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Abstract

Detailed outcrop mapping combined with microstructural and U±Pb SHRIMP zircon data indicate that emplacement of the
Mabel Downs Tonalite spanned progressive regional D3 deformation in the Palaeoproterozoic Halls Creek Orogen of northern
Australia, and that the duration of magmatism exceeded the crystallisation time of the pluton had its entire volume been

emplaced instantaneously (0105 y). The pluton comprises several compositionally distinct phases, which show (i) a regional
solid-state S3a foliation-forming event, predated by a strongly deformed porphyritic monzogranite with a U±Pb SHRIMP zircon
age of 1837.326.0 Ma (95% con®dence level); and (ii) overprinting by the localised S3b Ord River Shear Zone, which crosscuts
a 1831.923.3 Ma foliated granodiorite and contains 1826.627.3 Ma undeformed felsic veins, providing a younger age limit for

D3 deformation.
The protracted nature of deformation and magmatism during regional D3 deformation is signi®cant in the context of the

evolution of Halls Creek Orogen, which is characterised by a prolonged thermal event spanning three regional deformation

events (D2, D3 and D4) within a 30±40 million-year interval. The accumulated ®nite strain is more probably the product of
relatively long-lived events (of the order of several millions of years) with low average crustal strain rates, rather than high
crustal strain rates during short-lived deformation episodes (=105 y). Thus the partitioning of strain accumulation into discrete

deformation events during the rapid development of the Halls Creek Orogen was probably not as pronounced as in orogenic
belts characterised by higher accumulated strain or longer intervals between deformation events. 7 2000 Elsevier Science Ltd.
All rights reserved.

1. Introduction

The concept of `syn-tectonic' intrusions has assumed
critical importance in the interpretation of deformation
and magmatic histories of many orogenic belts (e.g.
Hutton, 1988; Karlstrom, 1989; Paterson, 1989). How-
ever, despite the common spatial and temporal associ-
ation between granites and crustal-scale shear zones
(e.g. Brown and Solar, 1998; Solar et al., 1998), the

recognition of unambiguous indicators of synchroneity
of plutonism and emplacement-level deformation is
often not straightforward. The large-scale, progressive
nature of many orogenic events generally results in
complex regional structural signatures, including vari-
ations in the number of recognisable (overprinting) de-
formation events within an orogenic cycle. Even within
a single regional deformation event, structural interfer-
ence in the vicinity of pre-existing competent intrusive
bodies may result in deformation patterns which are
di�cult to interpret. For example, apparent continuity
in foliations from intrusions into their host rocks is to
be expected, since pre-existing fabrics in a deformed
host rock are likely to in¯uence strongly the structural
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Fig. 1. (a) Map showing major lithological units comprising the Palaeoproterozoic Halls Creek Orogen (modi®ed from Tyler et al., 1995). The

Western and Central zones (separated by the Ramsay Range±Springvale fault system) represent the Kimberley craton margin, whereas the East-

ern zone is part of the North Australian craton (see inset). The Angelo±Halls Creek fault system forms the interface along which the two cratons

have been juxtaposed. (b) Simpli®ed geological map showing the e�ects of D3 and D4 in the study area. The Highway and Cattle Creek Shear

Zones are both D4 features. Structural and thermobarometric data for the area west of the Highway Shear Zone are from Thornett (1986). Ther-

mobarometric data east of the Mabel Downs Tonalite are from Magart (1994). Note the location of sample MD-1 in the southern central part

of the map.
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features developed in any subsequent intrusion. Fur-
thermore, evidence from plutons containing a strong
magmatic fabric suggests that foliations in the host
rock can be rotated into parallelism with the pluton
margin during emplacement (Buddington, 1959; Cas-
tro, 1986; Paterson et al., 1989). Importantly, the
observed relationships often do not preclude the possi-
bility of the fabric-forming event signi®cantly post-dat-
ing both the host rocks and the intrusion (e.g. Oliver
et al., 1990).

Ascribing a `syn-tectonic' origin to a single intrusion
based on its relationship to a single deformation event
is often a considerable simpli®cation, since a defor-
mation event cannot be dated directly using a single
age from a syn-tectonic intrusion, regardless of the
consistency of the relative deformation±intrusion event
sequence. Only the timing of igneous crystallisation
can be dated directly, and the absolute timing and dur-
ation of deformation can at best only be bracketed
between two closely spaced intrusive events pre- and
post-dating the deformation event (Gower, 1993).
Thus the study of `syn-tectonic plutons' is better
approached by constraining the timing of syn-plutonic
(local) deformation within an absolute chronology pro-
vided by isotopic data from bracketing intrusives (e.g.
Pearson et al., 1992; Solar et al., 1998).

The Mabel Downs Tonalite in the Palaeoproterozoic
Halls Creek Orogen of northwestern Australia (Fig. 1a)
presents an excellent opportunity to study the duration
of, and interaction between, deformation and magma
injection associated with a regional orogenic event.
The thermal history of this orogenic belt is regionally
well-constrained by high-quality U±Pb zircon
SHRIMP data (Page and Sun, 1994; Page et al.,
1995a,b; Tyler et al., 1999), which provide independent
controls on the timing of the deformation event (D3)
associated with intrusion of the Mabel Downs Tona-
lite. Regional D3 is bracketed by preceding regional
high-grade D2±M2 deformation and metamorphism at
01850±1845 Ma, and subsequent magmatism produ-
cing 01820 Ma plutons una�ected by D3-related solid-
state deformation (Page et al., 1995b; Sheppard et al.,
1995; Bodorkos et al., 1999; Oliver et al., 1999). In ad-
dition, the Mabel Downs Tonalite is well-exposed
along its basal contact de®ned by the ductile Ord
River Shear Zone, and it displays strong compositional
heterogeneity across short distances, allowing relation-
ships between intrusive phases and local deformation
events to be readily established.

This paper describes ®eld relationships from key
outcrops of the Mabel Downs Tonalite within the Ord
River Shear Zone, in which several easily distinguish-
able intrusive phases display strongly consistent rela-
tive timing relationships to local deformation events.
The resulting tightly constrained deformation±intru-
sion chronology is further re®ned by U±Pb SHRIMP

zircon geochronological data from three granitoid
phases bracketing the deformation events. These pro-
vide absolute `time-pins' constraining the timing of
granitoid emplacement, and the duration of synchro-
nous ductile deformation and magmatism in the
middle crust within a single orogenic cycle (Bodorkos
et al., 1998).

2. Geological setting

The Palaeoproterozoic (01915±1800 Ma) Halls
Creek Orogen represents the collisional interface
between the Kimberley and North Australian cratons
(Fig. 1a). It consists of three tectono-metamorphic
zones (Western, Central and Eastern), which are based
on integrated ®eld, structural, petrological and geo-
chronological data (Gri�n and Tyler, 1992; Page et
al., 1995b; Tyler et al., 1995; Bodorkos et al., 1999).
The Western and Central zones (Kimberley craton
margin) are characterised by rapid sedimentation, fol-
lowed by high-temperature, low-pressure (HTLP)
metamorphism and the emplacement of granites and
large layered ma®c±ultrama®c intrusions in the interval
01860±1845 Ma (Fig. 1b). Voluminous post-meta-
morphic granitoids of the Sally Downs Supersuite
intruded the Central zone in the interval 01835±1800
Ma (Sheppard et al., 1995, 1999), spanning the 01820
Ma collisional event, which juxtaposed the Central
zone with the undeformed passive-margin sedimentary
sequences of the Eastern zone (North Australian cra-
ton margin). Basal units in a sedimentary sequence
overlapping all three zones have been dated at 01800
Ma (Tyler et al., 1995).

