite-quartz = magnetite
also occur as steep axial-planar type veins (see Chapter 4) in the less altered areas of

this rock unit (see Figure 4.10).

CSm-B - Inside areas of totally reconstituted rock, there are layered calc-silicate rock
units which are rock buffered. Two types of weakly altered rocks have been
observed: CSy-Bj, which consists of thin units (< 30 c¢cm) of fine grained biotite-
muscovite-feldspar+quartz schist, overprinted by albite-actinolite and some
microcline, and CSp-Bjj, which comprise of a ten to twenty metre thick grey
coloured unit of foliated fine grained biotite-microcline-plagioclase-scapolite (Eq.An
~ 40) schist (see also section 5.5.4). The latter looks similar to the thin micaceous
beds (except for the presence of scapolite). On microscopic scale this micaceous
calc-silicate unit shows a mineral compositional banding, with laminations rich in
metamorphic scapolite (Eq. An ~ 41), and secondary microcline (Figure 2.3E).
Aligned actinolite (Xmg ~ 0.82) with traces of calcite is concentrated on the
boundaries between those laminations. Brown pleochroic biotite and amphiboles
define the foliation. The calcic scapolite is anhedral and deformed. Metamorphic
microcline and adjacent plagioclase show myrmekite intergrowth. Accessory
minerals are apatite, quartz, titanite, rutile, magnetite and euhedral tourmaline. Rock
units in the more altered zones behave in a more competent fashion, which is
indicated by boudinage (mullion type) and veining. The veinlets consist of oligoclase
(~ 16 An%) and quartz with sodic scapolite (Eq.An ~ 20) selvages (Figure 2.3F).

Figure 2.3 - Rock types in moderately fluid/rock ratio zones. A- Wispy compositional banding, CS,-
A, cut by altered early pegmatite vein (location M145/DP#44656). B- Microphotograph of CS-A,
sample DP#44654, band .of coexisting actinolite and (metamorphic?) microcline, and a more albite-
rich band. Field of view 0.9mm. C- Same unit, sample DP#44658, granoblastic microcline and albite-
rich band. Field of view 0.9mm. D- Microphotograph of subhorizontal veins, sample DP#44657, with
hematite dusted microcline selvages. Field of view 2.6mm. E- Microphotograph of CS4-B, sample
DP#44651, bands with metamorphic scapolite and secondary (?) microcline. Field of view 2.6mm. F-
Oligoclase vein with marialite selvages, sample DP#44636, in unit CS;-B. Field of view 0.9mm.
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CSy-C - Several thin dark green bands (25 to 30 cm thick, Figure 4.1) were
observed in the reconstituted high fluid/rock ratio high strain zone of the
Maramungee Creek section, and preserved some of their primary mineral
composition. Relict metamorphic minerals are strained scapolite (Eq.An ~ 40,
Appendix C), chloritized brown-green ragged biotite, K-feldspar and andesine (33-
36 An%). Actinolitic-hornblende (Xmg ~ 0.75, Appendix C) partly defines the
foliation, but also grows interstitially; and makes up approximately 40% of the rock
(Figure 2.4A and B). Interstitial pure magnetite (< 1 wt.% Ti) is aligned in the
dominant foliation. Other secondary minerals are microcline and epidote which is
abundant and overprints the amphiboles. Accessory minerals are titanite, apatite and
calcite.

