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Chapter 5 Deformation and Emplacement

CHAPTER 5

DEFORMATION AND EMPLACEMENT STRUCTURES

5.1 INTRODUCTION

The Sybella Batholith, comprises early mafic and later hybrid and felsic intrusions that
were emplaced into strongly deformed country rocks that included gneisses and
amphibolites of the May Downs Gneiss, and the Eastern Creek Volcanics of the
Haslingden Group, Cover Sequence 2. The sedimentary and volcanic history of the
Mount Isa Inlier indicates that it was an area of intracratonic rifting during the period
1800-1670 Ma (Blake 1987; Stewart & Blake 1992 and references therein; O’Dea et al.
1997) (Figure 1.3). At the time of the emplacement of the Sybella Batholith, the inlier
experienced large magnitude extension (O’Dea et al. 1997), which coincided with
deposition of Cover Sequence 3. There is also an increasing amount of evidence for
extensional tectonics for the central and eastern parts of the inlier (Passchier 1986;
Holcombe et al. 1991; Pearson et al. 1992). However, the little evidence that has been
presented in the western part of the inlier for syndepositional faulting, various authors
(Bell 1983; Connors et al. 1992 etc) have shown that some of these structures were
formed during later faulting in the Isan Orogeny, long after rifting. One of the problems
in recognizing early extensional tectonics in the Mount Isa Inlier is that deformation
during the Isan Orogeny has tilted and folded brittle faults and overprinted or re-used

many of the earlier structures and fabrics.

In multiply deformed terranes it can be very difficult to unravel the inter-relationships
between magma intrusion, metamorphism and deformation. Several potential cause and
effect relationships between the emplacement of intrusives and deformation in the
surrounding country rocks are possible. Deformation may result in local or regional
extensional zones that can accommodate passive, syn-tectonic emplacement of magmas,
whereas forceful emplacement of an intrusion causes deformation of adjacent country
rocks (Paterson & Fowler 1993; Paterson & Vernon 1995; Vigneresse 1995; Vigneresse
et al. 1999). Similarly, metamorphism may be the cause or result of magma generation
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and emplacement. Country rocks intruded by granites potentially contain significant
information about pre-emplacement structures and syn-emplacement deformation
processes. In the case of the Mount Isa Inlier, the earlier structures associated with the
emplacement of the Sybella Batholith have been overprinted by the deformation and
metamorphism during the Isan Orogeny.

Previous correlations of structures identified in this study are from areas immediately
adjacent to, and within the Sybella Batholith (Table 5-1). The correlation was compiled
in conjunction with a review of the metamorphic features attributed to Isan Orogeny,
although a thorough revision was outside the scope of this study. Only Wilson (1975)
recognized the pre-emplacement timing of some of the deformation in the country
rocks. He also stated that the Queen Elizabeth Phase of the Sybella Batholith was
coeval with the Judenan folding (Table 5-1). Page & Bell (1986) also interpreted the
pervasive fabric within the Queen Elizabeth Pluton to the south as being associated with
deformation during the emplacement of the granite, although they believed it was
during D; (1610 Ma) of the Isan Orogeny. Once age dates of approximately 1670 Ma
for the Main Phase of the Sybella Batholith was established, pre-existing structural
interpretations were discounted, as the age of the batholith meant that it was too old to
have been emplaced during the Isan Orogeny. The deformation in the granite and the
country rocks has now been correlated with the Isan Orogeny D, and it has also been
inferred that all deformation post-dates the emplacement of the Sybella Batholith.
Metamorphic features in the country rocks described as D; or “early D,” by Connors et
al. (1992) and Rubenach (1992) respectively, may have been misidentified and evidence

for an earlier thermal event incorporated into the Isan Orogeny.

Fabrics in plutons are generally developed from magmatic flow to solid-state flow
(Paterson et al. 1989; Bouchez et al 1992; Karlstrom et al 1993; Miller & Paterson
1994). Magmatic flow is defined by Paterson et al. (1989) as deformation by
displacement of melt, with consequent rigid-body rotation of crystals, and without
sufficient interference between crystals to cause plastic deformation. A continuum
exists between magmatic and solid-state processes to form foliations in granites, and
criteria for their identification are described by Paterson et al. (1989). The fabrics in the

granites mainly reflect the final stages of emplacement. Experimental work (Arzi 1978;
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(Wilson 1975) etal. 1992)
Deposition of Haslingden 1790-1760
group
Basement Event deformation Dgs F1 (pre Judenan | DM, Recorded in Early D, structures
and metamorphism Folds) intruded by| cordierite porphs Cordierite and biotite
granite growth in MDG
Sybella Event Deformation Ds F2 "Sybella A A Queen Elizabeth 166045, 1655+4 (Connors & Page 1995)
and intrusion of the Sybella granite is coeval . ' Main phase 167148 (Page & Bell, 1986)
Granite with S2" Judenan | | B-quartz phase 1668+24 (Page & Bell 1986)
Folds E E Kitty Plain microgranite 1673+2.5 (Coleborn 1999)
Deposition of the Mount Isa | | 1655 Ma
Group | | (tuff bed)
D1 Thrusts, gently dipping ' D, ' 1610 Ma (Page & Bell 1986)
foliations during N-S ' (Controversial Rb-Sr age of granite)
shortening '
D2 EW compresion D, reactivation of DY, peak D, peak [ ' | approx 1575 Ma (Hand & Rubatto 2002)

resulting in tight NS folding
and main fabric development

Intrusion of pre-syn
deformational Mica Creek
Pegmatites

D3-D5

Dg fabrics by D,
and folding

Overprinting
deformation

Lena Creek folds
and King Gully
folds

metamorphism

N
D 3-5

metamorphism well
developed schistocity

Late D, structures
Sillimanite-K-

near vertical lineation feldspar growth and

flat event Dy
(previously D, s)
D, EW compression
with upright folding
(otherwise D3)

pervasive fabric

(monazite in D2 fabric)

1565+5 and 1532+7
(Connors & Page 1995)

Intrusion of post
deformational Mica Creek
Pegmatites

1480+14 or older
(Connors & Page 1995)

Table 5.1 Correlation of deformation identified within this study and previous workers. Dashed
arrows indicate the change from the original interpretation to new interpretation.
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van der Molen & Patterson 1979) suggests that there is a critical melt fraction in the
range of 50% - 70% crystals which marks a sharp increase in the viscosity of the magma
and a transition from suspension like behavior to more complex solid-state deformation
(Figure 5.1). The transition between magmatic and solid-state deformation is
conventionally determined by the onset of intracrystalline deformation in quartz, the
most ductile mineral. Incipient deformation of quartz in the solid-state with few percent
of strain results in undulose extinction, sub-grains and new grains, however as it affects
neither the quartz grain shapes or the magmatic texture it is not observable in the field.
As a result, some of these rocks were indistinguishable from the purely magmatic ones.
Weak deformation, such as that which occurred in the later Isan Orogeny, superimposed
on an earlier magmatic fabric would be indistinguishable, unless it occurred at an

obligue angle or formed at lower temperature.

This structural study is based on the mapping of planar and linear structures of the
northeastern Sybella Batholith and immediately adjacent rocks which formed in a
magmatic state or after crystallization in the solid state (Figure 5.2). Structural mapping
of the Easter Egg (Figure 5.3), Guns Knob (Figure 5.4) and Kitty Plains (Figures 5.5-6)
regions identified significant variations in the intensity and type of structures formed
before the Isan Orogeny, which was otherwise unidentified within this region. The
dominant layer parallel cleavage within the country rocks (May Downs Gneiss and
Eastern Creek Volcanics) is generally interpreted as S, (Isan Orogeny). However, this
study has indicated that it may in part be a composite fabric with an earlier pre- or syn-
intrusion related fabric (Basement Event or Sybella Event, respectively) that was
reactivated during D, of the Isan Orogeny. Structures related to granite emplacement

are designated Ss and Ls for foliations and lineations respectively.

5.2 STRUCTURES FORMED PRIOR TO BATHOLITH EMPLACEMENT

The country rocks marginal to the Sybella Batholith include units from the May Downs
Gneiss (MDG) and Eastern Creek Volcanics (ECV). Folds within the ECV’s in subarea
2 in the Guns Knob region have shallowly plunging axes that vary in trend from W to

NW (Figure 5.4). Intrusive margins of the Main Phase granite are discordant to, and cut
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across these folds which indicates that the folding occurred before emplacement of the
plutonic rocks (pre-1670 Ma). Lineations in subareas 3 and western parts of subarea 2
have a scattered N to E trend and are moderate to steeply plunging compared to the SW
moderate to shallow plunging lineations in the nearby granite (subarea 4) and ECV’s
(subarea 1). The mineral lineations in the eastern portion of subarea 2 are WSW
trending and moderately plunging, which is similar to those in the adjacent subarea 1.
The Main Phase granite that cuts the folds in subarea 2 has lineations that are
concordant with those in the ECV’s from subarea 1, and are interpreted to have formed
later (discussed in sections 5.3 and 5.4).

