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Abstract

MeÂ lange formation, cataclasis, meso- to micro-scale faulting, and veining re¯ect faulting processes within turbidite and

limestone sequences juxtaposed along a steeply dipping, sinistral wrench-fault zone in the Lachlan Orogen, southeastern
Australia. Fault damage occurs across a zone up to 600 m wide. E�ects of faulting in the turbidites are shown by a 100±150 m
wide zone of scaly mudstone-matrix meÂ lange, mud-injection `dykes' and veinlets, and refolding of meÂ lange fabrics, with minor

subsidiary brittle-faulting and cataclasis extending up to 500 m from the major fault plane. Veining and cataclastic zones occur
in the limestone and are most pronounced up to 100 m from the main brittle fault. Fluid inclusion data from quartz and calcite
veins suggest faulting took place at temperatures between 160 and 2008C, whereas folding is inferred to have taken place at

temperatures above 3008C. Fluid-assisted, fault zone `weakening' mechanisms (pressure solution/solution transfer) were active
over the whole fault zone. Veining, characteristic of ¯uid-assisted fault zone `strengthening' processes (i.e. rock-mass
cementation), is con®ned to the limestone sequence. Here, calcite precipation led to fault rocks with lower porosity and
permeability than in the turbidite sequence. Overprinting between di�erent veins and fractures, and zonation in vein cement

suggest cyclic deformation and ¯uid ¯ow. The repeated change between brittle fracturing and veining/cementation led to a
combined conduit±barrier system in the limestone sequence, whereas the meÂ lange zone in the turbidites acted as a ¯uid conduit
only. # 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction

Internal structures of fault zones and mechanisms of

faulting are useful in understanding and predicting

earthquakes. In particular, the observed weakness of

many continental fault zones relative to the surround-

ing country rocks has led to a long-standing discussion

concerning the mechanical behaviour of seismogenic

active faults in the Earth's crust (Chester and Logan,

1986, 1987; Sibson, 1989, 1990; Hickmann, 1990;

Chester et al., 1993; Chester, 1994). Seismogenic fault-

ing however, normally located within the upper 5±

20 km of the crust, is not accessible for direct obser-

vations. Therefore, experimental rock deformation and

studies of exhumed fault zones have been used to

explain mechanisms of faulting and to develop models

of fault evolution. Laboratory experiments have pro-

vided information about the conditions under which

seismogenic faulting takes place in various minerals

and rocks (e.g. Paterson, 1978; Blanpied et al., 1992;

Logan et al., 1992) and led to better understanding of

the transition from stable sliding to stick slip beha-

viour (cf. Hirth and Tullis, 1989). But in naturally

deformed rocks, variables such as ¯uid pressure, ¯uid

composition, lithology and grain size have a�ected and

complicated the faulting process (e.g. Newman and

Mitra, 1993). Investigations of exhumed fault zones

provide direct information about variations in fault

zone characteristics (fault rock composition, meso- and

microstructures, fault thickness, ¯uid ¯ow) and

changes in the strength of faults (Cox and Etheridge,

1989; Scholz, 1989; Hadizadeh, 1994; Knipe and
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Lloyd, 1994; Newman and Mitra, 1993; Cox, 1995;
Janssen et al., 1997).

This paper describes the character of a Palaeozoic,
brittle wrench-fault in the turbidite-dominated western
subprovince of the Lachlan Orogen near Cape
Liptrap, southeastern Australia (Fig. 1). Deformation
across the fault zone is investigated within limestone
and clastic turbiditic rocks at both meso- and micro-
scopic scales. Fluid-inclusion analyses from both
quartz and calcite veins are used to estimate fold- and
fault-related deformation conditions. The purpose of
these investigations is, ®rstly to characterise the inter-
action of ¯uids with lithology, and secondly to deter-

mine their e�ects on deformation mechanisms and
fault behaviour. Finally, the results are integrated into
a model to explain the di�erences in fault-related de-
formation. The paper shows that fault zone character,
local deformation mechanisms, ¯uid±rock behaviour,
and therefore fault-zone rheology, change with lithol-
ogy across the 600 m wide fault zone. The fault zone
has behaved as a combined conduit±barrier system,
which may typify fault behaviour and the palaeo-¯uid
¯ow of faults in the shallow levels of accretionary
prisms or sediment wedges. A companion paper
(Janssen et al., 1998) investigates the nature of the
¯uid and the alteration e�ects around the Waratah

Fig. 1. Geological map of Melbourne Zone showing continental overlap successions, post tectonic granites and their volcanic carapaces and the

curvilinear axial surface traces of regional folds (modi®ed from VandenBerg, 1988, ®g. 4.1). Position of Cape Liptrap and Fig. 2 is shown.

MWFZ: Mount Wellington Fault Zone. Granite K/Ar age data are from Richards and Singleton (1981). The Woods Point Dyke swarm occurs

in a region some 150 km long by 20 km wide, and consists of ma®c/ultrama®c rocks with ages 0380 Ma (Richards and Singleton, 1981). These

dykes have been related to closure of the marginal sea (former Melbourne `trough') with subsequent detachment of the oceanic slab (see Soesoo

et al., 1997, ®g. 3).
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Fault Zone, using major and minor element geochem-
istry and stable isotopes of veins.

2. Geological setting of the Waratah Fault Zone

The Waratah Fault Zone is a steep, NE±SW-trend-
ing, `brittle' fault zone which juxtaposes a weakly
cleaved, chevron-folded turbidite sequence with minor
(<1%) quartz veins (Early Devonian Liptrap
Formation) against heavily veined and fractured lime-
stone (Early Devonian Bell Point Limestone). It is

located in the eastern part of the Melbourne Zone
(Fig. 1) in the western subprovince of the mid-
Palaeozoic Lachlan Orogen (Gray, 1997, ®g. 4). The
western subprovince consists of an east-vergent, accre-
tionary wedge-type thrust-system (Gray and Foster,
1998). This occurs within an Early Palaeozoic turbidite
sequence consisting of chevron-folded, interbedded
sandstone and mudstone (Cox et al., 1991; Gray and
Willman, 1991a,b; Gray et al., 1991; Gray and Foster,
1997; Gray and Foster, 1998). Slivers of `oceanic' crust
are preserved within major faults which bound three
major structural zones (Gray, 1997, ®gs. 3 and 4). The

Fig. 2. Geological map of the Cape Liptrap region showing the Liptrap Formation in fault contact with Early Devonian limestone overlying a

Cambrian metabasalt±chert sequence along the Waratah Fault (modi®ed from Lindner, 1953, ®g. 3; and O'Connor, 1978). Locations of Figs. 3

and 9 are shown. Structural pro®le A±A 0 adapted from O'Connor (1978).
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Waratah Fault Zone may form part of a wrench trans-
fer-zone between east-vergent structures in the
Melbourne Zone (Murphy and Gray, 1992; Gray,
1995; Gray and Mortimer, 1996) and west-vergent
structures in the Mathinna Beds of northern Tasmania
(Powell and Baillie, 1992; Elliott et al., 1993;
Woodward et al., 1993).

The Waratah Fault Zone separates a sequence of
Early Devonian quartz sandstones and mudstones
(Liptrap Formation) from Early Devonian Siegenian
and Emsian limestones (Bell Point Limestone, Kiln
Limestone, Bird Limestone; Figs. 2 and 3) (Lindner,
1953; Talent, 1965; VandenBerg, 1975). The Liptrap
Formation is close to tightly chevron-folded (Fig. 2,

Fig. 3. Geological map of the Waratah Fault Zone on the foreshore of Waratah Bay between Walkerville North and Walkerville South.