Moderately Altered Siliclastic Metasediments

Quartzofeldspathic gneissic rocks of the Fullarton River Group are sheared and
retrograded to muscovite-biotite-feldspar-quartz schist (PLy-A), located at the
Doherty Formation and the Maronan supergroup contact. Closer to the contact, the
strain intensified causing isoclinal folding and transposition. Pink coloured, 2 to 5
millimetre thick en échelon aligned, sericitized oligoclase veins, with selvages
consisting of coarse albite and traces of chloritized biotite laths, cross-cut the schist.
Muscovite disappears in the strained transposed schist, while the laminae develops to
a mineral compositional banding. Brown biotite laminations are overprinted by
corundum and euhedral tourmaline, and are separated form quartz + apatite
laminations by a K-feldspar and albite corona ("altered corundum bearing schist",
Figure 2.4C, the significance of corundum-bearing assemblages are discussed in
section 5.2.1 "Biotite breakdown"). There are traces of relict metamorphic
plagioclase (20-38 An%, Appendix C). These "altered corundum bearing schists" are
observed only at the contact between the altered rocks of the Doherty Formation and
the siliclastic metasediments of presumably Maronan supergroup age. This altered
schist unit occurs as unbrecciated outcrops, and also as large breccia clasts (up to
tens of metres). These relatively "unaltered" breccia clasts are overprinted by
subhorizontal actinolite (Xmg ~ 0.75) veins with a hematite dusted albite (2-14 An%)

selvage.

Psammite and pelite units, siliclastic metasediments in the Mallee Gap area, occur at
the contact with the more altered and brecciated rocks of the Doherty Formation.
The pelitic unit (PLy-Ai), looks very similar to the "altered corundum bearing
schist", with transposed highly deformed biotite-oligoclase-corundum stringers,

microcline-corona and quartz-laminations. However, corundum is not as abundant in
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the biotite rich bands and that there are still relicts of sillimanite. The sillimanite
occurs as fibrous grains in elongated deformed, possibly relict metamorphic
andalusite porphyroblasts (see Chapter 3). Accessory minerals are monazite,
tourmaline, magnetite and (metamorphic ?) ilmenite. The biotite (Mg/Fe ~ 0.7-0.9) is
chlorine bearing (0.3 to 0.4 wt.% Cl, Appendix C). In places the biotite is
retrogressed to chlorite, and the schist is overprinted by net-veining with amphibole
centres and hematite albititic plagioclase dusted rims.

Laminated / banded psammite units, at Mallee Gap, consist of quartz-albite-biotite
and euhedral magnetite and elongated titanium bearing magnetite (10 wt.% Ti);
which is overprinted by centimetre size andalusite porphyroblasts (PSy,). The albite
in the matrix was probably produced by alteration of metamorphic feldspars (K-
feldspar and plagioclase) prior to the andalusite growth. The andalusite is restricted
to replacement veins parallel to the foliation, but locally cross-cutting. The
andalusite grains have a millimetre thick K-feldspar rim, with muscovite in the strain
shadows. Albite veins overprint this unit (Figure 2.4D, see also Chapter 5).

2.3.3 - Rock types in inferred high Fluid/Rock ratio zones

Areas of high fluid/rock ratio are located in "narrow" (some hundred metres width)
shear zones, or in variable size breccia complexes. Extensive veining cross-cuts these
deformed zones and complexes (however, veins, certainly open-space infill veins are
an indication of precipitation, and does not necessary have to means large amounts
of fluid flow). The lithologies of both the breccias and the rocks in the deformed
zones are characterized by a high variance mineral assemblage (albite-
actinolitexdiopside, see Table 5.1, which reflects post D, retrograde metamorphic
conditions, Chapter 3). The eastern part of the Maramungee Creek section exposes
the contact between the (unaltered) Maronan supergroup and the metasomatic rocks
of the Doherty Formation. The dominant characteristics of the "early" metasomatism
are alkali exchange, with structurally controlled and host rock composition

depending potassium depletion and sodium addition (see Chapters 4 and 5).

Altered Laminated Calc-Silicate Rocks

CSp-A - Deformed granofelsic calc-silicate rocks are located in major syn to late Do
shear zones, which exhibit a variety of fold styles, with refolding of pre-existing
folds, compositional banding and are cross-cut by "axial planar" type veinlets (see
Chapter 4, Figure 4.10F, Enclosure C). Three types of layering are dominant and are
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macroscopically easily recognized from their colour: i) light to dark green- ii) white
reddish layers, and iii) greyish. Microscopically the contacts between the bands are
gradual.