Undeformed phases of the Main Phase granite intrude foliated mafic gneisses of the
MDG and EGV’s within the Easter Egg region (Figure 5.3). The granite intrusive
contact cuts across the pervasive fabric in the gneisses, which indicates that granite
emplacement took place after the deformation of the gneisses (Figure 2.8c). Wilson
(1975) also noted intrusions of the Main Phase granite that intruded and truncated
folded layering in the May Downs Gneiss and Mount Guide Quartzite near the Queen
Elizabeth Pluton to the south. Along the margin of this undeformed granite intrusive,
large regions of brecciated and rotated blocks of gneiss that are up to several metres in
size occur within the Main Phase granite. Sheets of deformed Main Phase granite and
medium-grained granite also intruded parallel to the foliation in the unbrecciated
gneisses and amphibolites. Foliations and lineations in the eastern margin of the Main
Phase granite and adjacent MDG (subareas 1 and 2; Figure 5.3) both strike NW, dip
steeply and plunge in a SSE and ESE direction respectively. This may be interpreted as
a reactivation of an earlier fabric formed during the Basement Event (Sg) within the
MDG during the emplacement of the granite in the Sybella Event (Ds). Alternatively,
the fabrics could be related to doming that was associated with the intrusion of the

batholith, which explains the co-linear and co-planar relationship.

Xenoliths of amphibolite, calcsilicate (Eastern Creek Volcanics) and rocks interpreted
as clasts from the May Downs Gneiss occur within the granite. These xenoliths are
generally strongly foliated, are commonly folded and randomly orientated within the
granite (Figure 2.14cd). The xenoliths are interpreted to have been locally derived

rather than being exotic to the region, as they occur in greater abundances near the
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margins of the granite sheets, and are similar in composition to the adjacent country
rock. The presence of dismembered folds and an earlier foliation in the xenoliths is

further evidence of at least two phases of deformation before granite intrusion.

Amphibolites marginal to the Sybella Batholith have greatly varying textures, and range
from metagabbros to metadolerites and metabasalts. These are interbedded with minor
quartzite and calcsilicate rock. The tectonic foliation or layering is sub-parallel to the
bedding. The metagabbros and metadolerites are coarse-grained and probably intruded
as sills that may be part of the Sybella Batholith intrusive suite, although later

deformation has obscured the original relationship.

Felsic veining or migmatite development within some of the mafic rocks (amphibolites,
metadolerites or metagabbros) resulted in a layered structure, hence these rocks are
termed mafic gneisses. Mineralogy away from the veining is comprised of amphibole,
plagioclase, quartz and opaque minerals. Relic pyroxene occurs within the large
amphibole grains (Figure 5.7a). Amphiboles occur as large clusters (or clots up to
5mm; Figure 5.7b) with numerous quartz inclusions (sieve texture), or as single large
grains whose elongation defines the lineation. The veining has a magmatic texture
defined by subhedral plagioclase, interstitial and undeformed quartz, clinopyroxene
minor potassic feldspar and opaques (Figure 5.7c, 5.8ab). Clinopyroxene is commonly
coarse-grained, and occurs within and near the margins of the veins (Figure 5.7c).
Plagioclase phenocrysts (zoned or unzoned) occur within the felsic veins and in regions
marginal to the veining (Figure 5.8a). The contact between the felsic veins and host
mafic rock is sharp to gradational, and forms continuous veins and discontinuous blebs.
The veins or melt segregations are parallel to the foliation in the amphibolites and
accentuate the dominant foliation. This feature is common in migmatitic terranes, as
melt migrates primarily parallel to any pre-existing foliation (Brown 1994). Since the
migmatitic veining appears undeformed, the melts are interpreted to be related to a
metamorphic event that largely postdates foliation development. This melting event
may therefore be related to an increase in temperatures during the Sybella Batholith
emplacement, but after foliation development. Alternatively, the migmatite may have
formed during the Isan Orogeny. This is similar to the two phases of melting within the

May Downs Gneiss, with an early phase parallel to foliation that was folded by S, and a
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Figure 5.7 Country rocks- metadolerites
and metagabbro and mafic migmatites.

(A) metagabbro with pyroxenerelicin
amphibole (CPL: sample 229);

(B) amphibolite with cluster of amphiboles
with abundant quartz inclusions (CPL:
sample 514);

(C) large pyroxene phenocrysts occur
marginal to the felsic veining and within
the felsic veining. Pyroxene phenocryst has
an amphibole rim (CPL: sample 422).

: ~ : - ..- - A .'
e 2O ST i ke
Hb| m“_ x‘ B o ot
l‘.. ‘*, : '- = g ‘,

B S

a J

5-13



Chapter 5 Deformation and Emplacement

Figure 5.8 Country rocks- mafic gneisses.

(A) Inclusion-rich amphibole with quartz- plagioclase-rich vein below. Plagioclaseis
aligned in vein. Quartz shows high-temperature deformation with chessboard
subgrain development (sample 229);

(B) Inclusion-rich plagioclase phenocryst in mafic gneiss with aligned amphibole
(CPL: sample 418);

5-14



Chapter 5 Deformation and Emplacement

second phase that was axial planar to the folds (Connors et al. 1992).

5.3 STRUCTURES FORMED DURING BATHOLITH EMPLACEMENT

Evidence cited in Section 5.2 indicates that the Main Phase granites within the areas
studied postdate the Dg structures within the country rocks. The rocks of the Mafic
Hybrid Complex and Mosses Tank Dolerite are generally unfoliated, and quartz and
mineral textures appear undeformed. Net-vein complexes, magmatic shear zones,
compositional banding in the granite, individual microgranitoid enclaves or swarms of
enclaves and the alignment of phenocrysts, indicates that deformation accompanied the
emplacement of the hybrid and granitic phases of the Sybella Batholith. This
deformation is referred to as the Sybella Event (Ds) and related planar fabrics, Ss.

Three stages of development for the fabric were determined:

(1) magmatic flow, marked by the predominant preferential alignment of euhedral
to subhedral feldspars, quartz phenocrysts, schlieren layering and mafic and
hybrid enclaves;

(2) submagmatic/high-temperature solid-state flow, characterized by submagmatic
fractures of aligned phenocrysts filled with minerals similar in composition, and
continuous with, the groundmass; high-temperature chessboard subgrains in
quartz; aligned phenocrysts in a recrystallized groundmass;

(3) moderate-high temperature solid-state flow, marked by plastic deformation
(dynamic recrystallization) of the K-feldspar megacrysts which indicated that

the temperature was above 600°C (Paterson et al. 1989).

The foliation within the Sybella granite is characterized by a roughly margin parallel
pattern with foliation intensity increasing towards the contact with the host rock
(Figures 5.2-6). Inward from the marginal foliation is an unmodified magmatic flow
foliation that is defined by aligned euhedral porphyritic feldspar crystals. The
submagmatic and high-temperature deformation is interpreted to record a continuum in

deformation during emplacement.
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5.3.1 Main Phase Granite Suite

The Main Phase granite occurs in both the Gun’s Knob and Easter Egg areas, where
there is significant variation in the intensity and type of deformation. Observations
from outcrop and on a number of thin sections suggest that the deformation during the
late stages of emplacement was heterogeneous. The granite within the Guns Knob area
shows a weak magmatic foliation developed at outcrop scale and limited localized high-
temperature subsolidus deformation. Magmatic flow foliations occur locally within the
granite in the Easter Egg region, however submagmatic/high-temperature to moderate-
high temperature solid-state flow is predominant within the region. The lower
temperature solid-state deformation, in addition to being a result of continuous
magmatic to solid-state deformation, may be related to overprinting regional
metamorphism and deformation. This deformation may also obscure earlier high-
temperature fabrics by recrystallization.

Guns Knob Region

The broad outcrop pattern of granite within this region is characterized by an open fold
with a north-south trending fold axis (Figure 5.4). The sheeted margins of the granite
are roughly parallel to the fabric within the Eastern Creek Volcanics to the north and
east of the pluton, however the sheets crosscut the folded fabrics within subarea 2. This
is highlighted by the differences in fabric orientations between the subareas, with steep
to subvertical east-west oriented foliation, and moderately southeast plunging lineations
in the granites, compared to the partial great circle foliation girdle of moderate to steep

fabrics in the ECVs, and moderately west plunging lineations (Figures 5.4 and 5.9).