Structural zones for the Waratah Fault Zone are shown.
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Fig. 4. Photographs of fold- and fault-related deformation structures in the Liptrap Formation. (a) Typical folds in the Liptrap Formation, Fold

Stack (see Fig. 2). Base of photo approx. 20 m. (b) Slump folds in Liptrap Formation, between Point Grinder and Cape Liptrap. Base of photo

is approx. 5 m. (c) Waratah Fault at the Blu�, Walkerville South. Base of photo is approx. 15 m. (d) Sandstone blocks in scaly-matrix meÂ lange

of the fault meÂ lange zone, the Blu�. Base of photo is approx. 1 m. (e) Fractured Liptrap Formation transitional into meÂ lange, the Blu�. Base of

photo is approx. 2 m. (f) Mud injection dykes (md) intruded subparallel to the foliation in the scaly-mudstone matrix meÂ lange, the Blu�. Pen

length is 16 cm. (g) Fine anastomosing mud-injection veinlets intruded subparallel to the foliation in the scaly-mudstone matrix meÂ lange, the

Blu�. Pen length is 16 cm. (h) Mud injection zones subparallel to cataclastic zones within brecciated Liptrap Formation, the Blu�. Pen length is

16 cm. (i) Enlargement of (h) showing folded scaly mudstone fabric truncated by cataclastic zones and intruded by mud injection veins. Pen

length is 16 cm. (j) Photomicrograph of anastomosing cataclastic zones in Liptrap Formation, the Blu�. Base of photo is 2 cm.
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Fig. 5 (caption opposite)
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section A±A 0; Fig. 4a), but the mudstones are only
weakly cleaved (Fig. 5a). The limestones are cataclasti-
cally deformed, weakly folded, and contain rare tec-
tonic stylolites. The Early Devonian limestones rest
unconformably upon Cambrian meta-basalts which
comprise massive basalt, pillow lavas and intercalated
umber and ochre cherts (Fig. 2). Limestone detritus
within slumped horizons and fragments of greenstone
within coarse sandstone units in the turbidites, suggest
a local source component for the Liptrap Formation
(Nas, 1988).

The Melbourne Zone contains a thick, unbroken
Silurian±Lower Devonian sedimentary succession, but
shows progradation in sedimentation from west to east
(Garrat, 1983; VandenBerg, 1988, table 4.1; Foster et
al., 1996). In the west a 9±10-km-thick basal Silurian
to Pragian sequence (Darraweit Guim province) thins
to approximately 2.2 km in the east (Mount Easton
province) (Ramsay and VandenBerg, 1986, p. 225;
VandenBerg, 1988). The Early Devonian successions
are marked by shallowing in the west and turbidite de-
position in the east (>5 km). Sedimentation was termi-
nated after deposition of a 2±4-km-thick late Early
Devonian (Eifelian±Frasnian) sequence (VandenBerg
and Wilkinson, 1982). Ages of 450±430 Ma for the
inherited detrital mica components in the eastern
Melbourne Zone (Bucher et al., 1996), suggest cannibi-
lisation of the Cambrian±Early Ordovician quartz-rich
turbidites in the zones to the west, accompanying the
west to east progradation in sedimentation (Foster et
al., 1996, 1998).

The single Early±Middle Devonian deformation of
the Melbourne Zone is constrained by the age of the
youngest Eifelian sediments (380±387 Ma) and ages of
post-tectonic granites (362±376 Ma; VandenBerg, 1988;
Gray, 1990; Gray and Cull, 1992). 40Ar/39Ar mica
crystallisation ages from the western Lachlan Orogen
indicate that deformation migrated eastwards from
450 Ma in the west to 0400±390 Ma in the east while
sedimentation was ongoing in the eastern Melbourne
Zone (Foster et al., 1996, 1998; Gray and Foster,
1997; Gray et al., 1997). The Liptrap Formation rep-

resents some of the last sediments deposited.
Deformation is considered to have occurred soon after
or during sedimentation (<10 Ma), an argument sup-
ported by slumped zones and slump horizons in the
Liptrap Formation, features not typical of other parts
of the western subprovince of the Lachlan Orogen (cf.
Cas and VandenBerg, 1988). Zones of slump folds up
to 50 m wide in the Liptrap Formation are de®ned by
variously oriented, highly irregular folds (Fig. 4b)
often with complex fold interference and bounded by
faults (Gray, unpublished data).

Subgreenschist metamorphism is characterised by
white mica, chlorite and minor metamorphic muscovite
assemblages in the arenites and mudstones of the
Liptrap Formation (Lennox and Golding, 1989; O�er
et al., 1998). The presence of intermediate P meta-
morphism within the turbidites shown by the `bo' cell
spacing of white mica in slates (O�er et al., 1998), and
intermediate±high P blueschist metamorphism shown
by relict Na amphiboles in Cambrian ma®c volcanics
and Franciscan-like blocks within serpentinite and
mud-matrix meÂ langes (see Nicholls, 1965; Spaggiari et
al., 1998) support deformation in an oceanic setting,
with the inferred underthrusting (e.g. Murphy and
Gray, 1992; Gray, 1995) potentially related to subduc-
tion (see Gray and Foster, 1997; Soesoo et al., 1997).
Geological relationships and deformation style suggest
that in the Early Devonian this part of the Melbourne
Zone was in the frontal part of a migrating sedimen-
tary `wedge' analogous to an accretionary prism within
a SW Paci®c-style marginal sea or small ocean basin
(Foster et al., 1996; Gray and Foster, 1997; Foster and
Gray, in press).

3. Fault zone character

The Waratah Fault was ®rst recognised as a NE±
SW-trending, steeply W-dipping, brittle fault (Lindner,
1953). It has a map length of about 40 km (Fig. 1b)
and has been considered to be a continuation of the
Mount Eastern Fault Zone (cf. VandenBerg and

Fig. 5. Photographs of fold- and fault-related deformation structures in the Liptrap Formation (a±d), the limestones (e, f, h±l) and the ma®c vol-

canics (g). (a) Spaced cleavage in ®ne grained sandstone layers and weak reticulate to slaty cleavage in mudstone of the Liptrap Formation,

Walkerville North. Pen length is 14 cm. (b) Weakly developed slaty cleavage in mudstone showing folded, ®ne grained sandstone layer, Liptrap

Formation, the Blu�. Base of photo is 8 cm. (c) Dark pressure solution seams marking the slaty cleavage, cut by post-cleavage, discordant, fault-

related quartz vein. Base of photo is approx. 5 cm. (d) Quartz vein in mudstone ®lled by coarse quartz cement, showing increasing grain size

toward the vein centre. Crossed nicols. Base of photo is 3 cm. (e) Heavily veined and fractured, cataclasitic Bell Point Limestone near the

Waratah Fault, the Blu�. Pen length is 14 cm. (f) Heavily veined and fractured, cataclasitic Waratah Limestone near the Waratah Fault, Point

Grinder. Pen length is 14 cm. (g) North-trending cataclastic zone in the Cambrian metabasites, Bird Rocks. Pen length is 14 cm. (h)

Photomicrograph of veined and fractured cataclasite, Bell Point Limestone, the Blu�. Base of photo is 5 cm; PPL. (i) Photomicrograph of calcite

cement in brecciated Bell Point Limestone close to the fault contact showing lattice-controlled `bulging' grain boundaries due to dynamic recrys-

tallisation. Base of photo is approx. 1 mm; crossed nicols. (j) Calcite vein between clay-gouge (right) and Bell Point Limestone showing elongated

blocky calcite indicative of slow opening by aseismic slip (cf. Gratier and Gamond, 1990). Base of photo is 3 cm; crossed nicols. (k) Brecciated

Kiln Limestone showing stylolitic contact between twinned vein-cement and unchanged limestone matrix. Base of photo is 6 mm; crossed nicols.