i) The green bands vary most in thickness, from millimetre up to half a centimetre
and contain actinolite (Xpmg ~ 0.83) overprinting relict (metamorphic ?) diopsidic
clinopyroxene and microcline (Figure 2.4E). The actinolite crystals are aligned
parallel to the layering and are 0.2 to 0.5mm in grain size. Some are poikiloblastic
with subrounded quartz inclusions. The amphiboles are generally undeformed and
show weak to absent undulose extinction. This is in contrast to the strained relict
overprinted clinopyroxene. These green amphibole rich bands show pinch and swell

structures.

ii) White reddish laminae are only 1 to 3mm thick and exhibit complex alteration and
overprinting relationships. Large poikiloblastic K-feldspar (and plagioclase) grains,
locally make up the whole layer, overprinting albite (2-18 An%, Appendix C) and
quartz (Figure 2.4F). These large feldspar grains are formed due to some sort of
exaggerated grain growth caused by layer parallel fluid buffering. These large grains
are strained with undulose extinction, interlobate grain boundaries and subgrains.
The K-feldspar grains are dusted with submicroscopic hematite, sericite and calcite.

The large K-feldspar grains also overprint relict clinopyroxene (Kd ~ 0.87).

iii) The third type of lamination consists of undeformed granoblastic oligoclase-
albite (~10 An%, with 120° triple points) which were formed coevally with
interstitial actinolite. The strain free albites are dust free and have partly replaced the
margins of the large K-feldspar grains of laminations (ii). These albite grains are 0.1

to 0.3mm in size. Traces of relict brown green intergranular biotite are present.

Accessory minerals are apatite, zircon, euhedral titanite and magnetite (8 to 10 wt.%
Ti), with a late epidote overprint. This unit is possible the more altered version of
rock units CSpy-A, CSy-B and CSp-C. The laminae (i) and/or (ii) vary in thickness
and occurrence can be totally absent. This variety is frequently observed in the
Fullarton River area.

CSp-B - This banded unit occurs sporadically in unbrecciated outcrops and forms
large clasts in breccia complexes at the tectonic contact between the Maronan
supergroup and the Doherty Formation (Enclosure B). This unit also occurs at the

Boorama Waterhole locality and in the breccia complex of the Fullarton River
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section. The compositional banding is very regular (few millimetres). Grass green
bands consists of granoblastic clinopyroxene (diopside) overprinting an earlier
albite-actinolite rock (Figure 2.5A). Albite grains are in some cases hematite dusted
(Fullarton River section), but elsewhere occur hematite free (Maramungee Creek
section). White to reddish bands with albite and intergranular actinolite are finer
grained than actinolite free bands. Accessory minerals are anhedral apatite, epidote

(Ps is 26) and euhedral titanite. Anhedral magnetite is more frequent in the
actinolite-albite bands. The precursor of this type of rock unit was probably CS|-B
and/or MB,.

CSy-C - Another type of banded high mineral variance assemblage rock unit is
located in narrow high strain zones in the vicinity of intrusive mafic bodies
(Boorama Waterhole, Figure 1.11). These are probably deformed pervasive zones of
veining, in which the precursor rock is totally reconstituted. This rock unit consists
of white pinkish coloured and dark green to black bands. The light coloured
laminations consists of large dusted albitic plagioclase grains, with localized
recrystallization of dust free albite. Some albite shows twinning with "chess board"
textures, due to recrystallization under continuous deformation (Figure 2.5B). The
mafic bands consist of clear, weakly deformed aligned actinolite laths overgrowing
the albite. The actinolite is in places overprinted by green chlorite with anomalous
brown interference colours. Euhedral magnetite and traces of allanite are
concentrated in the chloritic areas. Anhedral titanite grains are aligned parallel to the
foliation. Locally relict, possibly feldspar porphyroblasts, are altered to albite with
small stubby actinolite crystals. The foliation is defined by actinolite and albite, and
locally wraps around these relict porphyroblasts.

PLy - The alteration did not succeed in totally destroying the fabric in some metre
scale clasts . This makes it possible to recognize relict textures of rock unit PL,-A,

the "altered schist" (see Figure 4.8E-F). These clasts were strongly deformed prior to
brecciation and are almost mylonitic. Almost all micas are destroyed, with magnetite

and titanite stringers replacing the relict "mica foliation fabric".