A strong magmatic to submagmatic fabric within the pluton and near the margins of the
pluton within the approximate parallel-sided sheeted bodies of granite, is defined by the
preferred orientation of euhedral feldspar and biotite, and aligned oval-shaped quartz
phenocrysts in the granites (Figure 5.10ac). Groundmass quartz appears undeformed
with single grains that have no subgrain or new grain development (Figure 5.10d).
Graphic textures within the groundmass minerals (Figure 5.10e) and the underformed
nature of the majority of the quartz grains indicates that deformation within the Guns
Knob granites was not accompanied by significant strain-induced recrystallization.
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Figure 5.9 Guns Knaob region Stereonet diagrams, equal area projection, lower
hemisphere. Country rocks have steep to moderately dipping foliations that form a partial
great circle girdle. Main Phase granite has subvertical E-W orientated foliations and are
not folded. Granite sheets located at the pluton margins within the country rocks have

magmatic foliations that are similar in orientation and dip to the surrounding rocks.
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However, quartz phenocrysts have a chessboard pattern of subgrains that is
characteristic of high temperature solid-state deformation (Figure 5.10f; Blenkinsop
2000). Recrystallization of quartz phenocrysts to a mosaic of new grains also indicates
that solid-state deformation occurred. This high-temperature deformation resulted from
the continuation of magmatic flow after the crystallization of quartz phenocrysts, when
the groundmass was not fully crystallized, which is why the quartz in the groundmass is
undeformed. The appearance of undulose extinction, sub-grains and new grains within
quartz in the granites indicates that there was incipient solid-state deformation (Figure
5.10a). This was not observed in the field, as it affected neither the quartz grain shapes
nor the magmatic texture. As a result, some of these rocks were indistinguishable from

the purely magmatic ones.

Quartz-feldspar intergrowths occur along the margins of K-feldspar megacrysts (Figure
5.10Db), although there appears to be no foliation-parallel orientation that would result
from deformation induced K-feldspar replacement (Simpson and Wintsch 1989 and
Paterson et al. 1989).

Ellipsoid microgranitoid enclaves lie in the plane that is defined by the granite
magmatic foliation, and are elongated in an orientation similar to the lineation in the
granite (Figure 2.15g and Figure 5.11). The foliation in the enclaves is parallel to the
magmatic foliation in the host granite. These enclaves were used as a proxy for the
magmatic fabric in regions where there appeared to be no observable foliation in the
granite. Strongly foliated, folded and randomly orientated xenoliths of country rock
within the sheeted granite contacts are blocky and appear unmodified by any strain
within the granite (Figure 2.14c and 5.12a). This also indicates that the alignment of
enclaves and phenocrysts within the sheets was a result of magmatic flow as the granite
deformed around the solid xenoliths. The majority of the intrusive contacts between the
early-formed Mafic Hybrid Complex and the foliated Main Phase granites (e.g. Figure
5.12b) show no evidence at outcrop scale of deformation after the emplacement of the
granite. The sharp contacts, and angular and brecciated fragments of the hybrid in the
granite appear unmodified. Therefore, fabrics within the smaller Main Phase granite

intrusions are also interpreted to be related to magmatic flow.
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Figure 5.10 Guns Knob magmatic textures with solid state overprinting deformation

(A) Rounded plagioclase and quartz phenocrysts in the Main Phase granite. The
quartz phenocrysts have recrystallized, however the overall grain shape has not
changed, therefore the rock has experienced little strain (sample 226); XPL.

(B) K-feldspar megacrysts have quartz-feldspar intergrowths developed at the
margins (arrow), which probably resulted from deformation-induced
replacement (sample 226); XPL.

(C) Quartz and plagioclase phenocrysts and biotite grains in the groundmass are
aligned indicating a magmatic foliation (sample 242); XPL.

(D) The quartz in the groundmass (same sample as “C”) is undeformed and biotite
is still aligned supporting the fabric primarily magmatic (sample 242); XPL.

(E) and (F) Arrow indicates the overlap of the photomicrograph. Quartz shows a
variation in the textures resulting from deformation. Quartz phenocryst on the
left in “E” appears undeformed with original grain shape and no internal
deformation recorded. — However, the quartz phenocryst above it has
recrystallized, although the grain shape has not changed. In “F” the quartz
phenocryst has developed a chessboard pattern of subgrains (arrow)
characteristic of high temperature deformation, and in places new grains
developed (sample 207); XPL.
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Figure 5.11 Hand specimen of Main Phase granite. A strong alignment of K-feldspar
phenocrysts (white circles) isobserved in (A). Rapakivi texture is common (white
arrow). Clusters of minerals within the granite are also common and a plagioclase-biotite
cluster isindicated by the black arrow. Both biotite-rich enclaves and K-feldspar
phenocrysts are aligned in (B). The alignment of both enclaves and phenocrystsis used as

an indicator of magmatic foliation.
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(b)

(©

Figure 5.12 Guns Knob region; (a) The Main Phase granite has aweak magmatic foliation
defined by the alignment of biotite and feldspar phenocrysts. The strongly foliated country rock
xenolith that isincluded has a different orientation to that in the granite. Thisindicates that
deformation (D,) within the country rocks occurred prior to the emplacement of the Batholith. (b)
Main Phase granite intruding hybrid granite with sharp and angular boundaries and brecciated
fragments of hybrid in the granite (arrow). (c) Xenolith of foliated country rock within Main

Phase granitic hybrid. The xenolith has irregular and sharp to diffuse contacts with the hybrid.
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Enclave and xenolith-rich hybrid granodiorite in the southwest of the Guns Knob area
shows a greater complexity in the interaction between the granite and the May Downs
Gneiss. Contacts between the hybrid granite and xenolith appear to have been modified
after incorporation into the granite (Figure 5.12c). This may indicate that the
deformation that resulted in the strong fabric in the MDG (Basement Event) may have

been continuous with the emplacement of the early hybrid phases of the batholith.

Easter Egg Region

The sheeted nature of the Main Phase granite is also evident in the Easter Egg region
and is seen in the outcrop pattern in Figure 5.3. The edges of the granites contain
deformation features that indicates that emplacement of the granite was accompanied by
deformation. A high temperature (amphibolite facies) subsolidus fabric occurs along
the margins and within the Easter Egg pluton. This fabric is parallel to the dominant
foliation in the host May Downs Gneiss (Figure 5.13a). Generally, the Mafic Hybrid
Complex and rapakivi granitoids are unfoliated and undeformed, with the strongly
deformed Main Phase granite foliation wrapped around contacts. Compositional
variation (increased biotite content) appears to be broadly parallel with contacts and
internal granite fabrics. Internal contacts between granite and the Mafic Hybrid
Complex are variable in orientation at a metre scale. The fabrics in the granite are steep
to subvertical and strike parallel to granite margins, irrespective of its orientation, which

results in the great circle girdle stereographic distribution (Figure 5.14c).

Away from the margins of the pluton, the foliation in the Main Phase granite is defined
by the preferred alignment of euhedral to subhedral K-feldspar megacrysts, biotite and
quartz pods. The lineation is absent to weakly developed. The predominant alignment
of subhedral K-feldspar megacrysts and biotite within the foliation in the granite is
indicative of magmatic flow, and the fabrics in the granite groundmass wrap around the
aligned megacrysts (Figure 5.15a). A gradation exists from magmatic flow fabric

towards the center of the pluton, to solid-state flow fabric at the pluton margins.
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Figure 5.13  Easter Egg Region Stereonet diagrams, equal area projection, lower
hemisphere

(A) May Downs Gneiss foliations and lineations;

(B) Granite and dolerite schists/mylonites

(C) Main Phase granites, magmatic to submagmatic foliations;

(D) Main Phase granites, magmatic to submagmatic lineations;

(E) Granite mylonitic foliations;

(F) Rapakivi hybrid foliations;

(G) Aplite, porphyritic and fine-grained layered granite foliations;

(H) Overprinting deformation and alteration.

Figure 5.14 Subarea 4, Easter Egg Region Stereonet diagrams, equal area projection,
lower hemisphere.

(A) All foliations within subarea 4;

(B) All lineations and fold axis within area 4;

(C) Granite foliations and lineations;

(D) Hybrid foliations

(E) Strong deformation and mylonitic foliations including aplite, porphyritic granite

and fine-grained layered granite foliations;
(F) Lineations within the strong deformation and mylonitic foliations;

(G) Magmatic granitic foliations
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The granite has also developed L-S-, S- and L-tectonite fabrics (Figure 5.15cd).
Vertical L-tectonites form in areas adjacent to dolerite bodies that terminate in roughly
north-south blocks (e.g. subarea 4 and north below subarea 3; Figure 5.3), and in
between two dolerite bodies (e.g. parts of subarea 3). These rocks are host to extremely
elongate (up to two metres long) biotite-rich enclaves that occur as discrete biotite rich
zones aligned in the lineation. Variation in the intensity of the fabric in the granites
reflects internal compositional heterogeneities and the impact of competent dolerite

bodies during granite emplacement and subsequent deformation.

Near the margin of the pluton (and areas described above) the Main Phase granite has
an alignment of coarse biotite, amphibole and discontinuous layers of quartz and
feldspar (Figure 5.16) that forms strong linear and weak planar fabrics. The
discontinuous layers of quartz and feldspar are a result of high temperature deformation

of phenocrysts.