(l) Bent and intersecting deformation twins in calcite vein within brecciated Bell Point Limestone. Base of photo is approx. 1 mm; crossed nicols.

D.R. Gray et al. / Journal of Structural Geology 21 (1999) 191±214 197



Wilkinson, 1982; Gray, 1988). In the coastal exposures
at Walkerville South (Fig. 2) the fault is a deformed
region up to 600 m wide where fault-meÂ lange/gouges,
cataclasites, and fault-breccias surround and incorpor-
ate lenses and pods of less deformed rocks (Figs. 3±5).

The contact between the fault-meÂ lange zone and the
Bell Point Limestone is de®ned as the major fault trace
(Fig. 4c), and is marked by an exposed fault plane of
several tens of square metres. This contact is sharp
and distinct, whereas the boundary with the damaged

Fig. 6. Structural maps (a) and (b) of the folded and faulted Liptrap Formation north of the Waratah Fault Zone, with an enlarged form surface

map (B) of the region adjacent to the Waratah Fault; see (a). Stereonets (a±j) are plots of poles to structural elements and fold axis data within

the Liptrap Formation. Stereonets (a) and (b) are from `folded' Liptrap Formation zone (see Fig. 3) away from the in¯uence of the Waratah

Fault, whereas (c), (d) and (e) are from the `faulted' Liptrap Formation zone, and stereonets (f±j) are for structural data from the `fault-meÂ lange

zone' (see Fig. 3).
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Liptrap Formation is gradual and only discernible by
increasing numbers of fragments imbedded in a scaly
mudstone-matrix (Fig. 4d and e). Subhorizontal slick-
ensides in the footwall limestones on the major fault
plane suggest late stage, sinistral strike-slip movement
along the fault. The exposed fault area and rocks adja-
cent to the fault were divided into six sub-areas based
on lithology, deformation style and intensity of defor-
mation with respect to distance from the main fault
trace (Fig. 3).

3.1. E�ects of faulting within the turbidite sequence

The interbedded sandstone and mudstone sequences
of the Early Devonian Liptrap Formation show vary-
ing e�ects of faulting, related to distance from the
major fault trace of the Waratah Fault Zone (Fig. 3).

3.1.1. Folded Liptrap Formation (distances greater than
500 m from the fault trace; Fig. 3)

Away from the Waratah Fault Zone the Liptrap
Formation consists of N-trending chevron-folds cut by
N- and NW-trending brittle faults (Fig. 6a, stereonets
a, b). The regional fold deformation is characterised
by gently to moderately plunging angular chevron
folds with planar limbs (Figs. 2 and 4a and Fig. 6,
stereonets a, b, c) (cf. Lennox and Golding, 1989).
Fold tightness, fold-hinge geometry and cleavage
development varies with lithology; folded mudstone
beds show angular forms and mostly close fold tight-
ness whereas more rounded, open folds dominate in
sandstone facies. Mudstones show a weak, spaced to
sometimes irregular, reticulate cleavage (Fig. 5a) and
sandstones a heterogeneously developed, spaced clea-
vage (Fig. 5b). Minor quartz veins (<1%) are present.

3.1.2. Faulted Liptrap Formation (distances between
500 and 150 m from the fault trace; Fig. 3)

As the fault zone is approached the folded Liptrap
Formation becomes broken up by a developing fault-
meÂ lange system dominated by N-trending faults cut by
NE-trending fault zones (Fig. 6b, stereonets). Plunges
of early folds tend to steepen somewhat (Fig. 6, com-
pare stereonets a, d, h) and they are refolded by smal-
ler, NE-trending folds (F2) (Fig. 6, stereonets e, i). The
later folds (F2) have steep dipping to subvertical axial
surfaces, and moderate to steep either NNE- or SSW-
plunges (Fig. 6, stereonet e). These folds show no as-
sociated axial surface foliation. The fault-related defor-
mation is characterised by small faults, ranging from
010 cm to greater than 10 m in length, which cut
through the folded mud- and sandstone layers dismem-
bering F1 and F2 folds. Both these faults and the F2-
fold axial surface strike roughly parallel to the major
fault trace and become more prominent toward the
fault meÂ lange zone (Fig. 6, stereonets c, d, e). Only a

few small veins were observed (in the position of
Riedel shears) suggesting that veining activities during
faulting are negligible (see Section 8). The transition
from the damaged Liptrap Formation to the fault meÂ l-
ange zone is gradual.

3.1.3. Fault-meÂlange zone (distances less than 150 m
from the fault trace; Fig. 3)

Adjacent to the major fault trace the Liptrap
Formation has been changed to a tectonic `meÂ lange'
(Fig. 4c and d) with a pronounced scaly fabric oriented
subparallel to the NE-trending dominant fault set
(Fig. 6, stereonet j). The meÂ lange contains polyde-
formed blocks of folded and cleaved turbidite (Figs. 7
and 8). F1 folds generally N-plunging (Figs. 4f and 6,
stereonet f), become re-oriented and refolded by stee-
ply NE- or SW-plunging, NE-trending F2 folds (Fig. 6,
stereonet i). Blocks of folded and cleaved Liptrap
Formation up to 20±30 m in width and 50±100 m in
length are surrounded by scaly mudstone-matrix meÂ l-
ange in the main fault zone (Fig. 7). These contain
both F1 and F2 fold structures. F2 folds fold the early-
formed weak S1 cleavage, but do not develop any
axial surface foliation (Fig. 8, insets b, c). Close to the
fault trace, the meÂ lange zone is characterised by an
overall increase in development of a scaly fabric
(Fig. 8) with relict isoclinal fold-noses in segmented
sandstone layers (Fig. 8, inset a). Fragments and frac-
tures within the meÂ lange (Fig. 4e) display a strong pre-
ferred orientation parallel to the fault (Fig. 6, steronet
c). Mud injection zones as dykes (Fig. 4f) and veinlets
(Fig. 4g) form an anastomosing system within distribu-
ted microfractures and mesofractures. The larger (up
to 4 cm width) dyke-like zones contain sub-rounded to
subangular fragments of sandstone and chert up to
1.5 cm in diameter in a grey mudstone matrix.

Fault-related veins in the fault-meÂ lange zone are
extremely rare, and were formed oblique to the NNE-
oriented scaly fabric of the meÂ lange matrix. The veins
vary between 2 mm and 2 cm in width and are ®lled
by coarse quartz-cement, displaying an increase in
grain size away from the vein surfaces (Fig. 5d). In
some veins the remaining pore spaces between the
quartz grains are ®lled by calcite.