Figure 2.4 - Rock types in moderately fluid/rock ratio zones. A- Microphotograph of mafic sill,
sample DP#44625, with actinolitic-hornblende and metamorphic scapolite, CS,,,-C. Field of view
0.9mm. B- As (A), with crossed polars. C- Altered corundum bearing schist, sample DP#44604, PL|-
A, with biotite-corundum clusters, feldspar corona and quartz laminations. Field of view 0.9mm. D-
Altered psammite, PS;,,, with quartz-biotitezalbite bands. Overprinted by andalusite with K-feldspar
rims, cut by albite veins. Location MG1/DP#46329. E- Microphotograph of sample DP#44586,
actinolite overprinting clinopyroxene (or coeval?). Field of view 0.9mm. F- Sample DP#44682, large
poikiloblastic K-feldspar. Field of view 2.6mm.
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Relicts of chloritized biotites are locally present. Relict feldspar porphyroblasts are
sericitized and elongated. Numerous neo-formed grains of albitic plagioclase with
subgrains and granoblastic textures overprint the mylonitic foliation. Chloritized
actinolite is locally present in the foliation. Accessory minerals are euhedral apatite

and traces of calcite.

Brecciated Rocks

Breccias forms one of the major rock types in the Doherty Formation (see section
4.4). These breccias were formed in almost all stages of the metasomatic history of
this terrain, from the early ductile-brittle metasomatic event (narrow breccia zones),
to the later megabreccia complex overprinting parts of the Williams Batholith. Jig -
saw fracturing and crackle / net veining are some of the evidence that the breccias
were formed by fluid hydro-fracturing. Clast size varies from millimetre scale up to
tens of metres. Smaller clasts are totally reconstituted to albite, actinolite or
clinopyroxene, in contrast to larger clasts, which preserve precursor rock mineralogy
and fabrics. Six types of breccias have been discriminated, based on the clast and
matrix mineralogy and fabric, structural setting and general morphology (see Chapter
4). However, at this stage they are described in two groups discriminated by their

brittle-ductile versus brittle structural setting.

Bx-A - Brecciation related to a brittle-ductile environment is located in shear zones
(vein-jog breccias). These are narrow breccia zones, discordant to subparallel to the
main foliation (Figure 2.5C, see Figures 4.10H-I-J). The petrology of the breccias in
the shear zones is relatively monotonous, compared with the host rocks. The main
matrix minerals are tremolitic actinolite (Xmg ~ 0.80-0.85, see Appendix C) with
some albite-oligoclase (~ 6-8 An%), and an actinolite/albite ratio in the matrix
varying from 0.7-0.9. Matrix amphibole grains are up to 2mm long, and roughly
aligned with the external layering. Clasts are in places elongated and ductiley
deformed, consisting solely of albitic plagioclase. Larger clasts are hematite dusted,
and relict host rock fabrics are locally preserved. However, smaller clasts comprise
granoblastic dust-free albite crystals. Traces of apatite are only observed in the clasts.
Large rare euhedral titanite grains are concentrated in the matrix. Hematite dusted
coarse albite, with traces of calcite, occurs at the margins of these narrow breccia

Zones. : -

Bx-B - This type of chaotic megabreccia is more widespread in the northern part of
the studied area, and easier to recognize in vegetation overgrown outcrops, because
of the variable matrix supported clast size and resistance to weathering. Clasts vary

from less than a centimetre to tens of metres across. Larger clasts appear not to have
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moved far from their prebrecciation position. Their composition depends, of course,
on the host rock. Previously deformed metasomatic rocks and granites are generally
altered to albite rich clasts while clasts of mafic rocks are altered to diopside
clinopyroxene and/or actinolite. Occurrences of prebrecciétion and metasomatized
folded and foliated clasts indicate this megabrecciation happened post peak
deformation and metamorphism (Figure 2.5D).