K-feldspar phenocrysts show varying degrees of deformation, ranging from a large
single grain (microcline K-feldspar) progressing to clusters of recrystallized smaller
equant grains, to a monomineralic K-feldspar ribbon. The most common occurrence is
K-feldspar augen, which has a large grain at the core that is transitional to a mantle of
smaller recrystallized grains that formed a ribbon structure (Figure 5.16a). This texture
is indicative of temperatures above 450°C (Passchier & Trouw 1998). In some
localities augen are absent and feldspar formed monomineralic ribbons similar to quartz,
which is indicative of higher-grade conditions. Recrystallized microcline commonly
has triple point junctions. Where myrmekite has formed, it is generally located along
crystal faces parallel to the foliation. This is a feature common in granites deformed at
medium- to high-temperature conditions (Simpson and Wintsch 1989 and Paterson et al.
1989).

In thin section, quartz formed large elongated grains with subgrains with or without
zones of recrystallized new grains. Both the subgrains and new grains have undulose
extinction. Grain boundary migration has occurred with new grains present along
bulging grain boundaries (Figure 5.16b), and subgrain rotation lead to the formation of

new grains (Figure 5.16¢). Subgrains pass laterally into zones of small, dynamically
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recrystallized grains. Quartz ribbons contain sutured, but generally straight grain
boundaries that are at a high angle to the ribbon boundary. These quartz
microstructures indicate a period of medium to high temperature deformation that was

followed by a lower temperature deformation.

Another noteworthy feature is that the temperature data that was calculated using the
amphibolite-plagioclase thermometer of Holland & Blundy (1994) yielded temperatures
significantly greater than 700°C in the granites (Section 3.4.2). This is within the
magmatic to sub-magmatic temperature range for the granite, and indicates that the
amphiboles and plagioclase grains did not change in composition during later
deformation. Whole-rock Rb-Sr isotopic ages also indicate that they have not been reset
by a later amphibolite facies deformation, as they give an isochron age of 1656 + 21 Ma
(Farquharson & Wilson 1971) that is within error of more recent zircon age dating of
the granite (see Section 4.4.1). This data also supports the development of the pervasive
fabric within the Main Phase granite as having resulted from deformation during the
emplacement of the batholith that continued as the granites solidified.

East-west trending equigraniular granites mainly intruded the Main Phase granite at
Main Phase granite/dolerite boundaries (Figures 5.3 and 5.14e), and appear to have
localized ongoing deformation during the Sybella Event (Figure 5.15b). At the time of
the later granite intrusion, the Main Phase granite had to have a high proportion of
crystals to allow propagation of fractures and emplacement of this later phase. This
would also have allowed for regionally extensive subsolidus (to solid-state) fabrics to
develop subparallel to a preexisting magmatic fabric in the Main Phase granite during

ongoing crystallization.

Rapakivi Granitoids

The rapakivi granitoid intrusions within the Mafic Hybrid Complex are generally
unfoliated, with their magmatic textures preserved. However some of the intrusions
have experienced an overprinting high-temperature deformation. Minerals such as
amphiboles and plagioclase have no preferred orientation, and apatite is acicular within

late mineral phases. In regions where the hybrid is transitional to granite (due to
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Figure 5.15 (A) Magmatic alignment of subhedral K-feldspar phenocrystsin Main Phase
granite with alate fine-grained intrusion parallel to fabric (also with a strong internal fabric).

The fine-grained intrusions have strong fabrics (magmatic to submagmatic) devel oped as seen
in nearby intrusion (B). (C) Vertical L-tectonites occur in between more competent dolerite
bodies and at the margins of them. This may have been the result of localization of strain
during deformation. (D) Hybrid L-tectonite with mineral grains, particularly K-feldspar

(white) and quartz being extremely stretched with aspect ratios of 1 or 2:100.
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Figure 5.16 Easter Egg Region, high-
temperature deformation in Main Phase
granite.

(A) K-feldspar megacryst recrystallized to
microcline clusters with triple point
junctions.

(B) Quartz ribbon with subgrains and new
grains (black arrow) developed.

(C) Two different orientations of subgrains
have formed in the quartz ribbon.
Vermicular textures occur in the

groundmass.
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localized mixing), the hybrid has a weak magmatic alignment of minerals. Quartz
within the groundmass occurs interstitially, is undeformed and shows no subgrain
development or recrystallization (Figure 5.17b). Quartz ocelli or xenocrysts range from
completely undeformed (Figure 5.17a), to having undulose extinction, to having formed
sub-grains that are indicative of dynamic recrystallization and recovery by grain
boundary migration. The recrystallized quartz grains retain equant to oval shapes that
suggests a minor component of solid-state strain, which indicates that there was
incipient solid-state deformation. Mosaic patterns in quartz are indicative of extreme
grain boundary mobility, and therefore high temperatures (Gapais & Barbarin 1986).
However, this may be the result of an unrelated later deformation event (Paterson et al.
1996).

Hybrid intrusions that are marginal to L-tectonites within the Main Phase granite, also
contain L-tectonites. This deformation within the rapakivi granitoids is restricted to

subarea 3 (Figure 5.3).

Porphyritic to Aplitic Main Phase Granite

The porphyritic granite intrusions post-date the emplacement of the Main Phase granites
and are largely unaffected by the strong deformation that is recorded within the Main
Phase Granite. Porphyritic granite sheets intruded the diorite (Mafic Hybrid Complex,
MHC) in predominantly east-west trending sheets. Locally, these sheets have a folded
appearance (Figure 5.3) however this is confined within an area of irregular and mixed
dolerite and granite intrusion. Porphyritic granite also intruded the MHC in a north-
south orientation in subarea 4 of the Easter Egg region. Fabrics within the porphyritic
granite sheets are parallel to intrusion margins. The quartz grains have an elliptical
shape and commonly show subgrain development. The subgrain pattern is essentially
made up of two sets of sub-perpendicular boundaries that resemble a chessboard
pattern, which is typical of high temperature plastic strain in quartz (Figure 5.17c;
Blenkinsop 2000). This texture may indicate that submagmatic high-temperature
deformation occurred after emplacement, but did not significantly affect the igneous
textures within the later porphyritic granites. The symplectite intergrowths within the
groundmass indicate that later deformation had not caused significant recrystallization

of the groundmass (Figure 5.17d).
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and K-feldspar porphyritic granite. (A) Quartz ocelli within the rapakivi hybrid was
undeformed, even though the sample was located within 5 metres of a strongly deformed
Main Phase granite sheet (sample 314); XPL. (B) The hybrid also has undeformed quartz
in the groundmass forming irregular and interstitial grains (sample 314); XPL. (C)
Porphyritic granite has quartz phenocrysts with high-temperature chessboard subgrain
development whilst quartz in the groundmass was undeformed (sample 324) XPL. (D)
Graphic and pegmatitic intergrowths in the groundmass indicate that the rock was not
recrystallized during later deformation. Plagioclase phenocryst has an inclusion-rich zone

(sample 324); XPL. 5.29
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A primary igneous texture defined by the alignment of minerals and undeformed quartz
grains is preserved where the fine-grained granites intruded and locally hybridized with
the mafic magmas within the Mafic Hybrid Complex (Figure 2.15). The aplitic granite
also intruded the Main Phase megacrystic granite as thin (less than one metre wide)
sheets as mentioned above. The sheets are parallel to a strong magmatic foliation
within the Main Phase granite, and are themselves strongly foliated (Figure 2.15). This
indicates that emplacement of the later stages of the Sybella Batholith is both syn-

deformational (aplite) and post-deformational (porphyritic granite).

5.3.2 Kitty Plains Microgranite

The southern-most portion of the microgranite pluton is a southwest trending protrusion
that extends from the main body (to the north) along the approximate boundary between
Mosses Tank Dolerite (MTD) to the west, and country rocks of ECV to the east. This
zone is largely granite and dolerite breccia where the granite formed the groundmass
and dolerite occurs as numerous angular xenoliths or enclaves. Where the granite
intruded the dolerite complex as sheets, they have a margin parallel, subvertical to
vertical magmatic fabric that is defined by the predominant orientation of feldspars and
mafic minerals within the microgranite. Plagioclase is euhedral with well-developed
twinning and preserved zoning, that is typical of igneous structures. The twin planes
and long axis of the grains are comonly aligned parallel to the foliation and enclave
contacts (Figure 5.19a-d). Therefore, in this case the dolerite was solid or near solid,
was able to be intruded by sheets of granite, and was unable to form large volumes of
hybrid magmas, although minor hybrids formed at the margins. An apparent open fold
is defined by the orientation of the thin granite sheets that intrude the MTD to the north
of the detailed map (Figure 5.5). This may be related to the emplacement of the granite

or a later folding event.