3.2. E�ects of faulting within the limestone

Fault-related brittle deformation has resulted in the
formation of fault-gouges and cataclasites (fault-gouge
cataclasite zone, Fig. 3), fault breccias (fault-breccia
zone, Fig. 3), and slightly deformed host rocks
(unfaulted limestone zone, Fig. 3). The intensity of
fracturing and cataclasis drops o� markedly at ap-
proximately 150 m from the main fault trace, where
limestones are only weakly deformed due to broad
warping. This folding in the limestones is characterised
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by open, gently plunging folds (Fig. 9, stereonet a),
with rare NW-trending subvertical stylolites (Fig. 9,
stereonet b) and minor veins (Fig. 9, stereonet d)
within parts of the Kiln Limestone member.

3.2.1. Fault gouge±cataclasite zone (Fig. 3)
Pervasively brecciated Bell Point Limestones de®ne a

zone of gouge material (Fig. 5e) between the major
fault trace of the Waratah Fault Zone and a southern
fault-branch (Fig. 3). The gouge zone contains subsidi-
ary faults and associated intense macro-fracturing. The
subsidiary faults either form conjugate fault sets or a
series of fracture zones striking subparallel to the
major fault plane (Fig. 10, stereonet a). The transition
between brecciated limestone and the fault-gouge zone
is gradual and reveals a cataclastic progression toward
the fault-gouge (breccia, cataclasites and ultracatacla-

site) over a distance of about 1 m. The cataclastic zone

near the fault-gouge possesses a centimetre-scale foli-

ation, or spaced disjunctive cleavage, de®ned by pre-

ferred orientation of slivers (cleavage domains) and

curved fractures (cleavage planes).

The fault-gouge zone of the southern fault branch

forms the contact with the less deformed Kiln

Limestones (Fig. 9). The gouge zone consists of an 8 m

wide, dark-brown, fractured and extremely ®ne-

grained, scaly-matrix mudstone. Fissility within the

`mudstone' matrix is oriented parallel to the main fault

plane. Although mesoscopically homogeneous in

appearance, thin sections reveal that the fault-gouge

zone consists of a small marginal limestone gouge

(<10 cm) and a central clay-gouge zone (7±8 m). The

limestone gouge is composed of a brown ®ne grained

(<10 nm) calcite-bearing clay matrix containing lenti-

Fig. 7. Structural form surface map of the fault-meÂ lange zone developed within Liptrap Formation turbidites. Scaly-matrix meÂ lange surrounds

relict blocks of Liptrap Formation showing two generations of folds. A±A 0 is section line for pro®le of Fig. 8.
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cular-shaped limestone fragments. Fractures are mostly
healed by calcite cement. The central clay-gouge zone
contains claymatrix only. Overall, the fault-gouge zone
is texturally similar to the fault-meÂ lange zone.
Considering the thickness and appearance of the fault-
gouge zone, it is likely that the gouge material was de-
rived from the former Liptrap Formation (see also
Janssen et al., 1998).

3.2.2. Fault breccia zone (Fig. 3)
The fault-breccia zone consists of heterogeneously

deformed, heavily brecciated and veined Kiln
Limestones (Fig. 5f). The fault breccias are completely
healed by calcite cement and only a few thicker veins
can be distinguished. Fracture sets are NW-trending,
E±W-trending, or NE-trending parallel to the strike of
the main fault (Fig. 10, stereonet b). At the contact
with the fault-gouge zone of the southern fault branch,
the Kiln Limestone appears undeformed.

3.2.3. Unfaulted limestone (Fig. 3)
Decreasing deformation intensity away from the

main fault is marked by a transition from fault-breccia
to faulted limestones to unfaulted limestones. Weakly
deformed Kiln Limestone (Fig. 9) contains subsidiary
faults and fracture zones which show more scatter
than those in the fault-breccia zone (Fig. 10, compare
stereonets d, h with stereonets b, f).

4. Deformation processes within the fault zone

Microscopic observations in the turbidites of the
folded Liptrap Formation indicate that brittle fractur-
ing is more important in sandstones, whereas pressure
solution is dominant in mudstones (cf. Lennox and
Golding, 1989). Micro-fractures, pressure solution
seams and veins overprint the fold-related cleavage
fabric as fault-related deformation with development
of meÂ lange increases towards the fault-meÂ lange zone
(Fig. 7b). In some cases however, fold- and fault-re-
lated structures show mutually cross-cutting relation-
ships, suggesting perhaps a transition from fold- to
fault deformation. Cleavage in scaly-mudstone within
the fault-meÂ lange zone (Fig. 3) is more intense, as
shown by closer spacing of cleavage lamellae and
lower bedding±cleavage angles. It is de®ned by dark
seams of insoluble material (pressure solution relicts)
that impart a striping through the rocks and a strong
mica preferred orientation (Fig. 5c). A common obser-
vation in meÂ lange/gouge zones of exhumed faults both
here (Fig. 4h±j) and elsewhere is that fracturing, fric-
tional sliding and rotation of fragments were the domi-
nant strain-accommodating mechanisms during
faulting (Chester and Logan, 1986; Chester et al.,
1993; Hadizadeh, 1994). In contrast to many of these
faults however, ¯uid-assisted faulting processes in the
fault-meÂ lange zone of the Waratah Fault Zone are
restricted to processes aiding fault zone weakening
(e.g. pressure solution and scaly fabric development),
whereas ¯uid-assisted healing processes (e.g. veining

Fig. 8. Structural pro®le across the fault-meÂ lange zone in the poly-deformed part of the Liptrap Formation. Accompanying structural sketches

include: (a) rootless isoclinal fold closure in disrupted and boudinaged psammitic layers within scaly-mudstone matrix of the meÂ lange. (b) and (c)

Detail of F2 fold closure in relict block surrounded by meÂ lange. Note the folding of the early formed S1 cleavage and the lack of cleavage devel-

oped axial surface to the F2 fold.
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Fig. 9. Geological map with structural data of the limestone sequence on the south side of the Waratah Fault. The Bell Point Limestone occurs

as a heavily fractured and brecciated homoclinally NW-dipping unit between the main fault trace and the southern branch fault (see Fig. 3).

Stereonets show poles to (a) bedding, (b) tectonic stylolites, (c) faults and (d) calcite veins in limestones. Stereonet (e) shows poles to cataclastic

zones within the Cambrian metabasalts exposed just south of Bird Rocks.
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and rock-mass cementation), leading to fault strength-
ening, are limited.

Bell Point Limestones adjacent to the main fault
trace (fault-gouge cataclasite zone, Fig. 3) are heavily
brecciated, fractured and veined (Fig. 5e, f and h) indi-
cating that brittle deformation and ¯uid-assisted heal-
ing processes (veining) were active during faulting.
Pressure solution (Fig. 5k), fracturing (Fig. 5e and f)
and twinning (Fig. 5i and l), the dominant deformation
mechanisms, become more intense toward the fault-
gouge zone (Fig. 11h±l). However, the biomicritic
matrix remains unchanged (Fig. 5k). Many sutured
grain contacts were formed by pressure solution
(Fig. 5k), although some dynamic recrystallisation has
occurred, as shown by lattice-controlled interpenetrat-
ing grain boundaries (Fig. 5i). Further away from the
main fault trace (fault-breccia zone, Fig. 3), the brec-

ciated Kiln Limestones reveal the same intensity of
microfracturing, pressure solution and twinning, and
similar cathodoluminescence signatures of calcite
cements, to those in the brecciated Bell Point
Limestones.