This study is focused on the northern Central zone,
where metapelitic gneisses, migmatites, metacarbo-
nates and ma®c sills of the Tickalara Metamorphics
are the oldest rocks exposed. The youngest suite of
detrital zircons within this unit has been dated at
01865 Ma (Page et al., 1995a; Bodorkos et al.,
2000). Rapid deposition and burial of these sediments
preceded HTLP metamorphism (D2±M2) at01845 Ma
(Oliver et al., 1999; Bodorkos et al., 2000), with
peak regional T = 700±7508C and P 0 400 MPa
(Fig. 1b). Emplacement of the Sally Malay layered
ma®c±ultrama®c intrusion (U±Pb SHRIMP zircon age
1841 2 3 Ma; Trudu and Hoatson, 1996) post-dated
peak metamorphism, producing abundant diatexites
(local T = 8008C) which cross-cut regional stromatic
migmatites.

The Tickalara Metamorphics are a�ected by
macroscopic F3 folds, which vary in character from
the north to south across the study area (Fig. 1b). F3

folds in the north are mostly open, shallow-plunging,
east±west-trending structures de®ning a dome and
basin system (Thornett, 1986; Oliver and Barr, 1997),
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which is largely undisturbed by subsequent defor-
mation. Further south, F3 folds are tight to isoclinal
and fold axis orientations vary widely, re¯ecting inter-
ference from macroscopic F4 structures (Fig. 2).
Emplacement of the01830 Ma Mabel Downs Tonalite
is broadly synchronous with the D3 event, and its
southwestern contact is de®ned by the kilometre-scale
ductile D3 Ord River Shear Zone (Fig. 2). The pluton
forms the hanging wall of this steeply northwest-
dipping, locally northeast-striking dextral shear zone
(Kendrick et al., 1999), which is oriented parallel to
the trace of the F3 axial surface in the Fletcher Creek
Granite lying in the footwall. East of the Ord River
Shear Zone, the Mabel Downs Tonalite is character-
ised by direct intrusive contacts with the metasedimen-
tary host rocks.

3. Relationships between the Mabel Downs Tonalite and
regional D3

The Mabel Downs Tonalite is the largest of the plu-
tons comprising the 01835±1800 Ma Sally Downs
Supersuite (Sheppard et al., 1995, 1997). Although the
Mabel Downs Tonalite is dominated by tonalite and
granodiorite, the southern part of the pluton is compo-
sitionally heterogeneous, ranging from ®ne-grained
hornblende 2 orthopyroxene diorite to coarse-grained
porphyritic microcline-bearing monzogranite and peg-
matitic leucocratic trondhjemite. At least six di�erent
intrusive phases are readily distinguishable in the ®eld,
although `boundaries' between them are often imper-
ceptibly gradational in nature.

The Mabel Downs pluton was emplaced broadly

f

f

Spring

Creek

ORD

RIVER

Mafic amphibolites and undifferentiated
Tickalara Metamorphics

Fletcher Creek Granite

Metacarbonates

Clastic metasedimentary rocks

TICKALARA METAMORPHICS (c. 1850 Ma)
(Form lines = regional S2)

Microdiorite and compositionally
layered mingled rocks

Granodiorite (and minor tonalite)

Monzogranite

MABEL DOWNS TONALITE (c.1830 Ma)
(Form lines = regional S3a)

Retrograde S4 shear zone

Late aplite dyke

Post-D4 fault

ORD

RIVER

SHEAR

ZONE

3
3

4

4

Spring Creek outcrops

ff

Antiformal F4 axial trace4

Antiformal F3
axial trace

67

AMG 8 068 000 mN

69

70

71

72

AMG 393 000 mE 94 95 96 97

1 km

N

3

STRUCTURES

3

Ductile D3b shear zone

(Figs. 4-7)

Fig. 2. Geology of the southern margin of the Mabel Downs Tonalite, which is separated from the host Tickalara Metamorphics by the steeply

north-dipping ductile Ord River Shear Zone (see Fig. 1b for location). Note the F3 antiform refolded by the F4 antiform south of the Ord River

Shear Zone, and the truncation of the northern limb of this fold by the shear zone.

S. Bodorkos et al. / Journal of Structural Geology 22 (2000) 1181±11981184



synchronous with regional D3, which locally comprises
two distinguishable and sequential foliation-forming
events (D3a and D3b). These two deformation events
di�er in terms of their regional extent and relation-
ships with various intrusive phases of the Mabel
Downs Tonalite. D3a is evident throughout the ex-
posure of the pluton in the study area as a foliation of
varying intensity, oriented parallel to the margins of
the intrusion (Fig. 1b). This S3a foliation formed
during regional D3, which resulted in east±west-trend-
ing macroscopic F3 folds in the Tickalara Meta-
morphics west of the D4-related Highway Shear Zone
(Fig. 1b) and south of the D3b Ord River Shear Zone
(Fig. 2). However, macroscopic F3 fold closures are
not present in the Mabel Downs Tonalite or the
nearby Tickalara Metamorphics. Deformation related
to D3b is mostly con®ned to the immediate vicinity of
the Ord River Shear Zone, which truncates the north-
ern limb of the refolded D3a fold in the Fletcher Creek
Granite (Fig. 2).

Relationships between deformation and the volume-
trically dominant granitoid phases are described in the
context of regional D3a, whereas outcrop-scale map-
ping and observations are used to document features
of the areally restricted D3b event. Three representative
intrusive phases of the Mabel Downs Tonalite (por-
phyritic monzogranite MD-1, biotite granodiorite MD-
2 and microgranodiorite MD-3), which display a range
of ®eld relationships with respect to D3a and D3b de-
formation, were targeted for microstructural study and
U±Pb SHRIMP zircon dating, in order to impose
further constraints on the nature and absolute chronol-
ogy of D3 deformation.

3.1. Regional D3a

The S3a foliation is observed in the vast majority of
homogeneous granitoid phases of the Mabel Downs
Tonalite, although foliation intensity increases appreci-
ably toward the margins. In the core of the pluton,
coarse-grained (05±10 mm) foliated porphyritic light-
to dark-grey tonalite is characterised by the alignment
of 20±30 mm hornblende or sodic plagioclase pheno-
crysts in a groundmass of plagioclase, biotite and
quartz. Closer to the pluton margins, light-grey por-
phyritic granodiorite contains a foliation de®ned by
the alignment of plagioclase phenocrysts and/or semi-
continuous biotite aggregates. Irregular lenses and
sheets of pinkish-grey porphyritic monzogranite (e.g.
sample MD-1; Fig. 2) occur along the southern margin
of the pluton, and these rocks contain a strongly devel-
oped S3a fabric de®ned by semi-continuous, aligned
subhedral biotite grains and ®ne-grained quartz folia
wrapping large (up to 30±40 mm) rounded phenocrysts
of vitreous microcline (Fig. 3a). Groundmass plagio-
clase generally preserves little primary twinning, with

Fig. 3. Photomicrographs showing microstructural features of por-

phyritic monzogranite MD-1. (a) Aggregates of recrystallised quartz

and semi-continuous biotite along the margin of a large microcline

phenocryst (top left). Note the preservation of delicate lobes

throughout the myrmekitic intergrowth embaying the microcline phe-

nocryst, where it was shielded from the high strains along the crystal

margin. Long axis of photo=2.8 mm, crossed polars. (b) Myrmekite

showing the e�ect of shearing along feldspar grain boundaries. Deli-

cate lobate intergrowths are preserved along the myrmekite growth

front, which embays the microcline crystal (top right). The bottom

half of the myrmekite has been completely recrystallised to anhedral

quartz (white patches) and plagioclase (bottom right, in extinction).