As in the above breccia unit Bx-A, macroscopically sharp clast-matrix contacts are
microscopically vague. These pinkish-green coloured matrix is generally not foliated
and has a "pseudo-igneous" texture (Figure 2.5E), similar to a very coarse unfoliated
gabbro or diorite, and the matrix consists of various ratios of subhedral laths of
albite, and subhedral to euhedral stubby crystals of clinopyroxene and/or actinolite.
The ratio between the mafic and felsic matrix minerals varies considerably, from an
almost pure mafic matrix to a felsic matrix (Figure 2.5F). Small subrounded cavities
are occasionally observed, with inward growing albite and a centre of calcite
(Calgs.¢Mgs3.1Rhsg 6Sid2 ¢), overgrown by acicular iron rich actinolite (Xyg ~ 0.62-
0.73). with rims of more tremolitic amphibole (Xmg ~ 0.92, Appendix C). The
matrix of the Mount Philip Breccia, near the Pilgrim Fault (Blake er al. 1982) is very
similar to the breccias observed in this study. The breccia matrix consists of stubby
tremolite in a albite groundmass with small cavities. Blake et al. (1982) interpreted
these textures as a result of a high-level felsic or mafic intrusion, with crystallization
from a melt. However, these breccias are most likely formed due to high fluid
pressures (Chapter 4 and 5). This breccia unit, at the Fullarton River Gorge, is locally

cut by prehnite-calcite rich veins.

2.4 - Intrusive Phases

The Cloncurry-Selwyn terrain is dominated by a large (mostly) unfoliated and
unmetamorphosed granite complex, the Williams Batholith, with an outcrop area of
approximately 2100 square kilometres (Wyborn et al. 1988). However, smaller
foliated, and locally altered, granitic bodies (dykes and sills) occur in the adjacent

metasedimentary rocks of the Corella / Doherty Formation and Maronan supergroup.

Figure 2.5 - Highly altered and brecciated rocks. A- Less hematite altered CSh-B, sample
DP#44654, from Maramungee Creek section. Early actinolite overprinted by diopside. Field of view
0.9mm. B- New growth and subgrains formed during deformation, causing "chess” board texture,
CSy-C, sample DP#46320. Field of view 0.9mm. Breccias in the Doherty Formation. C- Vein jog
type breccia, in the high strain zone at Maramungee Creek. Field of view 70cm. D- Totally
reconstituted and brecciated altered schist (PLy), with feldspars replaced by albite, micas altered to
albite, magnetite and titanite. Field of view 35cm, location 40.2/DP#46308) E- Pseudo-igneous
matrix texture. Location 47.2. F- Albite dominated matrix, with clasts altered to albite (schist
precursor) and clinopyroxene (metadolerite precursor). Note the numerous cavities, possibly formed
due to devolatization (Fullarton River gorge).
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Both concordant and discordant intrusions with the main fabric occur in the eastern
Cloncurry-Selwyn terrain. This relationship has some implications on the depth of
emplacement. Higher in the crust rocks react in a more brittle fashion to an implied
stress field, causing fractures and discordant intrusions (Philpotts 1990). At depth,
fracturing is less abundant, due to the higher confining pressure, and the ability of
rocks to behave in a ductile fashion. Compositional banding and foliations, in a
ductile environment, are planes of weakness; hence, if there is an excess fluid /
magma pressure, fracturing will exploit such planes (perpendicular to the direction of

minimum principal stress, Pollard 1973).
2.4.1 - Felsic Intrusive Rocks

Maramungee Suite Granites (intruded pre to syn D3)

The early trondhjemitic granite suites, are characterized by a low K/Na ratio
(Williams 1992), and are D, folded sill like bodies (Figure 2.6A). These bodies
occur in all sizes, from metres upto hundreds of metres thickness. The majority of
the small scale granite sills are emplaced in the least (CSj-A) to moderately (CSp,-A)
altered calc-silicate rocks of the Doherty Formation, while larger scale bodies are
emplaced in the stratigraphically lower part of the Maronan supergroup. Age dating
on the Maramungee granite, and granitic gneiss near Boorama tank, using the U-Pb
SHRIMP technique, resulted in ages of 1530-1545 Ma (R. Page and S. Sun pers.
com. 1996). Volumetrically this granite suite makes up as much as 10% of the

outcrops in those rock units.