5. Fault kinematics

5.1. MeÂlange zone in turbidites

A change in orientation of early structures (F1

folds) into the fault zone, as well as geometric re-
lationships of fault-zone related F2 meso-folds, are
important kinematic indicators of faulting and fault-
related strain in the turbidites (Fig. 11). Sedimentary
layering is clearly truncated by the Waratah Fault

Fig. 10. Orientation data for brittle deformation elements within the Bell Point and Kiln Limestones including fractures, faults and cataclasite

zones as contoured pole distributions of poles to all fractures on stereonets (a±d), fault planes and fault slip data (e±i) (lines indicate the orien-

tation of the average main fault traces; dots indicate the striation directions measured on the fault traces; the arrows represent the sense of slip

of the hanging wall and the numbers 1 and 3 depict the shortening and extension, respectively); and calcite veins as poles to veins on stereonets

(j±l). Data shown on (a) and (e) are from the gouge-cataclasite zone; (b), (f) and (j) are from the breccia zone; (c), (g) and (k) are from weakly

deformed Kiln Limestone; and (d), (h) and (l) are from relatively undeformed Kiln Limestone; (i) represents great circle traces of slip planes at a

distance of 3±5 km from the main fault trace. Contoured pole distributions are based on a contour interval of 2.0%/1% area.
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Zone and the enveloping surface to bedding shows a
general swing from a N±S orientation to a NW±SE
orientation approaching the fault, suggesting a com-
ponent of sinistral wrenching (see Fig. 11a). Low
angle obliquity of F2 meso-fold axial surfaces to the
fault zone boundaries, as well as the moderate to
steep F2 fold axis plunges in the meÂ lange zone are
also features typical of wrench zones (see Gray and
Foster, 1998, ®gs. 15 and 16). The NE±SW axial sur-
face orientation of the F2 folds supports sinistral
wrenching (Fig. 11b1). Dextral shearing within the
meÂ lange zone would produce folds with NNE±SSW-
trending axial surfaces (Fig. 11b2).

5.2. Brecciated limestones

Intense development of cataclasites involving fric-
tional slip along variously oriented fracture surfaces in
the limestone provide kinematic information on fault
movement within the limestone on the south side of
the fault. Direction and sense of slip, indicated by
striations and secondary fractures, were used to deter-
mine the orientations of the principal strain axes (see
Reches, 1978, 1983; Alimendinger, 1989; Michel, 1994;
Michel et al., 1995). Because of the faulting history
and the relatively thick fault gouge and cataclasite
zone, the striations most probably record only the last

Fig. 11. Kinematic interpretation for the Waratah Fault Zone based on structural relationships and elements within the fault-meÂ lange zone

(Liptrap Formation) and the cataclasite-gouge and breccia zones (Bell Point Limestone). (a) Schematic map illustrating key relationships within

the fault-meÂ lange zone (F2 folds and meÂ lange, and change in orientation of the S0 enveloping surface into the fault) and limestone (cataclastic

zones). (b) Models for sinistral and dextral shear sense within NE-trending fault-meÂ lange zone; sinistral shear produces NW-trending F2 folds

(the observed orientation), whereas dextral shear would produce N-trending folds. (c) Models for sinistral and dextral shear sense to produce

conjugate fracture systems in the limestone; failure in sinistral shear produces fractures sets and slip senses which match the observed relation-

ships (see Fig. 10). (d) Intense brecciation and cataclasis within the Bell Point Limestone may be due to implosion within a jog-segment between

the main fault trace and the southern fault branch.
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movement on the fault and do not represent the over-
all ®nite slip direction (Chester and Logan, 1987;
Marrett and Alimendinger, 1990).

Fault-slip data were obtained in the Bell Point and
Kiln Limestone members (Fig. 10) and in two localities
outside the area of detailed investigation. Adjacent to
the main fault trace (fault-gouge cataclasite zone,
Fig. 10), fault planes up to several square metres in
area with subhorizontal striations cut through the
brecciated limestones. Two sets of faults dominate the
fault patterns; one set with some scattering in orien-
tation comprises NW±SE to NNE±SSW sinistral fault
planes and is more abundant than the other set which
is composed of E±W to ENE±WSW trending faults
(Fig. 10, stereonet e). Most fault planes dip at 708 (or
greater). The composite fault plane solution in stereo-
net e (Fig. 10) shows pure wrench faulting with a
shortening axis orientation of 148/1288 (as plunge/
plunge direction), and an extension axis orientation of
78/0368. The 95% con®dence limit for the shortening
direction is 78.

Away from the main fault trace, within the breccia
zone, faults are fewer and more heterogeneously devel-
oped (Fig. 10, stereonets f). Fault plane solutions
reveal both strike-slip and reverse fault behaviour. The
cumulative shortening and stretching axes are oriented
48/3068 and 178/2278, respectively. Faults in weakly
deformed limestone (Fig. 10, stereonet g) are rare, and
fault slip data are therefore fewer. The composite
strain axes once again indicate subhorizontal NW±SE
shortening (188/3318) and NE±SW extension (328/
0718), but the 95% con®dence limit for the derived
shortening axis has a spread of 198. These match the
derived strain axes from the breccia zone (compare
with Fig. 10, stereonet f).

Faults in relatively undeformed limestone (Fig. 10,
stereonet h) show more variable orientation than in
the other subareas, but the derived composite strain
axes also indicate subhorizontal NW±SE shortening
(08/3128; 95% con®dence limit is 108) and NE±SW
extension (178/2278). Faults out of the investigated
area, but still adjacent to the main fault zone, have the
same orientation as those within the selected sub-areas,
and the derived strain axes do not change signi®cantly
when comparing shortening and extension axes adja-
cent to the fault with data from within the fault zone.
At distances of 3±5 km from the main fault, changes
in minor fault orientation and consequently in the
direction of principal strain axes were observed
(Fig. 10, stereonet i).

The relatively constant orientation of principal
strain axes both along and adjacent to the major fault
trace suggest that the whole fault zone is kinematically
coherent. Orientations and movement sense of the cat-
aclastic zones (Fig. 10) match those for sinistral shear
(Fig. 11 c1), rather than dextral shear (Fig. 11 c2). For

sinistral shear the maximum principal elongation direc-
tion is subparallel to the fault zone, with the shorten-
ing axis at a high angle to the zone. Angular
relationships of the cataclastic zones relative to the
main fault plane (Fig. 11 c1) suggest that the maxi-
mum principal compressive stress (s1) would have
been at high angles to the fault zone (assuming that s1
intersects the acute bisectrix of conjugate fractures).
This would indicate that the Waratah Fault Zone was
weak relative to the surrounding rocks, like the present
day San Andreas fault (see Rice, 1992).

6. Fluid interaction in the faulting process

Evidence of, and information about, ¯uid involve-
ment in the faulting process is provided by the nature
and intensity of veining, cathodoluminescence of vein
cements and fault-rock matrix, and ¯uid inclusion data
from veins both within and adjacent to the fault zone.