Long axis of photo=1.1 mm, crossed polars. (c) Preferred orien-

tation of undulose extinction zones in a quartz aggregate (top centre)

parallel to the long axis of the photo. This quartz aggregate is sur-

rounded by feldspars (top left, top right, in extinction along bottom

of photo). Long axis of photo=2.8 mm, crossed polars.
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the exception of rare small inclusions within micro-
cline. Myrmekitic intergrowths of quartz and feldspar
with curved lobes are commonly observed growing
into microcline along boundaries between microcline
and plagioclase grains. The presence of curved (rather
than straight) lobes indicates myrmekite growth prob-
ably took place during ductile deformation along the
feldspar grain boundaries (Fig. 3b, see also Vernon,
1991). Extensive recrystallisation of groundmass min-
erals has occurred along the edges of anhedral micro-
cline phenocrysts, resulting in ®ne-grained polygonal

aggregates dominated by quartz, plagioclase and
minor biotite. Larger quartz grains and aggregates,
which have not been pervasively recrystallised, display
moderate elongation parallel to the foliation and
strongly undulose extinction (Fig. 3c), with sub-grain
boundaries aligned parallel to the elongation direction.
These microstructural features typify granitoids close
to the intrusive contacts of the Mabel Downs Tonalite,
and are consistent with subsolidus fabric development
(Paterson et al., 1989).

3.2. Ord River Shear Zone and D3b deformation

The kilometre-scale ductile D3b Ord River Shear
Zone truncates the northern limb of the macroscopic
F3a fold in the Fletcher Creek Granite (Fig. 2), and
separates the Mabel Downs Tonalite from the Ticka-
lara Metamorphics. However, rocks in the vicinity of

Fig. 5. Detailed map of an outcrop within 050 m of the outcrops

depicted in Fig. 4, showing the sample locations of biotite granodior-

ite MD-2, microgranodiorite vein MD-3 and their relationships to

local D3a and D3b events. Form lines in granodiorite represent S3a

foliations, and in layered ma®c±felsic rocks S3a-parallel compo-

sitional layering. Form lines in microgranodiorite vein MD-3 rep-

resent a weak magmatic (late-D3b?) foliation.

Fig. 4. Detailed map of an outcrop in Spring Creek (AMG 394900

mE, 8069850 mN) within the Ord River Shear Zone, illustrating ®eld

relationships between mappable intrusive phases and local D3a and

D3b events (see Fig. 2 for location). Rock types are grouped on the

basis of their relationship to D3b shearing. Leucocratic trondhjemite

is observed pre- and post-dating D3b. Form lines in tonalite and

granodiorite represent S3a foliations, and in ma®c±felsic rocks they

represent S3a-parallel compositional layering. The ®ll pattern in

sheared microdiorite approximates the strong S3b foliation, which is

represented by thin grey lines in the `wispy' microdiorite dyke.
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the Ord River Shear Zone are dominated by ®ne-
grained hornblende±plagioclase microdiorites, which
are extensively and intimately intermingled with felsic
granitoids of the Mabel Downs Tonalite, at scales ran-
ging from centimetres to hundreds of metres. Field re-
lations suggest the existence of several distinguishable
episodes of granodiorite, microdiorite and microgranite
magma injection, displaying a range of relationships to
regional D3a and local D3b deformation.

Careful mapping of outcrops in the rocky bed of
Spring Creek [Australian Map Grid (AMG) 394900
mE, 8069850 mN] within the Ord River Shear Zone
(Fig. 2) was undertaken in order to examine properly
the local interplay between episodic magma injection
and overprinting deformation. These key outcrops
(Figs. 4 and 5) are well-suited to the purpose because
(i) they contain several compositionally distinct and
relatively easily mappable intrusive phases; (ii) the
intrusive phases display consistent cross-cutting re-
lationships; and (iii) magmatic episodes completely

bracket the D3a±D3b interval and occupy consistent
positions in the deformation chronology (Figs. 4 and
5). It is therefore convenient to describe the mapped
igneous units on the basis of their relationship to the
D3b event.

3.2.1. Pre-D3b

The oldest rocks exposed in the Ord River Shear
Zone pre-date D3b, and include voluminous, composi-
tionally heterogeneous ®ne-grained hornblende±plagio-
clase microdiorites, together with lenses and irregular-
shaped bodies of homogeneous granodiorite (and
minor tonalite). The microdiorites feature pervasive
mingling of dioritic and granitic magma during empla-
cement, resulting in the incorporation of signi®cant
volumes (up to 30±40 vol.%) of felsic material and the
production of extensive, compositionally layered rocks
(hereafter referred to as `layered ma®c±felsic rocks')
with extremely regular alternations of ®ne-grained
hornblende±plagioclase and coarser quartzo-feld-

Fig. 6. Field photographs from the Spring Creek outcrops within the Ord River shear zone. The location of (a), (b) and (d) are shown on Fig. 4,

and (c) is from an outcrop less then 100 m to the south of Fig. 4. Camera lens cap=5 cm in diameter. (a) Syn-S3b microdiorite dyke (lower half

of photo) cross-cutting layered ma®c±felsic rock. Note the compositional S3a layering is folded with axial surface trace parallel to the S3b-parallel

dyke. (b) A thick layer of coarse-grained leucocratic trondhjemite (lower left corner of photo) lying parallel to S3a layering in the host ma®c±fel-

sic rock, and pre-dating a small S3b shear zone. (c) Ptygmatic rootless intrafolial folds in a microdiorite dyke intruded prior to the major S3b

shearing event. (d) `Wispy' irregular patches and blobs of felsic material within a weakly foliated microdiorite dyke. This is interpreted as a low-

strain version of the strongly sheared microdiorite dyke in (c), probably due to its intrusion post-dating the major S3b shearing episode.
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spathic layers at a 5±20 mm scale. Layering in the
ma®c±felsic rocks is usually S3a-parallel and is com-
monly tightly folded, with F3b axial surface traces par-
allel to the S3b shear zones (Fig. 6a; see Fig. 4 for
location).

Homogeneous granitoid phases contain an S3a foli-
ation which is often slightly oblique to, or locally
rotated into parallelism with, the small (metre-scale)
S3b shear zones which form their boundaries (Fig. 4).
They are relatively ®ne-grained and equigranular in
comparison to monzogranite MD-1 described above,
but display some textural similarities. In the equigra-
nular granodiorite MD-2 (see Fig. 5 for location), S3a

is de®ned by continuous aggregates of aligned subhe-
dral biotite. Undulose extinction is common in many
quartz aggregates, but no signi®cant elongation paral-
lel to the foliation is evident, and ®ne-grained polyg-

onal recrystallised aggregates are rare in comparison
with monzogranite MD-1. Feldspar crystal faces are
not preserved (Fig. 7a) and plagioclase grains up to 5
mm are often equant, and only slightly larger than the
majority of the groundmass (02 mm). However, plagi-
oclase crystals with discernible long axes are oriented
broadly parallel to the foliation, and remnant primary
twinning is parallel to the long axes. Curvature of
twinning in elongate plagioclase crystals is occasionally
observed (Fig. 7a), suggesting the presence of a pri-
mary magmatic fabric in granodiorite MD-2 which is
incompletely overprinted by a solid-state tectonic S3a

foliation. In addition, distinctive but volumetrically
minor coarse-grained leucocratic trondhjemite, which
comprises plagioclase (up to 50±60 mm) in a ®ner-
grained groundmass of strained quartz, accessory bio-
tite and magnetite, is occasionally found lying parallel
to S3a within layered ma®c±felsic rock (Fig. 6b, see
also ®gure 8a in Bodorkos et al., 1999).

3.2.2. Syn-D3b

Broadly northeast-trending small-scale folds and
dextral ductile shear zones at a range of scales are the
principal expression of D3b. In the Spring Creek out-
crops, S3b shear zones are up to 10 m long but rarely
more than a few centimetres wide (Fig. 6b, see Fig. 4
for location). Microdiorite and leucocratic trondhje-
mite are both commonly observed lying within the S3b

shear zones, and syn-S3b microdiorite dykes character-
istically contain a distinctly lower proportion of incor-
porated felsic material (rarely exceeding 10±15 vol.%)
in comparison to pre-D3b layered ma®c±felsic rocks.