Localized vertical to steeply north-dipping and east-west orientated magmatic shear
zones occur within the Kitty Plain area (Figure 5.6 and Figure 5.18). The small
microgranite intrusions within the crackle-brecciated dolerite that are marginal to the
magmatic shear zones, have strong margin-parallel, subvertical, and randomly-oriented

foliations (Figure 5.18). As described in Section 2.4, schlieren formed within the shear
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Figure 5.18 Kitty Plain Detailed map area Stereonet diagrams, equal area projection,
lower hemisphere. Legend of symbols asin Figure 5.5. Rose Diagrams illustrate strike of
foliations. Strike direction: 5.0 classes.
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Figure 5.19 Magmatic texturesin Kitty Plains microgranite, hybrid and enclave.

(A) Magmatic alignment of plagioclase at dolerite-dolerite contact (sample 19) XPL; (B)
Alignment of plagioclase and mafic mineralsindicated by arrow (sample 281) XPL; (C)
Alignment of plagiocalse and mafic minerals in mafic enclave. Magmatic quartz textures are
evident in the granite groundmass (sample 289) XPL; (D) End whisp of an enclave with
aligned plagioclase in granite groundmass (sample 289) XPL; (E) Microcracking of aligned
phenocrysts has infill minerals continuous with groundmass minerals indicating continual
deformation as the granite solidifies (sample 281) XPL; (F) Quartz phenocrysts have new
grain development which resulted from deformation that continued from magmatic to
submagmatic. Minerals are aligned in groundmass (sample 281) XPL.
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zones from the elongation and breakup of mafic enclaves. The plagioclase and mafic
minerals within schlieren are aligned in a magmatic foliation that is continuous with the
foliation in the microgranite (Figure 5.19cd).  Micro-cracking of plagioclase
phenocrysts within this magmatic fabric indicates that deformation became brittle
during the later stages of crystallization. However, the cracks are sealed with minerals
that are similar to that in the groundmass, which indicates that melt was still present
(Figure 5.19¢e). This feature has also been observed in other syn-deformational granites
(Bouchez et al. 1992; Blenkinsop 2000), and is interpreted as micro-cracking of a grain
network in the presence of melt during ongoing deformation as the microgranite
solidified. Quartz phenocrysts show recrystallization to a mosaic (Figure 5.19f), and are

indicative of high-temperature deformation.

5.4 STRUCTURES FORMED AFTER BATHOLITH EMPLACEMENT
(ISAN OROGENY)

It is difficult to assess the extent of deformation that overprinted Dg and Ds fabrics
within the country rocks and batholith, respectively. Reactivation of early fabrics
during a high-temperature regional metamorphic/deformation event (of similar
orientation), would produce intensification of some fabrics. Regional deformation was
heterogeneous due to the distribution of undeformed dolerites and large bodies of
granite, which caused strain shadows around the competent intrusive bodies to develop.

Cross-cutting fabrics in the granites are localized at outcrop scale but there is limited
associated mesoscopic folding. Correlation of overprinting fabrics at different localities
within the batholith was not possible in this study. At microscopic scale, incipient

solid-state deformation is ubiquitous throughout the plutons.

Within the country rocks, particularly the Eastern Creek Volcanics, the structural
pattern is dominated by a phase of intense folding that accompanied metamorphic
mineral growth (regional D,; Bell & Hickey 1998). This has partly obliterated some
evidence of early sedimentary and tectonic structures, and in some locations, the early

structures have been intensely folded that resulted in deceptively simple structures. The
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early Dg fabrics identified in the ECV’s and May Downs Gneiss have been reactivated
and/or strongly folded in regions where the original foliation was concordant with the
overprinting and approximately north-south pervasive foliation (e.g. Guns Knob subarea
1; Kitty Plains eastern regions). The strain shadows around the more competent granite
and dolerite plutons would account for the variation in orientation of the pervasive

foliation within the ECVs in these areas.

The pervasive fabric (S;) was also found to overprint an older cleavage within the
Mount Novit Ranges to the south (Connors & Lister 1995), and the earlier fabric is
correlated here with the pre- to syn-Sybella fabric developed during Dg.s. Monazite
aligned in the peak metamorphic (c. 600°C) foliation (S;) of a cordierite-
orthoamphibole gneiss within the Hazeldene region to the east of the Sybella Batholith,
were dated at around 1575 Ma (Hand & Rubatto 2002). A second phase of partial
melting associated with this peak metamorphic event (D) in the May Downs Gneiss is
axial planar to folds, and fold the earlier phase of partial melting. Partial melting of the
Main Phase granite is associated with quartz-feldspar segregations and biotite selvages
(Connors & Page 1995) within the Mica Creek area at the northern margin of the Queen
Elizabeth Pluton. These segregations are parallel to or locally cross-cut the pervasive
fabric in the granite (here termed Ss), with the latter fabric reoriented into parallelism
with the segregations (Connors et al. 1992).

Guns Knob Region

As mentioned previously, very little solid-state deformation is identified within the
Main Phase granite of this region. However, a solid-state fabric in the granite within the
Guns Knob region has a NE trend and subvertical dip (Figure 5.2) that overprints
internal granite intrusive contacts (Figure 5.20a). This foliation is localized within a
narrow zone that is approximately 200 m wide. The overprinting fabrics are generally
weakly developed in outcrop, with the fabric dominated by the magmatic alignment of
enclaves and K-feldspar phenocrysts. In thin section, the microstructures within these
zones are dominated by an overprinting biotite-quartz foliation, which is perpendicular
to the enclave-granite contact (Figure 5.21). In the southwest of the Guns Knob region,

a large raft of May Downs Gneiss is found within the Sybella Batholith. A faulted
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contact is interpreted from the geophysical data, and has a northeast trending
orientation, which may be continuous with the strong overprinting fabric described
within the granite along strike. Mylonitic foliations that are marginal to the dolerite
bodies (in an east-west orientation) may be a result of either localization of ongoing
deformation during the Sybella Event or are a product of overprinting Isan deformation.

Alteration of the granite to quartz-muscovite-albite schist is associated with a large
quartz blow. A dominant northeast-trending fabric in the granite appears transitional to
the schist with increasing alteration. The schistose fabric has in places been overprinted
by NNW to NW trending crenulations. The strong overprinting northeast-orientated
fabric may be the same generation of fabric that was identified within the Kitty Plains
region (as a weak overprinting fabric), and within subarea 3 (Figure 5.3) of the Easter

Egg region (as strong overprinting fabric).

One to two metres wide zones of epidote and chlorite schist trend approximately E-W to
ESE-WNW occur within ECV amphibolite in the northeast portion of subarea 1. This is
consistent with a strong fabric in a nearby quartz blow, but not in the surrounding

amphibolites.

Easter Egg Region

The distribution of overprinting fabrics has been significantly affected by the
irregularity of the intrusive bodies and the large proportion of mafic bodies. Isan
deformation was localized within narrow (less than 5 metre wide) zones at intrusive
margins and host-rock contacts. Folding was observed at only one locality within the
Main Phase granite (Figure 5.20b), with quartz localized within the hinge zone of the
fold. One to two metres wide zones of net-veined dolerite and aplite near the margins
of the large competent dolerite bodies were also folded at outcrop scale (Figure 5.20c).
The outcrop pattern within the Easter Egg region may be a result of intrusion, or
alternatively could have resulted from folding during later deformation/s, which is
partly illustrated by the apparent large scale folding in the aplite and porphyritic granite
dykes (Figure 5.3). However, no overprinting fabrics and only high-temperature

recrystallization of quartz phenocrysts were identified within these dykes.
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Northeast trending intensification of fabrics and localized overprinting fabrics were
observed in granite outcrop. These appeared to be developed at the ends of (or in
between) dolerite bodies (subareas 3 and 4). At microscopic scale, biotite was aligned
in an oblique orientation with respect to the pervasive fabric. Discrete micro-shear
zones of fine-grained recrystallization cut across the high temperature fabric that
indicates low to medium temperature deformation (Figure 5.22a-c; Passchier & Trouw
1998). Fabrics within the rapakivi hybrid sheets in subarea 5 and in the central Easter
Egg region have north- to northwest-trending solid-state fabrics of variable shallow to
steep dip. The overprinting fabrics preferentially deformed the granite sheets because
of a similarity in orientation of the two structures. The extent of this solid-state fabric is
limited, and the intensity and presence of the deformation is variable over a distance of

less than five metres.

Local veining and alteration occurs in the granite and country rocks. Epidote and
hematite (+ calcite and quartz) alteration and veining was associated with localized
shearing and mylonite development (Figure 5.20d). This low-temperature, high-strain
mylonitization occurred within metre-wide north to northeasterly oriented zones in the
Easter Egg region. At a microscopic scale, tight folds occur in the groundmass around
K-feldspar megacrysts (Figure 5.22d-f). The K-feldspar megacrysts show little
recrystallization, however there is a sharp boundary between old feldspars cores that
have undulose extinction and thin mantles of fine-grained feldspar. This is indicative of

low to medium grade conditions (400-500°C; Passchier & Trouw 1998).

Northeast-striking faults show sinistral movement where they crosscut and offset other
structures. Discrete zones of shear bands of less than a metre wide also show sinistral

sense of shear.