6.1. Veins and vein cement

Veining is largely restricted to the fault-breccia zone
in the limestones on the south side of the fault (fault-
breccia zone, Fig. 3). The origin and signi®cance of
these veins for fault-related deformation processes
have been extensively discussed in Janssen et al.
(1998). The authors distinguished between irregularly
oriented vein arrays (Fig. 5e) showing transitions into
cemented fault breccia zones (Fig. 5f) and thicker veins
(>10 cm) which strike parallel to the major fault trace
(Fig. 10, stereonet j). Normally, in the irregularly
oriented arrays, the veins are ®lled by drusy mosaic
cement with skalenoedric crystals on the vein surfaces
and blocky calcite in the centre. Intersection of twins
and bent twins in vein calcites (Fig. 5l) suggests tem-
peratures between 150 and 2508C (Burkhard, 1993).
Near the main fault trace, fractures are healed by
younger calcites with elongated to ®brous habit
(Fig. 5j), indicating slow opening by aseismic slip
(Fig. 8i; Gratier and Gamond, 1990). In these crystals,
solid inclusions are parallel to the host rock interface
and the crystal habits suggest episodic cracking and
sealing, typical of the crack±seal mechanism (Ramsay,
1980) generally considered to be an indicator of elev-
ated pore ¯uid pressure (see Section 8). The crystals
are rarely twinned indicating that healing processes
outlasted brittle faulting. Cross-cutting sets of veins
and pressure solution seams suggest repeated episodes
of fracturing and healing.

Under cathodoluminescence (CL), the original Bell
Point Limestone either did not luminesce (diagenetic
cements), or has only very weak CL colours (biomicri-
tic matrix), whereas vein-cement and fault-rock matrix
from samples adjacent to the main fault trace reveal
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di�erent colours and degrees of brightness suggesting
that ¯uids with di�erent proportions of Mn (activator
of luminescence) and Fe (inhibitor) have in®ltrated the
fractures and altered the composition of rocks along
the main fault plane. Further, several vein cement
generations that are invisible in ordinary light,
could be detected. An older cement generation lumi-
nesces dark orange whereas the luminescence colours

of some younger veins vary from bright orange to
yellow (Fig. 12a and b). Pressure solution seams
with insoluble material luminesce bright yellow. The
di�erent cathodoluminescence signatures of vein
cements and ®ne-grained matrix may suggest
repeated in®ltration of ¯uids with di�erent trace el-
ement compositions.

The thicker, more isolated veins which strike
roughly parallel to the main fault traces, also occur in
the cataclasite and fault breccia zones (Fig. 10). Thin
sections reveal that this group of veins is mostly com-
posed of large blocky calcite cement with uniform red
to orange CL-colours, whereas the host rock samples
either do not luminesce or show very weak CL-col-
ours. The boundary between host-rock veins is formed
by pressure solution seams which luminesce bright
orange, re¯ecting post-deformation alteration pro-
cesses.

Away from the fault (unfaulted limestone zone,
Fig. 3), calcite veins de®ne a conjugate set, but the
WNW±ESE trending veins are more abundant than
NNE±SSW trending ones (Fig. 10, stereonets k, l).
Microfractures and pressure solution features are
less common in thin sections of these calcite veins
than in vein arrays and the thicker veins. The veins
are ®lled by two generations of mosaic calcite
cement with CL-colours similar to those of unal-
tered host rock, suggesting that vein calcites have
been locally derived. The thickness of veins changes
locally, but at a larger scale these local variations
are superimposed on an overall progressive increase
in vein thickness toward the fault-gouge cataclasite
zone (Fig. 13).

Fig. 13. Graph of vein thickness (cm) plotted against distance from

the fault-gouge zone next to the main Waratah Fault trace (see

Fig. 3). Note veins become bigger and thicker towards the Waratah

Fault. Background veins at a distance greater than 15 m from the

gouge zone have a thickness less than 1 cm.

Fig. 12. Photomicrographs of deformation structures in Kiln

Limestone fault breccia. (a) PPL showing two generations of calcite

veins. (b) Same under cathodoluminesence (CL), and (c) sketch of

the CL-photomicrograph in (b).
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6.2. Signi®cance of ¯uid inclusion data

Fluid inclusions in quartz and calcite veins (see
Appendix A) show low salinities suggesting that they
were trapped from the same ¯uid. Such low-salinity
brines are typical for water of meteoric origin.
Coexistence of methane and brine inclusions along the
same inclusion planes, or in separate inclusion planes
with the same direction and angle of dip, suggest that
aqueous and gaseous ¯uids were trapped contempora-
neously. The homogenization temperatures of aqueous
inclusions in quartz (Fig. 14b) show a bimodal distri-
bution with main temperature intervals from 200 to
2508C and from 100 to 1608C. The high temperature
interval is characteristic for aqueous inclusions coexist-
ing with methane inclusions, whereas the lower tem-
perature interval lies in the range of the
homogenisation temperatures for the aqueous in-

clusions in calcite (Fig. 14a). This correspondence, and

the bimodal character of homogenisation temperatures

in quartz, suggest that the higher temperature range

may re¯ect folding conditions where folds formed at a

deeper structural level, predating the faulting. The

lower interval may characterise homogenisation tem-

peratures during faulting at shallower structural levels.

The P±T conditions for folding and faulting, deter-

mined using intersecting isochores after Alderton and

Bevins (1996, ®g. 13) suggest conditions of inclusion

trapping and hence the possible conditions during fold-

ing are: T=270±4008C, P=150±250 MPa (Fig. 14d).

The data from aqueous inclusions in calcite and the

low temperature inclusions in quartz probably re¯ect

the temperature of inclusions which were trapped

during the faulting event; i.e. temperatures higher than

100±1608C. In connection with microstructural investi-

Fig. 14. Fluid inclusion data from calcite and quartz veins. (a) Th of aqueous inclusions in fault-related calcite veins of the Bell Point and Kiln

Limestones; ps and s are pseudosecondary and secondary inclusions, respectively. (b) Th of aqueous inclusions in fold-related quartz veins

(Liptrap Formation); p, ps and s are primary, pseudosecondary and secondary inclusions, respectively. (c) Th of methane inclusions in fold-re-

lated quartz veins; psÐpseudosecondary inclusions; s and s(g)Ðsecondary inclusions with homogenisation into the liquid and the gas phase, re-

spectively. (d) Proposed P±T conditions of ¯uid inclusion trapping. 1, 2 and 3Ðisochores of low-salinity aqueous inclusions with Th of 150 and

2508C, respectively (after Zhang and Frantz, 1987); 4 and 5Ðisochores of methane system with Th of ÿ100 and ÿ908C, respectively (after

Zagoruchenko and Zhuravlev, 1970).
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gations (see earlier), temperatures in the range of 160±
2508C seem to be more realistic.

7. Fault exhumation history

Utilising (1) the temperature of the folding and
faulting deformation inferred from the ¯uid inclusion
data, and (2) the possible time period for deformation
based on known geological contraints, an attempt has
been made to determine the exhumation rate of the
fault zone. The approach assumes: (1) a time lapse for
deformation of 010 Ma considering the relationship
between sedimentation, deformation and plutonism
within the Melbourne zone (Gray and Cull, 1992;
Foster et al., 1996; Gray et al., 1997; Foster and Gray,
in press; Gray and Foster, 1998); and (2) that both
folding and faulting are part of the same deformation
event as suggested by ®eld relationships, despite the
fact that the estimated fold and fault temperatures
(290±3208C and 150±2508C, respectively) imply a time
gap between folding and faulting. Time±temperature

diagrams (Fig. 15) for di�erent exhumation rates
based on these assumptions were calculated using the
relationship of Carslaw and Jaeger (1959, p. 388).