Variations in the intensity of D3b deformation are
evident in two adjacent S3b-parallel microdiorite dykes
(both `syn-D3b' in Fig. 4) which, despite having very
similar compositions and proportions of incorporated
felsic magma (010 vol.%), appear to have experienced
vastly di�erent strain histories. The `strongly foliated'
southwestern dyke (see Fig. 4 for location) contains a
very strong S3b foliation, re¯ected by isoclinal rootless
intrafolial folds in the felsic veinlets, with thickened
hinges and occasionally ptygmatic style. Similar fea-
tures in a microdiorite dyke from a nearby outcrop are
shown in Fig. 6(c) (see also ®gure 8b in Bodorkos et
al., 1999). In contrast, the `wispy' northeastern dyke
(see position of Fig. 6d in Fig. 4 for location) contains
only a very weak foliation, and the felsic material
occurs as irregular patches and blobs (Fig. 6d, see
Fig. 4 for location). These `wispy' mingled rocks are
interpreted as low-strain equivalents of the sheared
microdiorites containing strongly deformed felsic vein-
lets.

The observed strain and deformation patterns
observed in the microdiorite dykes can be explained by
(i) an age di�erence, in which the S3b-parallel dykes
bracket and are broadly synchronous with D3b, or (ii)

Fig. 7. Photomicrographs showing microstructural features of grani-

toids in the Ord River Shear Zone (see Fig. 5 for location). (a) Gran-

odiorite MD-2. Curvature of twins in an elongate plagioclase crystal

oriented parallel to the S3a foliation. The lack of preservation of

crystal faces and the undulose extinction present in quartz (top left)

suggest that magmatic alignment of plagioclase has been overprinted

by a solid-state tectonic fabric. Long axis of photo=2.8 mm, crossed

polars. (b) Microgranodiorite MD-3. Plagioclase grain retaining pri-

mary igneous features, such as compositional oscillatory zoning and

long axis-parallel primary twinning. Minor recrystallisation of grain

boundaries is the only evidence for subsequent solid-state defor-

mation. Long axis of photo=2.8 mm, crossed polars.
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heterogeneity in strain distribution. In outcrop, D3b

strain is preferentially partitioned into microdiorite
dykes at all scales, the vast majority of which are
strongly sheared in comparison with the older grani-
toids. Heterogeneous strain distribution is observable
within a nearby single microdiorite dyke less than 50
cm in thickness (®gure 8c in Bodorkos et al., 1999),
and while it is possible that the `wispy' microdiorite
dyke was protected from D3b shearing in a low-strain
zone tens of metres wide, we consider it more likely
that intrusion post-dated the majority of S3b shearing.

3.2.3. Post-D3b

Several undeformed intrusive phases post-date D3b.
Fine-grained equigranular felsic veins up to 30 cm in
width with di�use boundaries cross-cut S3a-bearing
granitoids (Fig. 5), and although they are commonly
subparallel to S3b, they preserve only a very weak foli-
ation. Microgranodiorite MD-3 was collected from
one such vein (Fig. 5), and it features well-preserved
plagioclase crystals with igneous microstructures such
as oscillatory (compositional) zoning and twinning
parallel to feldspar long axes (Fig. 7b). Rare biotite is
randomly oriented, and undulose extinction is only oc-
casionally observed in quartz. These microstructures
are interpreted as a weak magmatic fabric developed
during vein injection, and there is no evidence for
overprinting solid-state deformation. Homogeneous
undeformed ma®c dykes (Figs. 4 and 5) cross-cut all
units, and are distinguished from pre- and syn-D3b

microdiorite dykes on the basis of their ®ner grain size
and the absence of incorporated felsic veinlets.

4. Zircons and U±Pb SHRIMP data

Zircons from samples MD-1, MD-2 and MD-3 were
analysed using the Sensitive High-Mass Resolution Ion
Micro Probe (SHRIMP), in order to place constraints
on the timing of syn-magmatic deformation associated
with regional D3. Porphyritic monzogranite MD-1 con-
tains a strong solid-state S3a fabric, and its igneous
crystallisation age provides an older age limit for plu-
ton-scale D3a deformation. Equigranular biotite grano-
diorite MD-2 contains an S3a foliation truncated by an
S3b shear zone (Fig. 6), and imposes an older age limit
on D3b shearing. Directly cross-cutting granodiorite
MD-2, leucocratic microgranodiorite MD-3 is a felsic
vein 010 cm wide subparallel to S3b, which does not
contain any evidence of ductile deformation, and either
post-dates or was intruded during the very latest stages
of D3b.

Zircon crystals were extracted from each sample via
standard crushing, heavy liquid separation, sieving and
magnetic separation techniques. These grains were
mounted in epoxy, along with fragments of the labora-

tory U±Pb standard (zircon CZ3 from Sri Lanka=564
Ma), and polished to half their thickness prior to gold-
coating. The mount was photographed in transmitted
and re¯ected light, before cathodoluminescence (CL)
imaging of the zircon grains was carried out using a
JEOL 6400R scanning electron microscope at the Uni-
versity of Western Australia, with an accelerating vol-
tage of 15 kV and a beam current of 1±3 nA.

Selected grains were then analysed using the
SHRIMP II at Curtin University. Procedures, operat-
ing conditions for the instrument and data reduction
techniques are detailed in Nelson (1997), and brie¯y
summarised here. Targeted grains were sputtered using

Fig. 8. Cathodoluminescence (CL) images of zircons from intrusive

phases of the Mabel Downs Tonalite. (a) Low-U zircon from por-

phyritic monzogranite MD-1, showing an inherited core surrounded

by broad, poorly de®ned growth zoning. The white circle represents

the location of the ion probe spot (025 mm diameter), and the 204Pb

-corrected 207Pb/206Pb age (21s error) of the intragrain analysis is

shown. (b) Prominent concentric oscillatory zoned zircon from gran-

odiorite MD-2, illustrating the e�ect of the shape of the zircon `seed'

on the external morphology of the crystal. (c) Concentric oscillatory-

zoned zircon from granodiorite MD-2, with a needle-shaped core.

The slightly patchy CL emission of the central region probably

re¯ects lattice defects resulting from a very rapid initial stage of zir-

con growth.
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an O2
ÿ primary beam and a spot size with a diameter

of approximately 20 mm. Sequential measurements of
the 196Zr2O

+, 204Pb+, background, 206Pb+, 207Pb+,
208Pb+, 238U+, 248ThO+ and 254UO+ peaks in the sec-
ondary ion beam were made using an electron multi-
plier in pulse counting mode. Common Pb corrections
were made using Broken Hill Pb isotopic compositions
because 204Pb+ counts in the standard CZ3 zircon and
the unknowns were very similar. Inter-element bias in
the Pb/U isotopic ratios were corrected using a linear
calibration of 206Pb+/238U+ vs. 254UO+/238U+ for the
U±Pb standard CZ3 zircon. 204Pb-corrected
207Pb/206Pb ratios and ages for individual SHRIMP
spots are reported with 1s analytical errors, which
include external errors of 21.45% (sample MD-1,
Table 1), 21.73% (sample MD-2, Table 2) and
21.58% (sample MD-3, Table 3) associated with the
calibration of Pb/U ratios in the standard CZ3 zircon.
Errors on weighted mean ages are at the 95% con®-
dence level unless otherwise indicated.

4.1. Monzogranite MD-1

Zircons from monzogranite MD-1 are mostly subhe-
dral and clear to light brown in transmitted light.
Most grains have aspect (length/width) ratios of ap-
proximately 2:1, ranging up to 4:1 and 400 mm in
length. They are characterised by low U contents
(<200 ppm), and internal structures are di�cult to
decipher using SEM imaging due to their low cathodo-
luminescence (CL) emission. The outer parts of most
grains are characterised by broad, ill-de®ned growth
zones (e.g. Fig. 8a) overgrowing a low-CL core, the
shape of which governs the external morphology of
the crystal. One of the analysed zircons (Fig. 8a) con-
tains a xenocrystic core with anomalously high CL
emission.