Kitty Plain Region

Within the Kitty plain region the magmatic fabric within the microgranite has been
clearly overprinted by a solid state fabric. Internal parts of the mingled and mixed
microgranite sheets and dolerite show granitic banding, and schlieren that was displaced
by and overprinting fabric (Figure 5.20e). A northwest-striking foliation (Figure 5.5-6),
crenulated and folded (Figure 5.20f) a strong magmatic fabric that is defined by aligned
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feldspars in the microgranite. This occurs only locally, where the magmatic fabric is at

an oblique orientation (i.e. EW) to the NW-oriented overprinting fabric.

Pegmatites crosscut all igneous intrusive contacts (and their internal fabrics; Figure 5.6).
The dolerite contains quartz-talc-chlorite-tourmaline alteration proximal to the
pegmatites. The pegmatites generally strike northwest and have a pervasive northwest
striking cleavage that is associated with the pegmatitic alteration selvage, and also
contains an overprinting north-northwest trending crenulation cleavage.  Other
metamorphic and metasomatic rocks occur within the Kitty plains region. These
include albitites, quartz-muscovite schists, quartz-chlorite schists, quartz-cordierite
schists, phlogopite-chlorite schists and metasomatised amphibolites. All of the schists
have a pervasive foliation and a variably developed overprinting crenulation. In the
detailed mapped area (Figure 5.6), the quartz-muscovite and quartz-chlorite schists have
a NW orientation (Figure 5.20g). These schists have developed crenulations and curved
crenulations that indicates at least two stages of fabric development after the formation
of the strong foliation (Figure 5.23). The alteration may have localized overprinting
deformation that is otherwise not seen at outcrop-scale, but is observed as incipient

deformation in the solid state at microscopic scale throughout the plutons.

5.5 DISCUSSION

Understanding the thermal and structural evolution of the Mount Isa Inlier has been the
focus of numerous studies. Emplacement of the Sybella Batholith and other large
granitic bodies during extensional episodes in the Mount Isa Inlier was proposed by
Wyborn et al. (1988) in order to account for the apparent anorogenic nature of these
intrusions.  Although faults and shear zones related to early extension have been
proposed throughout much of the inlier, none have been documented near the Sybella
Batholith. However, extensional structures may have been obscured by compressional
deformation (Connors & Page 1995). Emplacement of large granitic sills during active
extension has been presented in the literature. Hutton et al. (1990) proposed the

intrusion of rapakivi granites as large sheets along ductile extensional shear zones. The



Deformation and Emplacement

— Figure5.20 Late stage deformation features
=4 (A) Main Phase granite in Guns Knob region

_ with overprinting fabric oblique to internal

B " compositional contacts (vertical view); (B)

" Folding of Main Phase granite high

temperature foliation within Easter Egg region

with quartz localised in fold hinges (vertical

view); (C) Two possible stages of folding of

net-veining aplite intrusionsin dolerite,

refolded fold with schlieren in aplite wrapped

around fold hinges (vertical view);

(D) Epidote-hematite alteration associated with mylonite development in localised high strain

zones within Main Phase granite (sample 318 horizontal view); (E) Late shears cutting across

magmatic fabrics within the microgranite and schlieren at Kitty Plains (horizontal view); (F)

Folding of microgranite (vertical view); (G) Microgranite altered to quartz-muscovite schist with

strong foliation and overprinting folding (vertéc% view). Lens cap 50 mm.
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Figure 5.21 Overprinting deformation
(Isan Orogeny) within Gun’s Knob region.
[llustrates the contact of a mafic enclave
across the image (with aligned K-
feldspars in hand sample) with an
overprinting fabric, vertical on image.
Biotiteis aligned in this orientation and
quartz is recrystallized with long axis
paralel. Sample 195. PPL. Width of

view 4.6 mm.
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Figure 5.22 Easter Egg Region overprinting deformation (Isan Orogeny)

(A) Fine-grained zones of recrystallization cut across the recrystallized K-feldspar ribbon
(sample 307) XPL

(B)-(C) Fine-grained zones of recrystallization cutting across the pervasive foliation
(sample 307) XPL

(D)-(E) Fine-grained recrystallization of groundmass and edges pf phenocrysts in low-
temperature/ high-strain zones (sample 318) PPL and XPL

(F) Folded mylonitic rock with coarser elongated quartz with subgrains parallel to the
axial plane (sample 318) XPL.
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Figure 5.23 Kitty Plains overprinting deformation. Isan Orogeny.

(A) Phlogopite-chlorite schist with strong fabric and crenulation cleavage devel oped.
Phenocrysts of plagioclase occur within the matrix. The precursor to this schist is
interpreted to be dolerite. Sample 54/1 from Coleborn 1999. (B) Phlogopite-chlorite
schist with crenulation cleavage. Sample 54/1 from Coleborn 1999. (C) Crenulation
cleavage with intergrown phlogopite and plagioclase. Sample 54/1 from Coleborn 1999.
(D) Quartz-chlorite schist. Sample 51/2 from Coleborn 1999.
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structural relationships described in the previous sections show that the northeastern
Sybella Batholith was deformed during the transition from magmatic to submagmatic to
high-temperature solid-state conditions. Deformation during this continuum was
synchronous with, or after the deformation that is preserved within the May Downs
Gneiss and Eastern Creek Volcanics.

The Sybella Batholith has been historically interpreted as being emplaced
syntectonically during Isan Orogenic deformation, with the pervasive amphibolite facies
fabrics forming at this time (Page & Bell 1986; Wilson 1975). Since then dating has
identified a large time gap between emplacement (1670 Ma) and the known periods of
deformation during the Isan Orogeny (1590 Ma). This has led to the characterization of
the fabric within the Main Phase granites as being related to the Isan Orogeny and not to
syntectonic emplacement deformation as previously thought (Wyborn et al. 1988;
Connors et al. 1992). Indication of deformation within the May Downs Gneiss and
Eastern Creek Volcanics (deposition age of 1760 Ma) prior to the granite emplacement
was found within this study and historically by Wilson (1975). This points to a period
of deformation that occurred synchronous with extensional rifting within the western
part of the Isa rift basin prior to granite emplacement, which possibly continued during

emplacement.

In view of the new evidence for early deformation and a revised structural interpretation
of the areas adjacent to the Sybella Batholith, a review of the metamorphic evidence
that is attributed to the Isan Orogeny was necessary, although a thorough revision was
outside the scope of this study (Table 5-1). The dominant layer parallel cleavage within
the May Downs Gneiss is generally interpreted as S;, however this study has indicated
that it may in part be a composite fabric due to the reactivation of Sg by Ds or D..
Evidence for a thermal event earlier than the Isan Orogeny may have been mis-
identified as “early D,” compared to the “late D,” metamorphism. Early cordierite
porphyroblasts that grew pre- or syn-D, (Connors et al. 1992; Rubenach 1992) may
possibly be attributed to Dgs. Partial melt in the amphibolites and the early partial melt
phase within the May Downs Gneiss that are folded, are also interpreted to have formed
at this time (Dgys). Partial melt segregations in the Queen Elizabeth Pluton that contain

subparallel D, and folding (Connors et al. 1992), may be representative of the second
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thermal peak during the Isan Orogeny. The second phase of partial melting or
pegmatite intrusion in the May Downs Gneiss (melts axial planar to D, folds) is also

thought to be Isan Orogeny.

The history of the Isan Orogenic deformation in the Western Fold Belt is complicated
by the underlying basin architecture. The main phase of the Isan deformation in the
Western Fold Belt was almost entirely thick-skinned, as shortening across the area
inverted many of the original basement faults which produced steep, basement-cutting
thrusts (Lister et al. 1999, O'Dea & Lister 1995; Betts et al. 1998). Shortening against
large-scale steep faults, created a buttressing effect where deformation was localized
within the hanging-wall of one of the faults, whilst the foot-wall block remained rigid.
Movement of the bounding faults also permitted deformation within one block to be
independent of deformation in the surrounding rocks (Lister et al. 1999, O'Dea & Lister
1995). Buttressing against basin faults may also be responsible, at least in part, for the

poly-phased nature of the larger-scale deformation regime.

The Isan Orogeny in the Western Fold Belt began with north-south shortening, that
locally produced east-west trending folds but no pervasive cleavage (O’Dea & Lister
1999). This deformation is similar in style to the early north-south shortening events
identified in the Kalkadoon-Leichhardt Belt and Eastern Fold Belt, which suggests there
was an early north-south shortening event that was pervasive across the Mount Isa
Inlier. Within the Western Fold Belt an early, bedding-parallel foliation has been
correlated with the early, bedding-parallel foliation in the Eastern Fold Belt (O’Dea et
al. 1997). However, evidence from this study suggests that the early bedding-parallel
foliation is not a product of the Isan Orogeny, but is a product of extensional tectonics
that was associated with the development of the Isa Superbasin.