Only rapid exhumation rates of between 1000 and
500 m/Ma are in good agreement with the estimated
temperature ranges and the assumed time lapse for de-
formation (Fig. 15a). Such rates of exhumation are
also common in modern and ancient accretionary com-
plexes (e.g. 0200 m/Ma calculated from Hasabe et al.,
1993, ®gs. 4 and 5). The calculated exhumation rates
and assumed geothermal gradients ( g00.038C/km)
during fold- and fault-related deformation require that
folding and faulting occurred at depths of 6±8 and 3±
4 km, respectively (Fig. 15b). The derived pressure and
temperature ranges are consistent with the fold- and
fault-related microstructures in clastic rocks, whereas
the deformation mechanisms and temperatures in lime-
stones only represent faulting conditions. We assume
that limestones were folded at a higher crustal level
and later juxtaposed with the clastic sequence during
faulting.

8. Discussion

The Waratah Fault Zone provides an exhumed
example of a fossil ¯uid system where the meÂ lange
zone has very few veins. For the Waratah Fault Zone,
brittle fracturing/cataclasis, pressure solution and sol-
ution transfer of material are the dominant defor-
mation mechanisms in limestones as well as clastic
sediments; however, pressure solution relicts are more
abundant in limestones than in clastic sediments.
Numerous microstructural examples of cross-cutting
relationships between micro-veins and pressure sol-
ution seams indicate that fracturing and dissolution
mechanisms occurred concurrently. Deformation twin-
ning occurs only in calcite grains of deformed lime-
stones. Although on the scale of the whole fault zone
the deformation intensity increases toward the main
fault trace, both sequences showing local variations in
fracture density, fracture- and subsidiary fault orien-
tations which are superimposed on the overall trend.
As well, domains of apparent undeformed rocks have
been separated by narrow zones of localised defor-
mation. The alteration of Liptrap Formation by dehy-
dration and dewatering during deformation (cf. Byrne,
1994), accompanied by shear-induced brecciation and
subsequent solution transfer, led to the formation of
an up to 100 m wide fault-meÂ lange/gouge zone,
whereas in limestones, only fault-gouge zones at centi-
metre scale have been developed. Such variations in
deformation patterns and fault-rock alteration pro-
cesses are very common in larger fault zones re¯ecting
their spatial and temporal evolution (Chester and

Fig. 15. Temperature±time diagram (a) and temperature±depth dia-

gram (b) to establish exhumation rate, based upon interpretation of

the ¯uid inclusion data and calculations from Carslaw and Jaeger

(1959).
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Logan, 1986; Chester et al., 1993; Evans and Chester,
1995).

In contrast to ¯uid-assisted fault zone `weakening'
mechanisms (e.g. pressure solution/solution transfer)
which are distributed over the whole fault zone, vein-
ing typifying ¯uid-assisted `healing'/strain `hardening'
processes (i.e. rock-mass cementation) is largely con-
®ned to the limestone on the south side of the
Waratah Fault Zone. Strain `hardening' of the lime-
stone sequence by cementation, and strain `softening'
of the Liptrap Formation by silica dissolution and
feldspar alteration, may result from di�erent solubili-
ties for calcite and quartz, thereby controlling dissol-
ution/precipitation. The solubility of calcite is
determined by temperatures, pH, salts in solution and
partial pressure of CO2 (Ellis, 1959, 1963), whereas the
solubility of quartz is controlled largely by temperature
and pressure (e.g. Fournier and Potter, 1982; Parry,
1994). Comparing the solubility of calcite and quartz
for the same ¯uid-composition at constant pressure,
calcite solubility increases with decreasing temperature
whereas quartz solubility decreases (Janssen et al.,
1998). Within the fault-related temperature range
(160±2008C) the solubility of calcite is signi®cantly
higher than that of quartz. However, a decrease in
CO2 by degassing may result in carbonate precipitation
only. By applying these principles, the following gener-
alisations concerning ¯uid±rock interaction and ¯uid
¯ow in (a) the limestone sequence and (b) the Liptrap
Formation can be stated:

(a) The main concentration of calcite veins and
cemented breccia zones occurs in the Bell Point
Limestone between the two fault branches (major
fault trace and the southern fault branch).
Assuming sinistral fault movements to explain the
meso-fault pattern (see Fig. 11c1), the region
between the faults either forms a dilational jog
(Sibson, 1986) or a zone of extremely localised de-
formation (Fig. 13d). Di�erences in ¯uid pressure in
this zone and the surrounding rocks probably
caused frictional slip and local brecciation by
hydraulic implosion and subsequent ¯uid ¯ow
(Sibson, 1986). Fractures formed during fault dis-
placement facilitated ¯uid migration and the
increase of fault zone permeability (open system).
With escape of CO2, precipitation of calcite could
take place. After displacement the deformation rate
probably dropped below that required for fracturing
and other mechanisms such as pressure solution,
solution transfer and twinning became more import-
ant. The decreasing abundances of veins and breccia
zones normal to the fault, indicate that the fault
served as channel for calcite-bearing ¯uids. Results
from cathodoluminesence-microscopy suggest
repeated in®ltration of ¯uids and support the

assumption of the cyclic nature of fault-related de-
formation in the limestone sequence. We propose
that the cementation of fault breccia zones leads to
porosity reduction and lower permeability, con-
nected with a relatively closed system in the lime-
stone sequence. Hence, domains of higher pore ¯uid
pressure could be created. Continued porosity re-
duction may culminate in the coalescence of elev-
ated pore pressure domains inducing fault
instability and slip (Miller et al., 1996; Janssen et
al., 1998). This process caused a repeated creation
and destruction of permeability within the fault-re-
lated limestones (Fig. 16a) and can be described as
a combined conduit±barrier system (Caine et al.,
1996).

(b) Within the tubidite sequence north of the
main fault trace, deformation is concentrated in the
core of the fault (fault-meÂ lange zone), where the
meÂ lange zone rocks form due to dewatering, frac-
turing and brecciation, and pressure solution (see
Byrne, 1994). Superimposed fracturing and faulting,
as in Bell Point and Waratah Limestones, promoted
¯uid in®ltration into the Liptrap Formation.
Unsuitable conditions for precipitation of quartz in

Fig. 16. Synoptic diagram of fault failure in both the limestones, and

turbidites of Liptrap Formation (modi®ed after Sibson, 1992). (a)

Cyclic development of fault deformation in limestones leading to a

repeated change between open and closed system with respect to

¯uids. (b) Lack of cementation in the fault-meÂ lange zone prevents

the creation of elevated pore pressure and as a consequence this sys-

tem remains open with respect to ¯uids.
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the range of faulting temperatures however, resulted
in only a few small quartz veins and a complete
absence of quartz-cemented breccia. Euhedral radial
quartz crystals in these veins indicate fast, wide-
opening of fractures by fault slip (see ®g. 7l, Gratier
and Gamond, 1990). Instead of cementation, the
¯uids caused silica dissolution and breakdown of
feldspar. We suggest that the system remained open,
and that this, combined with increasing dilatation
prevented the cyclic variations in fault-porosity and
permeability, that are observed in the limestones
(Fig. 16b). With regard to fault zone architecture
and permeability structure, the meÂ lange zone within
the Liptrap Formation is mostly characterised as a
localised conduit (Caine et al., 1996).