A total of 30 analyses were performed on zircons
from monzogranite MD±1 (Table 1) and results are
presented in Fig. 9(a). Analysis MD1±14, which
sampled the xenocrystic core (Fig. 8a), was excluded

Table 1

Results of 30 ion microprobe analyses from foliated (pre-D3a) porphyritic monzogranite MD-1. All errors are 21s. Common 206Pb(%) is a

measure of the amount of common 206Pb as a percentage of the total measured 206Pb at each spot, assuming Broken Hill isotopic Pb compo-

sitions

U Th Common 207Pb/206Pb

Spot (ppm) (ppm) Th/U 206Pb(%) 206Pba/238U 207Pba/235U 207Pba/206Pba age (Ma)

MD1±1 127 52 0.41 0.45 0.3253255 5.0320.12 0.1122217 1835227

MD1±2 351 193 0.55 0.14 0.3310251 5.1020.09 0.111727 1827212

MD1±3a 429 176 0.41 0.29 0.3214249 5.0220.09 0.113228 1851212

MD1±3b 173 67 0.39 0.24 0.3266254 5.0920.11 0.1129213 1847221

MD1±4 235 107 0.46 0.49 0.3309253 5.1220.10 0.1122212 1835219

MD1±5 178 84 0.47 0.05 0.3276253 5.0920.10 0.1127211 1844218

MD1±6 195 104 0.54 0.34 0.3260253 5.0520.10 0.1124211 1839218

MD1±9 130 56 0.43 0.42 0.3216255 5.0820.11 0.1145215 1872223

MD1±10 180 92 0.51 0.33 0.3278254 5.0820.11 0.1123212 1837220

MD1±11 181 98 0.54 0.28 0.3301255 5.1120.11 0.1123212 1836219

MD1±12 140 60 0.43 0.26 0.3232255 5.0520.12 0.1134215 1855224

MD1±13a 149 62 0.42 0.28 0.3241255 5.0120.12 0.1121216 1834225

MD1±13b 729 151 0.21 0.18 0.3294249 5.0720.08 0.111625 182629

MD1±15 197 81 0.41 0.27 0.3288254 5.1520.11 0.1136213 1858220

MD1±16 475 48 0.10 0.20 0.3229249 5.0120.09 0.112427 1839211

MD1±17 501 50 0.10 0.15 0.3333251 5.1820.09 0.112826 1845210

MD1±18 170 80 0.47 1.59 0.3293255 4.9220.13 0.1083221 1772236

MD1±19 197 101 0.51 0.52 0.3213253 4.8020.11 0.1084215 1772225

MD1±20 186 84 0.45 0.32 0.3243254 5.1320.11 0.1147214 1876222

MD1±21 233 111 0.47 0.81 0.3316254 5.1120.11 0.1118214 1829223

MD1±22a 665 124 0.19 0.33 0.3336250 5.1520.09 0.112026 1832210

MD1±22b 277 76 0.28 0.46 0.3354253 5.1220.10 0.1106211 1810218

MD1±23 179 75 0.42 0.39 0.3277254 5.0920.11 0.1127214 1843222

MD1±24 216 74 0.34 0.57 0.3277254 5.0620.11 0.1120214 1832222

MD1±25a 521 266 0.51 0.08 0.3300250 5.1520.09 0.113226 1851210

MD1±25b 304 107 0.35 0.22 0.3329253 5.1820.10 0.1128210 1845215

MD1±26 454 280 0.62 0.16 0.3333251 5.1620.09 0.112227 1836211

MD1±27 107 59 0.55 1.05 0.3333261 5.1620.16 0.1124225 1838240

MD1±28 156 67 0.43 0.65 0.3296256 5.0520.12 0.1110217 1817228

Older (pre-1850 Ma) inherited core

MD1±14 471 172 0.37 0.14 0.3318251 5.2520.09 0.114827 1877211

a Corrected for 204Pb.

S. Bodorkos et al. / Journal of Structural Geology 22 (2000) 1181±11981190



from subsequent calculations, and the remaining 29
analyses de®ne a single population with a weighted
mean 207Pb/206Pb age of 1837.3 2 6.0 Ma (chi-
squared=0.97). This is interpreted as the magmatic
crystallisation age, and constitutes an older age limit
on the development of the solid-state S3a foliation.

4.2. Granodiorite MD-2

Zircons from granodiorite MD-2 are clear to light-
brown in transmitted light, similar to those from mon-
zogranite MD-1. The grains are mostly euhedral,
rarely exceed 300 mm in length, and have an average
aspect ratio of approximately 3:1. U contents range up
to 1000 ppm, and Th/U ratios are 00.5. The grains
show little variation in internal CL structure, with pro-
minent concentric oscillatory zoning extending from
the centres to the edges. External morphology of the
zircon crystals are mostly controlled by the shape of
the early-crystallised zircon `seed' (Fig. 8b). Several

grains display CL evidence for an initial stage of den-
dritic or needle-shaped growth (Fig. 8c), which pro-
vides insights into the conditions of zircon
crystallisation. Similar patterns observed in zircons
from Mesozoic intermediate plutonic rocks of the
Ivrea Zone (southern European Alps) are thought to
re¯ect low Zr di�usivity during low-temperature
nucleation and growth of zircon in a water-saturated
magma (G. Vavra, personal communication, 1999).
Importantly, the presence of inherited or xenocrystic
zircon precludes the development of dendritic or nee-
dle-shaped internal structures in magmatic zircon (G.
Vavra, personal communication, 1999), con®rming the
absence of inherited zircon cores observed in grano-
diorite MD-2.

A total of 32 analyses were carried out on zircons
from granodiorite MD-2 (Table 2, Fig. 9b), and these
form a statistically valid single population with a
weighted mean 207Pb/206Pb age of 1831.9 2 3.3 Ma
(chi-squared=0.93). This age is identical to that

Table 2

Results of 32 ion microprobe analyses from foliated (pre-D3a) biotite granodiorite MD-2. All errors are21s. Common 206Pb(%) is a measure of

the amount of common 206Pb as a percentage of the total measured 206Pb at each spot, assuming Broken Hill isotopic Pb compositions

U Th Common 207Pb/206Pb

Spot (ppm) (ppm) Th/U 206Pb(%) 206Pba/238U 207Pba/235U 207Pba/206Pba age (Ma)