East-west shortening during D, began with the development of a strong regional fabric
that was associated with peak metamorphism in the area (Rubenach 1992; Connors &
Lister 1995; Connors & Page 1995). This period of shortening involved poly-phased
deformation on a series of steep, west-verging thrusts that produced multiple
generations of fabrics and structures within one broad event (Connors & Lister 1995;
Connors & Page 1995; O’Dea et al. 1997; MacCready et al. 1998). Whether the Isan
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Orogeny was continuous or episodic in nature is still being debated. A syntectonic
pegmatite dyke that intruded prior to or during D, has U-Pb zircon analysis with a
bimodal age distribution of 1565 + 5 and 1532 + 7 Ma (Connors & Page 1995). In the
Hazeldene region west of Mount Isa, cordierite-orthoamphibole gneiss contains
monazite that is aligned parallel to the regional peak metamorphic (c. 600°C) foliation
(D,), and dated at around 1575 Ma (Hand & Rubatto 2002). A post-tectonic generation
of pegmatite has a U-Pb age (Zircon) of 1480 + 14 Ma, which provided a minimum age
for the Isan Deformation in the Western Fold Belt (Connors & Page 1995). The
minimum age of deformation can be further constrained to 1500 Ma, assuming that
deformation in the Western Fold Belt ceased at the same time as in the Eastern Fold
Belt (Wyborn et al. 1988; O’Dea et al. 1997; Page & Sun 1998). However, correlation
over such a large distance and across three belts of vastly different structural character,

is unreliable.

5.5.1 Macroscopic Relationships

The May Downs Fault defines the contact between the western margin of the Sybella
Batholith, and the McNamara Group (Mount Isa Group equivalents; Connors & Page
1995). The northern and eastern margins of the batholith are in contact with the
Haslingden group, are the granite is largely subparallel or parallel to the stratigraphy.
The Main Phase Queen Elizabeth pluton formed as an extensive folded sill (Connors &
Page 1995), and contains gravity and magnetic data that suggests that the pluton is
shallow bottomed and does not extend at depth. In contrast, the microgranite phase is
interpreted to form a steep-sided plug that is based on gravity and magnetic data (D.
Leaman pers comm, 1992 in Connors & Page 1995).

Deformation and metamorphism in the May Downs Gneiss and Eastern Creek
Volcanics occurred prior to, and was possibly continuous with the emplacement of the
intrusive units of the Sybella Batholith. This deformation may have been associated
with extensional tectonics during basin development, and was previously unrecognized.
Magmatic to submagmatic fabrics that are parallel to internal and external contacts

developed during emplacement of the Sybella Batholith.
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The northeastern portion of the Sybella Batholith has a high volume of undeformed
mafic intrusives that are thought to have affected the extent and nature of the fabrics
that formed in this region during the Isan Orogeny. The granites within all regions have
steeply-dipping to subvertical fabrics of variable orientation that commonly formed
sheeted bodies within both the country rocks and dolerite complex. The lack of a
pervasive schistosity or other (Isan Orogeny-related) fabric within this portion of the
batholith overprinting the early high-temperature magmatic to solid-state transitional
fabric (other than biotite), indicated that it was not significantly modified after the syn-
to post-emplacement fabrics developed. However, large-scale, north-south open folds
within both the Guns Knob and Kitty Plains regions are interpreted to be the effect of

east-west compression during the regional Isan Orogeny deformation.

Reconstruction of the original shape and orientation of the plutons in the northern areas
is based on the interpretation of original fabrics. Most of the steep dipping (generally
>80°) fabrics were either flat lying fabrics that were steepened by deformation and
large-scale folding, or they were originally emplacement related steep dipping fabrics

that underwent little modification during later deformation.

In regions to the south, including the Queen Elizabeth Pluton, geophysical models that
are based on the Mount Isa Deep Seismic Transect have led to the Main Phase of the
Sybella Batholith being interpreted as thin, 2-3 km thick sheets (Drummond et al. 1998;
MacCready et al. 1998). It has been demonstrated by previous workers (Connors et al.
1992; Connors & Page 1995) that these thin sheets of Main Phase granite had
experienced west-over-east thrusting and folding during D, metamorphism and
deformation. Isan Orogeny D, and related fabrics may have developed within the
southern domains in preference to the northern Sybella Batholith because of the paucity
of mafic intrusives and the inferred thinness of the granite sheets.

During peak metamorphism and deformation (D,), the interbedded metasediments and
metavolcanics accommodated more strain than the thick layers of granite due to the
greater competency of the granite (Connors & Lister 1995). Partial melting occurred in
the country rocks and at the northern margin of the Queen Elizabeth Pluton (Connors et

al. 1992), was accompanied by localized reactivation of intrusion-related fabrics in the
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Main Phase granite. Large-scale north-south trending folds that lack an axial planar
cleavage within the Queen Elizabeth pluton (F3, or F4 folds; Connors & Lister 1995)

may be the equivalent of the large scale folds in Guns Knaob region.

5.6 SUMMARY

e Deformation in the Eastern Creek Volcanics and May Downs Gneiss occurred
prior to the emplacement of Sybella Batholith.

e The Mafic Hybrid Complex and Mosses Tank Dolerite are predominantly
unfoliated and undeformed, with magmatic textures.

e The granites within all regions commonly formed sheeted bodies within both the
country rocks and dolerite complex.

e Emplacement of the Main Phase granite was accompanied by deformation
(Sybella Event) that formed a strong subvertical, variably orientated, transitional
magmatic to high-temperature solid-state foliation, which continued during
progressive crystallization of the granite, and deformation within the country
rocks.

e Magmatic shear zones within the Microgranite phase of the Sybella Batholith
indicate the deformation that accompanied the emplacement of the granite dated
at 1673 Ma.

e The lack of a pervasive schistosity or other (Isan Orogeny-related) fabric within
the northeastern portion of the batholith overprinting the early high-temperature
magmatic to solid-state transitional fabric (other than biotite), indicated that it
was not significantly modified after the syn- to post-emplacement fabrics
developed.

¢ Incipient solid-state deformation is ubiquitous throughout the plutons although a
pervasive cleavage commonly wasn’t identified.

e Regional Isan Orogeny deformation (1570-1500 Ma) in the northeastern Sybella
Batholith was heterogeneous due to the distribution of undeformed dolerites and
large bodies of granite, which caused strain shadows around the competent

intrusive bodies to develop.
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e Isan Orogeny D, may have had a greater effect with increased folding and
deformation related fabrics may have developed within the southern domains in
preference to the northern Sybella Batholith because of the paucity of mafic
intrusives and the inferred thinness (2-3 km thick), of the granite sheets.

e Reactivation of early fabrics during a high-temperature, low-pressure regional
metamorphic/deformation event (of similar orientation) produced intensification
of some fabrics and andalusite/sillimanite porphyroblast growth (Rubenach
1992).

e Large-scale north-south open folding seen in both the Guns Knob and Kitty
Plains regions may be interpreted to be either the effect of syn-Sybella Batholith
emplacement and pluton expansion or east-west compression during the regional
Isan Orogeny deformation.

e The interbedded metasediments and metavolcanics accommodated more strain
during D, than the thick layers of granite, due to the greater competency of the
granite compared to the interlayered country rocks.

e Northeast and northwest overprinting fabrics (Isan Orogeny) were unable to be
correlated across different domains and rock types. The fabrics were

accompanied by, or preceded alteration within the granites.
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Chapter 6 Granite Genesis

CHAPTER 6

SYNTHESIS: GRANITE GENESIS, EVOLUTION
AND EMPLACEMENT

6.1 INTRODUCTION

The previous chapters have described the different facets and nature of the Sybella
Batholith.  This section is aimed at utilizing the available information and
interpretations to present a model for development of the Sybella Batholith and what it
means for the part of the Western Fold Belt into which it was emplaced. The intrusion
of the granites and associated mafic rocks were emplaced contemporaneous with

extensional tectonics.

6.2 MELT SOURCE AND GENERATION

The batholith was emplaced at a time when there was significant episodic rifting and
development of the Isa superbasin. It was suggested by Page (1988) that there was a
high geothermal gradient at ~ 1670 Ma over large areas of northern Australia. A deep
seismic transect across the Mount Isa Inlier identified a high velocity body that occurs
in the middle crust of intermediate to mafic composition (Drummond et al. 1998). It
has been interpreted as a major crustal boundary that dips to the west (Drummond et al.
1998). Several models for the origin of the high velocity layers were presented by
MacCready et al. (1998) with the preferred model being that the high velocity rocks
originated as mafic underplate related to the pre-Isan Orogenic rift history where high
heat-flow resulted from thinning of the crust accompanied by mantle upwelling and
magmatic underplating. During orogenic shortening, the mafic underplates were under-

thrust by continental crust to be emplaced at mid-crustal levels.
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Production of large volumes of granitic magma in the continental crust is commonly
attributed to intrusions of basalt that trigger partial melting in the lower to middle crust
(e.g. Huppert & Sparks 1988). In the Sybella Batholith, gabbroic to dioritic rocks of the
Mafic Hybrid Complex and Mosses Tank Dolerite represent a significant component,
pointing to mantle involvement in magma genesis. However, the mafic melts are
subalkaline tholeiitic, and show iron enrichment and depletion in MgO. This is
explained by the removal of pyroxene from the original magma at depth and hence at
least a two-stage evolution for the mafic melts. This is supported by the presence of
inherited zircons in the Eastern Creek Volcanics, which have variable ages that group in
the periods of 2100-1800 Ma and 2700-2500 Ma. These zircons represent relics of
magmatic source and/or xenocrysts collected during passage through older underlying
crust. This indicates evidence of involvement of Archean crust during the Proterozoic
magmatism prior to the Sybella Batholith (Page 1988). Sm-Nd ages of the granites also
indicate that initial mantle fractionation took place in lower crustal material on average
2300-2100 Ma ago.