Thin pink granite sheets are intruded parallel to banding of the surrounding calc-
silicate rocks. These granites have a porphyritic and mylonitic textures and are
tightly to isoclinally folded by Dj. This indicates that these granite sheets intruded
prior to Dy and were possibly emplaced syn Dj. It is possible that the mylonitic
fabric developed due to the D} compressional thrusting (Chapter 3). These mylonitic,
porphyritic granite sheets consist of quartz ribbons with a strong crystallographic
orientation, which bend around rigid K-feldspar and plagioclase porphyroclasts.
Traces of magnetite (with ilmenite exsolutions) and rutile are present. Symmetrical
pressure shadows are commonly developed around the rigid porphyroblasts, filled
with fine grained dynamically recrystallized quartz (Figure 2.6B), plagioclase and

microcline and traces of chloritized biotite "fish".

Thick white granite sills are in general only weakly foliated and do not have the

strong mylonitic fabric of the thin pink granite sheets (except the ones located in post

page - 2.25



Chapter 2 - Stratigraphy and Lithology

D5 high strain zones). These sills are open to tight folded by Dy (Enclosure B) and
were probably emplaced early to syn D;. They consist of plagioclase, K-feldspar
with myrmekite intergrowths, occasionally perthitic microcline, quartz and traces of
biotite and hornblende. Graphic textures of (intergrown quartz and feldspar) indicate

that crystallization occurred close to the eutectic point of the melt.

Felsic porphyries (which are possibly similar to the trondhjemites) occur in the
southern part of the Eastern Cloncurry-Selwyn terrain. Quartz porphyries have been
dated at 1720 + 7 Ma (Page 1983), and consist mainly of quartz and plagioclase, with
traces of amphibole; Only a few small, metre scale, possibly similar porphyry

outcrops were observed in the Maramungee Creek section (Enclosure B).

Williams Batholith Suite (intruded syn to post D3)

The unfoliated Williams Batholith is a series of granite plutons, which intruded after
the main "Isan Orogeny" at about 1510 to 1480 Ma (Page 1993). The Squirrel Hills
granite, at the western margin of the studied area, has the largest volume. Smaller
plutons with roughly elongated shapes occur in the northern part of the studied area,
respectively east and west of the Cloncurry Fault, the Saxby granite and the Mount
Angelay granite (Figures 1.7, 1.9, 1.10 and 1.11). These plutons are spatially and
temporally associated with the extensive brecciation and alteration of the country
rock (Figure 1.8). In places the granites are veined, brecciated and overprinted by
albite, and later K-feldspar and/or hematite alteration.

The Squirrel Hills and Mount Angelay granites intruded into predominantly calc-
silicate country rock, while the main body of the Saxby granite intruded the Maronan
supergroup. The occurrence of local miarolitic cavities and grain size difference
between the margins and the centre indicate that some of the granites intruded at
shallow (possibly between 1 to 3km depth) crustal levels. However, Mitchell (1993)
reported narrow (metre width) contact aureoles with a higher abundance of
andalusite + sillimanite and local hornfels cordierite bearing around parts of the

Saxby granite. This could indicate that the granite was emplaced rapidly, or that

Figure 2.6 - Felsic rocks from the eastern Cloncurry-Seiwyn terrain. A- Tightly folded trondhjemitic,
porphyritic granite sheet (Maramungee Creek, Field of view 4m). B- Microphotograph of the
porphyritic granite, sample DP#44619. Field of view 0.8mm. C- Miarolitic cavities in fine grained
leuco Saxby granite (Fullarton river area). D- Reconstituted, albitized granite, DP#4615 (Mallee Gap
area). Net-veined complex at the Boorama Waterhole. E- Close-up of strongly deformed granite
veins. F- Felsic net-vein intrusion into metadolerite, both are foliated. However, in the Spring Creek
area unfoliated metadolerite intruded into foliated granite (Figure 1.10).
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