MD2±1a 305 165 0.54 0.04 0.3286259 5.1120.10 0.112827 1846211

MD2±1b 321 184 0.57 0.04 0.3341260 5.1320.10 0.111426 1823210

MD2±1c 240 70 0.29 0.20 0.3330261 5.0420.10 0.109728 1795213

MD2±2 308 140 0.46 0.08 0.3329260 5.1320.10 0.111727 1828212

MD2±3 444 309 0.70 0.31 0.3117256 4.7820.10 0.111228 1819213

MD2±4 167 80 0.48 0.17 0.3288261 5.0520.11 0.1114210 1823217

MD2±5 401 211 0.53 0.02 0.3062255 4.7520.09 0.112426 183929

MD2±6a 351 71 0.20 0.06 0.3280259 5.1220.10 0.113126 185029

MD2±6b 431 181 0.42 0.09 0.3363260 5.1920.10 0.112025 183228

MD2±7a 149 95 0.63 0.22 0.3304262 5.0920.12 0.1117212 1827220

MD2±8a 145 83 0.57 0.17 0.3268261 5.0920.11 0.1130211 1848217

MD2±8b 331 162 0.49 0.13 0.3201258 4.9320.10 0.111727 1827212

MD2±9 232 120 0.52 0.14 0.3240259 5.0320.10 0.112728 1843213

MD2±11 245 126 0.51 0.11 0.3297260 5.0720.10 0.111428 1823212

MD2±12 490 304 0.62 0.02 0.3364260 5.2220.10 0.112625 184228

MD2±13 460 132 0.29 0.06 0.3249258 5.0020.09 0.111625 182528

MD2±14 905 1104 1.22 0.01 0.3315258 5.1220.09 0.112123 183426

MD2±15 304 159 0.52 0.02 0.3013254 4.6620.09 0.112226 1836210

MD2±16 420 304 0.72 0.02 0.3388260 5.2320.10 0.112025 183128

MD2±17 194 111 0.57 0.05 0.3288261 5.0520.11 0.111529 1824215

MD2±18 183 116 0.63 0.19 0.3282260 5.0720.11 0.112129 1834215

MD2±19 209 86 0.41 0.19 0.3376261 5.1420.11 0.110429 1806214

MD2±20 388 199 0.51 0.04 0.3415261 5.2920.10 0.112325 183728

MD2±21 426 275 0.65 0.08 0.3080255 4.7420.09 0.111725 182728

MD2±22 303 182 0.60 0.09 0.3411261 5.2620.10 0.111726 1828210

MD2±23 241 168 0.70 0.06 0.3357261 5.1920.10 0.112127 1834212

MD2±24a 941 875 0.93 0.04 0.3321258 5.1220.09 0.111923 183125

MD2±24b 482 280 0.58 0.11 0.3286258 5.0820.10 0.112025 183228

MD2±25 515 433 0.84 0.13 0.3257258 5.0020.09 0.111326 182129

MD2±26 443 362 0.82 0.06 0.3279258 5.0820.10 0.112325 183728

MD2±28 392 183 0.47 0.06 0.3381260 5.2220.10 0.111925 183029

MD2±29 901 576 0.64 0.01 0.3312258 5.1320.09 0.112323 183725

a Corrected for 204Pb.
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obtained from the homogeneous Mabel Downs Tona-
lite040 km to the northeast (183223 Ma; Page et al.,
1995b) and places an older age limit on the develop-
ment of S3b-parallel shear zones (Fig. 5). However,
granodiorite MD-2 contains a relatively weak S3a fab-
ric in comparison to monzogranite MD-1.

4.3. Microgranodiorite MD-3

In comparison with samples MD-1 and MD-2,
fewer zircons were extracted from microgranodiorite
MD-3, due to its leucocratic composition and the rela-
tively small size (<0.5 kg) of the sample. The grains
are subhedral, and mostly clear and colourless in
transmitted light. Aspect ratios range from 2:1 to 3:1,
and grains rarely exceed 150 mm in length. U contents
are mostly in the range 100±800 ppm, and Th/U ratios
are 0.1±0.8.

A total of 15 analyses were made on zircons from
microgranodiorite MD-3 (Table 3, Fig. 9c). Two of
these (MD3-5 and MD3-9) returned intragrain
207Pb/206Pb ages of 1908216 Ma and 186627 Ma (1s
errors), respectively. These ages are similar to those
obtained from detrital zircons in nearby metasedimen-
tary rocks (Bodorkos et al., 2000) and are interpreted
as xenocrysts rafted o� the metasedimentary host
rocks during magma ascent. One of the remaining 13
analyses (MD3-4b) returned a reverse discordant
207Pb/206Pb age of 1786 2 6 Ma (1s error), which is
outside 1s error of any other intragrain analysis
(Fig. 9c). It is likely that the U±Pb isotopic system
within this grain was disturbed subsequent to mag-

matic crystallisation, and we exclude it from further
consideration.

The other 12 analyses are mostly concordant and
have a weighted mean 207Pb/206Pb age of 1826.627.3
Ma (chi-squared=1.66). The chi-squared value
suggests that the scatter observed in this small popu-
lation is within the limits imposed by analytical uncer-
tainty. This magmatic crystallisation age provides a
younger age limit on the timing of D3b deformation in
the Ord River Shear Zone, since microgranodiorite
MD-3 contains no evidence of a tectonic foliation.

4.4. Analysis and interpretation of U±Pb SHRIMP
zircon data

The dating of temporally closely spaced intrusive
phases via U±Pb SHRIMP zircon geochronology is
complicated by the fact that errors attributable to ana-
lytical uncertainty will not only substantially exceed
the total duration of the zircon-forming event, but also
have considerable potential to exceed the real duration
of quiescent periods between magma injection epi-
sodes. Errors at the 95% con®dence level on the
weighted mean ages presented above range from 23.3
to 27.3 Ma, and these errors probably exceed the real
age di�erences between the granitoid phases. Neverthe-
less, important constraints may be imposed on the dur-
ation of magmatism and syn-plutonic deformation in
the Mabel Downs Tonalite by evaluating the extent to
which the three weighted mean ages presented above
are distinguishable.

Fig. 10 shows the three weighted mean U±Pb
SHRIMP ages plotted in probability space, assuming a

Table 3

Results of 15 ion microprobe analyses from post-D3b microgranodiorite MD-3. All errors are 21s. Common 206Pb(%) is a measure of the

amount of common 206Pb as a percentage of the total measured 206Pb at each spot, assuming Broken Hill isotopic Pb compositions

U Th Common 207Pb/206Pb

Spot (ppm) (ppm) Th/U 206Pb(%) 206Pba/238U 207Pba/235U 207Pba/206Pba age (Ma)

MD3±1a 406 56 0.14 0.05 0.3409255 5.2520.09 0.111823 182825

MD3±1b 423 71 0.17 0.07 0.3186251 4.9420.08 0.112523 184025

MD3±2a 149 117 0.78 0.05 0.3375255 5.2320.09 0.112426 1839210

MD3±2b 310 177 0.57 0.22 0.3241254 4.9520.09 0.110826 1813210

MD3±3a 248 189 0.76 0.26 0.3271255 5.0620.10 0.112128 1834213

MD3±3b 815 107 0.13 0.15 0.3286253 5.0220.08 0.110724 181126

MD3±4a 188 122 0.65 0.34 0.3318256 5.1320.10 0.112229 1835214

MD3±4bb 617 63 0.10 0.12 0.3295253 4.9620.08 0.109224 178626

MD3±6a 161 69 0.43 0.35 0.3073252 4.7220.10 0.1113210 1821217

MD3±7a 161 66 0.41 0.38 0.3354257 5.1720.11 0.1117210 1827217

MD3±8 420 253 0.60 0.28 0.3299254 5.0520.09 0.111126 181829

MD3±10 306 204 0.67 0.18 0.3342255 5.1520.09 0.111826 1829210

MD3±11 149 73 0.49 0.25 0.3126254 4.7720.10 0.110729 1810216

Older (pre-1850 Ma) xenocrysts

MD3±9 595 431 0.72 0.09 0.3277253 5.1620.09 0.114124 186627

MD3±5 158 87 0.55 0.40 0.3126253 5.0320.10 0.1168210 1908216

a Corrected for 204Pb.
b Reverse discordant analysis excluded from the calculation of the weighted mean age.
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Gaussian error distribution. The degree of distinguish-

ability between any two of the three ages can be calcu-

lated by evaluating the probability at which the two

curves intersect. These intersection points are marked

on Fig. 10 with small white circles, and labelled with

the two relevant sample numbers. Horizontal lines and
shaded areas represent con®dence level `contours' at
which each pair of ages is signi®cantly di�erent. For
example, all three ages are distinct at the 75% con®-
dence level, since none of the three curves intersect
above this level in probability space. However, at the
95% con®dence level, neither monzogranite MD-1 nor
microgranodiorite MD-3 are signi®cantly di�erent in
age from granodiorite MD-2. Nevertheless, this does
not mean that all three samples are indistinguishable
in age, since the age of monzogranite MD-1 remains
signi®cantly di�erent to that of microgranodiorite
MD-3 at the 95% con®dence level. That these ages are
signi®cantly di�erent at the 95% con®dence level,
despite the fact that errors associated with each pooled
age are of the order of 6±7 million years, strongly
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be distinguished from MD-2.
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suggests that the di�erence in ages is attributable to
some source other than analytical uncertainty, and
that the total duration of magmatism during the D3

event was of the order of several million years rather
than several hundred thousand years.