Subvertical, strike-slip fault zones, such as the
Waratah Fault Zone, can occur within the frontal
parts of accretionary wedges (e.g. Sample et al., 1993,
®g. 1). The nature and extent of cataclasis and veining,
as well as the inferred relatively shallow depth of fault-
ing (>5 km) for the Waratah Fault Zone, are atypical
for most faults within the turbidite-dominated western
Lachlan Fold belt, where faulting is considered to
have initiated at, and propagated from, depths of
between 15 and 20 km (Cox et al., 1991; Gray et al.,
1991; Cox, 1995; Gray, 1995; Gray and Foster, 1998).
These deeper-level faults within the turbidite sequences
have strain-softened basal zones dominated by mica
growth during continued foliation development by
`transposition cycling' in a thrusting-related shear
regime (cf. Gray, 1995; Gray and Foster, 1998).

In contrast, the Waratah Fault Zone has clearly
developed in the shallower parts of the migrating and
structurally thickening, sedimentary wedge. Scaly-
matrix meÂ lange and mud diapirism as dykes and mesh-
work veinlets in the fault-meÂ lange zone (Fig. 3) are
typical of fault zones in accretionary complexes (e.g.
Moore, 1978). MeÂ lange zones have been shown to be
regions of high ¯uid ¯ow (e.g. Vrolijk, 1987; Vrolijk et
al., 1988) and most ancient meÂ lange zones contain
meshwork vein systems (e.g. Cloos, 1989, ®g. 3), which
are considered to represent former hydrofractures dis-
tributed parallel to the scaly fabric of the `fault zone'
(see Moore, 1989, ®g. 9). In modern accretionary com-
plexes, the major deÂ collement at the base of the prism
and subsidiary faults have been shown to be important
¯uid conduits (Cloos, 1984; Le Pichon et al., 1990;
Sample et al., 1993; Moore et al., 1995; Screaton et al.,
1997). They coincide with zones of overpressuring
(Moore et al., 1995; Fisher et al., 1996) and are
marked by ¯uids of di�erent chemistry and isotopic
composition relative to the surrounding sediment
(Ritger et al., 1987; Gieskes et al., 1990; Sample et al.,
1993; Sample, 1996). Fluids with elevated temperatures
have been reported from modern accretionary prisms

(Vrolijk et al., 1988), which may explain the anoma-
lously high temperatures (160±2008C) relative to
depth, as inferred from ¯uid inclusions from veins in
these rocks. The geochemical and stable isotopic signa-
tures of fault-rocks within the Waratah Fault Zone are
investigated and discussed elsewhere (Janssen et al.,
1998).

9. Conclusions

Fault-rock fabrics and ¯uid inclusion analyses have
been used to determine deformation mechanisms and
appropriate conditions during folding and faulting,
and to evaluate the in¯uence of varying fault-rock
composition on fault strengthening and weakening
processes, respectively. Although folding and faulting
probably belong to the same deformation event, fold-
related deformation mechanisms and corresponding
temperatures were only detected in clastic sediments.
Both limestones and clastic rocks are characterised by
similar fault-related deformation features. Distinctions
in fault-rock composition and fault geometry however,
led to varying ¯uid-¯ow and di�erent ¯uid±rock inter-
actions a�ecting the mechanical behaviour of the fault
zone. Fluid-assisted healing processes (cementation)
are largely con®ned to the limestone sequence, where
microscopic observations indicate that faulting
involved repeated episodes of fault failure and fault
healing. Here, the fault acts as a conduit±barrier sys-
tem. In contrast, the fractured and faulted Liptrap
Formation exhibits dissolution and solution transfer in
the formation of a fault-meÂ lange zone. Fault-rock
healing processes (cementation) are missing. This zone
remains open with respect to ¯uids and represents a
conduit system.
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Appendix A. Fluid inclusion analyses

A.1. Sampling details and analytical methods

Fluid inclusion studies were carried out on calcite
and quartz veins from a horizontal pro®le across the
Waratah Fault Zone. The samples are from di�erent
lithologies with varying deformation intensity. All cal-
cite veins result from fault-related deformation pro-
cesses, whereas quartz veins formed during both fold
and faulting events.

The ¯uid inclusions were investigated by microther-
mometry using a standard Fluid Inc. heating±freezing
stage. The stage was calibrated using melting tempera-
tures of butyl-chloride (ÿ123.18C) and Fluid Inc. stan-
dards: Melting temperature of CO2 (ÿ56.68C), eutectic
temperatures of H2O±NaCl (ÿ21.28C) and H2O±KCl
solutions (ÿ10.78C). The accuracy of temperature
measurements is 20.58C at low temperature range
(ÿ1802508C) and 258C at high temperature range
(100±5008C).

A.2. Results

Aqueous inclusions have only been detected in
blocky calcite grains within calcite veins. The in-
clusions vary between 5 and 7 mm in diameter. At
ambient temperature, they are usually two phase in-
clusions (liquid+gas) with a small gas bubble. The
¯uid inclusion planes mainly cut across grain bound-
aries forming secondary trails of ¯uid inclusions
(Roedder, 1984). Rare ¯uid inclusion planes are termi-
nated at grain boundaries, and are probably of pseu-
dosecondary origin (Roedder, 1984). In a few cases,
during heating±freezing experiments, the ®nal melting
temperature (Tmf) of ice was measured in the range
between ÿ5.0 and ÿ2.08C indicating a salinity of brine
solution from 8 to 3 eq. wt.% NaCl (Potter et al.,
1978). The data on the homogenisation temperature
(Th) of aqueous inclusions (liquid+gas 4 liquid) are
shown in Fig. 14(a). It is evident that pseudosecondary
and secondary inclusions have the same characteristics.
The inclusions usually homogenised from 100 to 1608C
with a smaller subset of inclusions between 180 and
2408C.

Fluid inclusions in quartz veins were only detected
in fold-related veins. Here, two-¯uid inclusion
systems (aqueous and gaseous inclusions) with di�er-
ent compositions were found and analysed.
Microthermometric investigation showed that they
were brine and methane inclusions, respectively. Fluid
inclusions are distributed in ®ssure quartz and rep-
resented by ¯uid inclusion planes inside the ®bre
quartz. It is likely that ¯uid inclusion planes are com-

posed of pseudosecondary inclusions (Mullis, 1987).
Often several planes of inclusions cut across quartz
®bres forming secondary trails. Randomly distributed
aqueous inclusions were found in a few quartz crystals.
These inclusions are probably primary (Roedder,
1984). In a few cases planes of aqueous and gaseous
inclusions occur along the same trail, but more often
aqueous and gaseous inclusions form separate trails
having similar direction and dip angle.

All aqueous inclusions contain liquid and gas
phases. The inclusion size is up to 10 mm. Freezing
melting of ice occurred at Tmf from ÿ6.0 to ÿ2.08C
re¯ecting salinities in the range between 9 and 2 eq.
wt% NaCl (Potter et al., 1978). In one inclusion initial
melting of ice was marked at Tmf of ÿ9.08C, which
points to a KCl solution (Borisenko, 1982). The hom-
ogenisation temperatures of the aqueous inclusions
varied between 130 and 2508C (Fig. 14b).

Gaseous inclusions are single-phase inclusions and
in most cases they are bigger than aqueous inclusions.
Freezing of the gaseous inclusions showed heterogen-
eity at temperatures below ÿ1008C. Homogenisation
temperatures of gaseous inclusions varied between
ÿ104 and ÿ828C (Fig. 15c). Several inclusions show
critical behaviour at temperatures from about ÿ86 to
ÿ828C and one inclusion has homogenised into the gas
phase at Th of 858C. Such behaviour is typical for
methane inclusions (Mullis, 1987). It is worthwile to
note that the Th of aqueous inclusions coexisting with
methane inclusions is from 180 to 2508C.
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