The Sybella Batholith is part of a series of rapakivi-type felsic batholiths that intruded
the Mount Isa, Tennant Creek and Granites-Tanami Inliers at approximately 1670 Ma
(Page 1988). These intrusives have A-type geochemical affinities with high Zr, Nb, Y,
Ti and high K, U, Th. The potassic incompatible and radiogenic element rich character
of the Sybella Batholith suggested that the source material was fertile in these elements,
and that these intrusions were likely to be the initial melt products of a previously
unmelted source. The most suitable source materials are calc-alkaline rocks (Section
4.5) and this implies significant volumes of calc-alkaline source rocks at depth. The
high magmatic temperatures (860-930 °C), low water contents and geochemistry of the
magmas are consistent with dehydration melting of calcalkaline granitoids at shallow
crustal levels (<8-10 kbars) giving rise to A-type granitic melts. Attaining the high
melting temperature so close to the earth’s surface requires the addition of hot mafic
magmas to the crust. The shallow origin of A-type granites is in turn a consequence of
their formation in an extensional or noncompressive tectonic setting, where the crust
tends to thin (Patino Douce 1997).
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6.3 MAGMATIC EVOLUTION

The occurrence of contemporaneous mafic and felsic magmas within the Sybella
Batholith is a common feature in other ‘A-type’ rapakivi granites, and in this region
contributed to the interaction between the magmas. The role of fractionation and
mixing of magmas varied in their importance between the mafic and felsic units of the
Sybella Batholith.

As mentioned above, crystal fractionation occurred within the mafic magmas as they
exhibit strong iron enrichment and MgO depletion, related to the removal of early-
formed pyroxene from the original magma at depth. In addition to fractionation, the
Mafic Hybrid Complex magmas interacted with felsic magma to some extent prior to
emplacement within the complex. The Mafic Hybrid Complex intruded into the May
Downs Gneiss and Eastern Creek Volcanics in variably hybridized batches and there is
a lack of mafic rocks of uncontaminated composition. Hybridization was possible
between dry, silicic, high temperature magmas and mafic magmas in the upper crust as

the magma’s viscosities are similar (Frost & Mahood 1987).

Emplacement of relatively homogenous intermediate rapakivi granitoid hybrids into the
mafic hybrids was widespread although the hybrids are volumetrically minor
components of the batholith. This indicates that hybridization occurred at depth prior to
emplacement. The intrusion of the rapakivi granitoids into the still molten Mafic

Hybrid complex led to further interaction (mingling and mixing) at emplacement level.

The Main Phase granite intruded into the Mafic Hybrid Complex, and the granite
contains mafic and hybrid enclaves (molten) and xenoliths (solid). The extent of
fractional crystallization in the felsic rocks appears limited however porphyritic granite
and aplite intruded the complex. The limited development of pegmatite of similar age
suggests that conditions remained largely anhydrous throughout crystallization of this
suite. Field and petrographic characteristics generally indicate that Main Phase granites
within the Sybella Batholith were emplaced as a phenocryst-rich magma. The granite

magmas are thought to result from crystallization of initially almost crystal free
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magmas, as indicated by lack of restite and high melting temperatures. The Main Phase

granite magmas were emplaced with no or limited fractionation during ascent.

In the northern region of Kitty Plains, the microgranite intruded into a complex dolerite
body (Mosses Tank Dolerites) and local hybridization and brecciation occurred along
the granite contacts. The lower temperature determined for the microgranite probably

inhibited the production of homogenous hybrids.

6.4 PLUTON EMPLACEMENT

The Sybella Batholith was emplaced at middle to upper crustal levels into the deformed
units of the Lower Haslingden group (Eastern Creek Volcanics and May Downs
Gneiss). The intrusion of granite into high-temperature, low-pressure conditions is
entirely consistent with the high temperature, dry nature of the rapakivi granites. The
episodic nature of the emplacement of various phases of the batholith — batches of
variously hybridized mafic magmas, small sheet-like intrusions of rapakivi granitoid
hybrid magmas within the mafic magmas, the sheeted margin of the Main Phase and
microgranite intrusions that coalesced into large uniform bodies of magma — indicates

different intrusive styles.

Mechanisms of ascent and emplacement of plutons such as stoping, diapirism, dyking,
accommodation in faults and shear zones, and in situ ballooning are commonly cited.
Pluton emplacement mechanisms have traditionally been divided into two basic types:
forcible emplacement (including doming, diapirism and ballooning); and permitted
emplacement (involving stoping, cauldron subsidence and sheeting). These two
categories are end-member processes and a combination of mechanisms is likely to have
contributed to the final emplacement (Paterson & Vernon 1995). Recently authors have
proposed models of pluton emplacement that rely on local or regional extension (Hutton
et al. 1990; Pearson et al. 1992; Paterson & Fowler 1993; Walker et al. 1995; Hogan et
al. 1998).
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Extensional environment described by Wyborn et al. (1988) and the anorogenic nature
(described by Lister et al. 1986) of the region the Sybella Batholith intruded into, does
not at first seem to correlate, however Hutton et al. (1990) proposed an emplacement
mechanism of intrusion of rapakivi granites as large sheets along ductile extensional
shear zones. Plutons associated with extensional deformation are generally very thin (2-
3 km thick) with local, deep root-zones with vertical lineations that indicate magma
feeder zones, and sub horizontal foliation planes (Vigneresse 1995). Geophysics of the
Sybella Batholith indicated that the southern extent of the Main Phase granite regions
was originally a thin, flat-lying sheet that was folded by later deformation during the
Isan Orogeny. However, the granites in the northeastern portion of the Sybella
Batholith have steeply dipping to subvertical fabrics of variable orientation developed
and commonly have sheeted contacts with both the country rocks and mafic complex.
The original orientation and nature of the intrusion is strongly affected by the presence
of large bodies of mafic magmas. Granites intruded along vertical contacts between the
mafic complex and country rocks, and as sheets with the mafic complex itself, rather
than as large thin flat lying sheets. Once the ambient temperatures were elevated above
the solidus, further intrusion of felsic magma no longer formed a sheeted margin and the
sheets coalesced (Yoshinobu et al. 1998). Discordant and irregular pluton margins and
large rafts and xenoliths near the margins of the plutons are indicative of some stoping

of the country rocks.

Emplacement of the Sybella Batholith was accompanied by deformation forming a
strong, transitional magmatic to high-temperature solid-state fabric that continued
during progressive crystallization. The identification of magmatic shear zones within
the Kitty Plains Microgranite also indicated that granites were emplaced into a

tectonically active region.

6.5 POST EMPLACEMENT EVENTS

The nature of the regional deformation Isan Orogeny (1570-1500 Ma) is heterogeneous
due to the distribution of undeformed dolerites and large bodies of granite and strain

shadows around these competent intrusive bodies. The magmatic to high-temperature
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solid-state transitional fabric indicated that a large portion of the Batholith was not
significantly modified after the Sybella Event emplacement fabrics. Insipient
deformation in the solid-state with low strain is ubiquitous throughout the plutons,
although a pervasive cleavage wasn’t identified. Large-scale north-south open folding
seen in both the Guns Knob and Kitty Plains regions is interpreted to be the effect of
east-west compression during the regional Isan Orogeny deformation. The Main Phase
granite in the southern regions has been interpreted as being thin (2-3 km thick) sheets
that experienced west-over-east thrusting and folding during D, metamorphism and
deformation. The paucity of mafic intrusives within the southern domains and the
inferred thinness of the granite sheets may have contributed towards the greater effect of
D, with increased folding and deformation within these areas. The interbedded
metasediments and metavolcanics within the Haslingden Group accommodated more
strain during D, than the thick layers of granite due to the greater competency of the
granite compared to the interlayered country rocks. Reactivation of early fabrics during
a high-temperature regional metamorphic/deformation event (of similar orientation)
produced intensification of some fabrics. Northeast and northwest overprinting Isan
Orogeny fabrics in the Sybella Batholith were unable to be correlated across different
domains and rock types. This late deformation was accompanied, or preceded by

alteration within the granites.
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