The equations for each pair of curves were solved sim-
ultaneously to obtain the probability at which each pair
of ages is indistinguishable. For example, the curves for
MD-2 and MD-3 intersect at 1830.25 Ma, at a prob-
ability of 0.4729. Thus the probability that the MD-3
age is older than 1830.25 Ma is 0.4729, the probability
that the MD-2 age is younger than 1830.25 Ma is 0.4729,
and the probability that the two ages are not signi®cantly
di�erent is represented by the intersection of these two
probabilities, i.e. (0.4729)2=0.224. Therefore the prob-
ability that the ages are distinct is 1.000ÿ0.224=0.776.
Thus the ages are distinct at a con®dence level less
than 77.6%, but are not signi®cantly di�erent at a
con®dence level greater than 77.6%. Using the method
outlined above, the exact `distinguishability' con®dence
levels for all three age pairs were calculated, and these
are summarised below Fig. 10. The probability that all
three ages are distinct is the cumulative probability of
these `distinguishability' con®dence levels. The ®nal
result (65.9%) suggests that overall it is reasonably
likely that the three ages are all distinct from each
other. In contrast, the probability that the ages are all
the same is approximately 2%.

The high probability that plutonism and defor-
mation took place over an interval longer than that
required for conductive cooling and solidi®cation of
the magmas is strongly supported by the ®eld relation-
ships presented in the previous section. The existence
of a uniform intrusion sequence of compositionally
distinct magmas, and deformation events which dis-
play consistent cross-cutting relationships both with
each other and within the intrusive chronology,
together suggest that regional D3 deformation and
emplacement of the Mabel Downs Tonalite was pro-
tracted and comprised a discrete sequence of magmatic
and deformational episodes. In comparison, if the total
duration of magmatism and deformation was short
(e.g. less than one million years), the considerable
scope for temporal overlap both between individual
intrusive episodes and between magmatism and locally
recognised deformation events should have resulted in
widespread mutual cross-cutting relationships between
intrusive phases and an inconsistent relative defor-
mation chronology, neither of which was observed in
the studied outcrops.

5. Duration of intrusion and deformation

The integrated ®eld, microstructural and geochrono-
logical data presented above suggest that the interval

over which magmatism took place spanned the two
locally recognised deformation events. Firstly, despite
the large errors at the 95% con®dence level associated
with the pooled SHRIMP ages presented in the pre-
vious section, there is a consistent relationship between
207Pb/206Pb zircon ages and the position of the host
granitoid in the deformation chronology. The presence
of a strong tectonic S3a foliation in the 1837.3 2 6.0
Ma porphyritic monzogranite MD-1, a corresponding
but weaker S3a fabric in the 1831.92 3.3 Ma grano-
diorite MD-2, and the absence of solid-state defor-
mation in the 1826.627.3 Ma microgranodiorite vein
MD-3 collectively suggest that the intrusive phases
bracket at least one episode of solid-state deformation.
Secondly, the constant position of the majority of
rock types within the relative deformation chronology
in the Spring Creek outcrops suggests that the ®eld
relationships observed are the product of several
discrete and distinguishable episodes of deformation
and magmatism. Magmas emplaced as a single `batch'
during deformation commonly display an extensive
range of mutual cross-cutting relationships both
between intrusive phases and between magmatism
and overprinting deformation (Vernon et al., 1988;
D'Lemos et al., 1992; Karlstrom et al., 1993;
McCa�rey et al., 1999). The absence of more wide-
spread mutual cross-cutting relations between all
phases in the Spring Creek outcrops suggests that
Mabel Downs plutonism spanned a longer interval
than that required to simply cool the interacting
magmas below their respective solidi.

The interaction between local deformation and the
three dated intrusives also imposes important con-
straints on the detail of the chronology. For example,
the di�erence in intensity of the S3a foliation in mon-
zogranite MD-1 and granodiorite MD-2 (both of
which pre-date D3b) can be explained by (i) a real age
di�erence between the two intrusive phases (i.e.
igneous crystallisation of MD-2 at 1831.9 2 3.3 Ma
occurred during the waning stages of the D3a defor-
mation recorded by MD-1 at 1837.3 2 6.0 Ma); (ii)
di�erences in the intensity of deformation a�ecting the
granitoids, possibly as a function of either distance
from the pluton margin or pre-existing igneous tex-
tures, since it is possible that the coarse-grained por-
phyritic texture of monzogranite MD-1 accentuated
the e�ects of subsequent solid-state deformation.
Fig. 11 shows the two possible schematic relationships
between the three Mabel Downs intrusives and pro-
gressive D3, within the regional deformation frame-
work.

We prefer (i) on the basis of the similarity in struc-
tural level of the Spring Creek outcrops (containing
MD-2 and MD-3) and the location of monzogranite
MD-1, both of which were very close to the structural
base of the Mabel Downs Tonalite prior to the devel-
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opment of S3b shear zones, intrusion of microdiorite
dykes and F4 folding. As the intensity of D3a defor-
mation increases towards the pluton margins elsewhere
in the Mabel Downs Tonalite, monzogranite MD-1
and granodiorite MD-2 should have had similar re-
sponses to D3a tectonism if both intrusives pre-dated
the deformation event. Instead, granodiorite MD-2
preserves traces of a magmatic foliation that is no
longer apparent in porphyritic monzogranite MD-1.
As a result, we contend that there is an age di�erence
between MD-1 and MD-2, and that the intrusives
bracket the peak of regional D3a deformation. Intru-
sion of granodiorite MD-2 during the waning stages of
D3a would account for the observed overprinting of a
primary magmatic foliation by a tectonic fabric.

5.1. Position of D3 and the Mabel Downs Tonalite in
the regional thermal history

The D3b event is clearly bracketed by MD-2 and
MD-3 (Fig. 5), therefore granodiorite MD-2 is late- to
post-D3a and pre-D3b, and its U±Pb SHRIMP zircon
age of 1831.923.3 Ma is the best estimate of the tim-
ing of regional D3 east of the S4 Highway Shear Zone,
which represents a metamorphic discontinuity. This re-
lationship is important in terms of the temperature±
time path for the mid-crustal section currently exposed
in the northern Central zone (Fig. 1b). Peak meta-

morphism in the Tickalara Metamorphics occurred at
01845 Ma on both sides of the Highway Shear Zone
(Oliver et al., 1999; Bodorkos et al., 2000). To the west
of the Highway Shear Zone, the post-peak meta-
morphic Sally Malay layered ma®c intrusion (U±Pb
SHRIMP zircon age 18412 3 Ma; Trudu and Hoat-
son, 1996) displays intrusive relationships and textures
consistent with its emplacement into metapelites that
were already hot (Oliver and Barr, 1997). The earliest
phases of the Mabel Downs Tonalite rapidly followed
(within 10 million years) on the eastern side of the
Highway Shear Zone, but intrusive relationships are
consistent with emplacement into lower-temperature
host rocks (Bodorkos et al., 1999). However, pressure
estimates from thermobarometric data in the vicinity
of the two intrusions give similar values (0400 MPa;
Thornett, 1986; Magart, 1994), suggesting that despite
di�erences in peak metamorphic temperatures, the
areas separated by the Highway Shear Zone were at
approximately the same mid-crustal level prior to their
juxtaposition during D4 (Fig. 1b).

An external constraint on the cessation of regional
D3 east of the Highway Shear Zone is provided by the
nearby Sally Downs Tonalite, which has a U±Pb
SHRIMP zircon age of 182124 Ma (Sheppard et al.,
1995). This post-D3 pluton contains a weak magmatic
foliation and preserves no evidence of solid-state duc-
tile deformation. Foliations in rocks on both sides of
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Fig. 11. Diagram showing possible relationships between the dated intrusive phases of the Mabel Downs Tonalite and the D3 event, within the

regional deformation chronology. Note that in the alternative chronologies (I) and (II), the absolute timing of individual intrusion crystallisation

has been held constant, for simplicity in depicting their relationships to the D3 event. In chronology (I), granodiorite MD-2 intrudes during the

waning stages of D3a deformation, and di�erences in the intensity of the S3a foliation in MD-1 and MD-2 can be explained in terms of a real age

di�erence between the intrusives. In chronology (II), MD-1 and MD-2 are both pre-D3, and di�erences in the e�ect of D3a on these two samples

are ascribed to pluton-scale strain heterogeneities and/or the e�ect of pre-existing igneous textures. U±Pb SHRIMP zircon data providing con-

straints on regional D2 and D4: (1)=post-F2 Sally Malay layered ma®c intrusion, 184123 Ma (Trudu and Hoatson, 1996); (2)=post-D3 and

pre-F4 Sally Downs Tonalite, 182124 Ma (Sheppard et al., 1995); (3)=post-F4 Mount Christine Granitoid, 180823 Ma (Sheppard et al., 1995).
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the Highway Shear Zone are folded around a tight
NNE-trending macroscopic F4 antiform, the limbs of
which are truncated by kilometre-scale brittle fault
zones parallel to F4 axial traces. One of these faults is
stitched by an 01810 Ma granitoid in the southern
Halls Creek Orogen (Sheppard et al., 1995), which
provides a younger age limit for D4 deformation.

6. Implications for the interpretation of syn-plutonic
deformation events

Many studies of the interaction between defor-
mation and plutonism utilise comparisons of estimated
crustal strain rates during orogenesis with approximate
duration of pluton solidi®cation processes. Simple
thermal modelling of the cooling by conduction of tab-
ular granite-like bodies emplaced in the middle crust
(where the temperature contrast between the liquid
magma and the host rocks is unlikely to be signi®-
cantly greater than 5008C) suggests that pluton crystal-
lisation occurs very rapidly, even for intrusive sheets of
kilometre-scale thickness. Karlstrom et al. (1993)
applied the equations of Turcotte and Schubert (1982)
to the cooling of the Cretaceous East Piute pluton in
southeastern California, a 3±4-km-thick granodiorite
sheet (estimated solidus temperature07508C) emplaced
into host rocks at a temperature of 3008C. A maximum
crystallisation time of0105 y was obtained.

These data can be used in conjunction with studies
of accumulated ®nite strain in a large number of Pha-
nerozoic orogenic belts (summarised by P®�ner and
Ramsay, 1982) in order to infer crustal strain rates
during syn-plutonic deformation. P®�ner and Ramsay
(1982) suggested that the build-up (by steady-state
¯ow) of geologically moderate ®nite strains over time
intervals less than05 million years necessitates average
strain rates in the range 10ÿ13±10ÿ15 sÿ1. Strain rates
in excess of 10ÿ13 sÿ1 produce very high strains, or
require an extremely short deformation event (=104 y;
P®�ner and Ramsay, 1982). Based on major- and
trace-element geochemistry, Karlstrom et al. (1993)
argued that the East Piute pluton represents a single
`batch' of magma within which chemical variations
between distinguishable intrusive phases are attribu-
table to fractional crystallisation processes. As a result,
the duration of crystallisation precisely de®nes the time
interval in which fabric development took place, based
on shear strain estimates from latest syn-tectonic felsic
dykes emplaced in tension gashes when the pluton was
nearly completely crystallised (Karlstrom et al., 1993).
As a result, producing the moderate amount of strain
observable in the East Piute pluton within 0105 y
requires a very high orogenic strain rate of 10ÿ11±
10ÿ12 sÿ1; such rates may be possible in the case of
short-lived localised episodic events assisted by melt-

enhanced deformation (Hollister and Crawford, 1986;
Karlstrom et al., 1993).

The Mabel Downs Tonalite approximates a tabular
body of similar thickness to the Cretaceous East Piute
pluton described by Karlstrom et al. (1993). Compara-
tively, the ma®c composition and the scarcity of inher-
ited zircon in the Mabel Downs Tonalite probably
indicates a higher mean solidus temperature [08008C,
using the Zr saturation calculations of Watson and
Harrison (1983) and assuming >95% of the Zr con-
centration measured in the granite was required for
Zr-saturation of the magma]. However, this is
balanced by the likelihood of higher host-rock tem-
peratures (>4008C) during its emplacement. Pluton
solidi®cation times derived from the equations of Tur-
cotte and Schubert (1982) depend principally on the
thickness of the intrusion and the magma±host rock
temperature contrast (rather than the temperature
values themselves), and these two parameters are very
similar for the East Piute pluton and the Mabel
Downs Tonalite. Therefore we suggest that the grani-
toids of the Mabel Downs Tonalite crystallised within
0105 y of emplacement, with the important proviso
that they comprise a single, instantaneously emplaced
igneous body.

However, an important di�erence between the East
Piute pluton and the syn-magmatic deformation of the
Mabel Downs Tonalite involves the possibility of epi-
sodic emplacement of the intrusion. Emplacement of
voluminous mingled microdiorite magma into pre-
existing, substantially crystallised granitoids in the
vicinity of the Ord River Shear Zone constitutes at
least circumstantial ®eld evidence that the Mabel
Downs Tonalite was not intruded as a single magmatic
pulse. Furthermore, preliminary Sr isotopic data
suggest that the range of granitoid compositions were
not derived by chemical di�erentiation of a single
source (S. Bodorkos and A.A. Nemchin, unpublished
data). In this case, `syn-tectonic' deformation is not
restricted to the pluton solidi®cation interval of a
single igneous body, and it is likely that real (if not
resolvable) age di�erences between intrusive phases are
comparable to the duration of intervening deformation
events. This suggests that anomalously high orogenic
strain rates over short time intervals are not required
in order to produce the observed deformation features
in the Mabel Downs Tonalite and its host rocks. The
moderate degree of shear strain observed may equally
be the result of lower crustal strain rates over a longer
period of time. This is consistent with the development
of D3 structures on a regional scale and the constraints
imposed by the U±Pb SHRIMP zircon data.

The prolonged nature of D3 deformation at 01830
Ma, when combined with evidence for a protracted
thermal event in the Halls Creek Orogen (during
which mid-crustal temperatures remained above 0400±
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5008C in the interval01850±1820 Ma; Bodorkos et al.,
1999) is signi®cant in terms of the pattern of ®nite
strain accumulation during orogenesis. The relatively
rapid succession of three recognisable, macroscopic de-
formation events D2, D3 and D4 (all of which occurred
in the interval 01850±1810 Ma) imply that individual
deformation phases did not sharply punctuate periods
of quiescence in a long-lived orogeny, but were each of
moderately long duration (of the order of a few
million years). As a result, strain may have accumu-
lated at moderate to low rates regionally, in contrast
with other orogenic belts where evidence exists for
either higher shear strains or longer `intradeforma-
tional lulls' (e.g. Bell, 1981; Tobisch and Paterson,
1990).

7. Conclusions

The combined ®eld, petrological and geochronologi-
cal data presented here suggest that intrusion of the
Mabel Downs Tonalite involved protracted and
repeated magmatism, spanning D3 deformation in the
central Halls Creek Orogen. Despite large errors at the
95% con®dence level on the U±Pb SHRIMP zircon
ages, the high probability of distinguishable di�erences
in ages between intrusive phases is signi®cant in the
context of studies of syn-tectonic plutonism which seek
to constrain the duration of episodic deformation with
respect to intrusion in order to infer local orogenic
strain rates (e.g. Karlstrom et al., 1993; McCa�rey et
al., 1999). Pluton solidi®cation processes in the upper-
and middle-crust are demonstrably rapid even for
large bodies; however, the timing of associated defor-
mation can only be broadly constrained, even when
extremely precise geochronological data are available.
In addition, evidence for episodic magmatism and/or
multiple magma sources (on the basis of ®eld relations,
geochemical or isotopic evidence) severely complicates
calculations of a proposed duration for pluton-scale
deformation. We therefore advocate caution in the
inference of orogenic strain rates based on the dur-
ation of syn-tectonic deformation of a crystallising plu-
ton, especially when the interacting pluton is the
product of two or more discrete magmatic episodes,
which may be separated in time by intervals that
exceed the proposed duration of the deformation
event, based on the solidi®cation time of a single, in-
stantaneously emplaced batch of magma.
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