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Foliation boudinage structures in the Mount Isa Cu system
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aSchool of Earth and Environmental Sciences, Cardiff University, Cardiff, UK; bDepartment of Earth Sciences, The University of Adelaide,
Adelaide, Australia; cAvebury Metals, Avebury Nickel Mine, Zeehan, Australia; dMount Isa Mines, Glencore Zinc, Mount Isa, Australia

ABSTRACT

Small-scale foliation boudinage structures occur in rocks that were sampled in drill core from the
Mount Isa Cu deposit, northwest Queensland. The necks of foliation boudinage structures plunge
gently to the north and south as a result of layer normal shortening and layer parallel extension of
the steeply west-dipping Urquhart Shale. Detailed petrographic analysis of the foliation boudinage
structures has identified an initial rim of quartz and dolomite, followed by infill and replacement
by pyrrhotite and minor chalcopyrite. Foliation boudinage structures formed after dolomitisation
and silicification of the shale. They occur most commonly in the unaltered Urquhart Shale where
the anisotropy and homogeneity provided by the shale layering is still intact. Infilling of the struc-
tures occurred during protracted silica-dolomite alteration, pyrrhotite and chalcopyrite mineralisa-
tion. The paragenesis of the foliation boudinage structures is consistent with the established
paragenesis of the main Cu mineralisation. Foliation boudinage structures formed over the period
from shortening during D4a through to the main Cu mineralisation during D4b west-northwest–
east-southeast sinistral-reverse shortening. The timing of foliation boudinage is consistent with a
current kinematic model for the Mount Isa system.

KEY POINTS

1. First record of foliation boudinage structures at Mount Isa.
2. Foliation boudinage structures with sulfide-dominated infills.
3. Foliation boudinage structures formed as a result of progressive deformation from a D4a dex-

tral-reverse through to D4b sinistral-reverse slip.
4. Foliation boudinage structures are associated with the timing and kinematics of Cu mineralisa-

tion at Mount Isa.

ARTICLE HISTORY

Received 3 October 2022
Accepted 20 November 2022

KEYWORDS

Mount Isa; Proterozoic;
foliation boudinage
structures; Cu
mineralisation; pyrrhotite;
petrography; drill core;
deformation; ore deposit

Introduction

The world-class Mount Isa Cu and Pb–Zn deposit is located

in the Mount Isa Inlier of northwest Queensland (Figure 1).

Mount Isa Mine is the second-largest copper producer in

Australia, producing approximately 6.5Mt of ore per year

up to 3.3wt% Cu, with an estimated pre-mining total com-

prising 150Mt at 7wt% Zn and 6wt% Pb, and 255Mt at

3.3wt% Cu (Glencore, 2022; Large et al., 2002, 2005;

Potgieter, 2015). The Pb–Zn orebodies are generally close

to the surface (Figure 2), where stratiform galena and

sphalerite are hosted within dolomitic layers (Bell et al.,

1988; Cave et al., 2020). The breccia dominated Cu ore

bodies are located within a silica-dolomite alteration halo

and occupy a deeper level in the Mount Isa system (Bell

et al., 1988; Perkins, 1984; Swager, 1985). The Cu orebodies

are typically discordant to bedding and interdigitate with

the Pb–Zn orebodies (Bell et al., 1988; Cave et al., 2020;

Perkins, 1984; Swager, 1985; Swager et al., 1987).

The details of the Mount Isa Cu ore bodies have been

subjected to some recent revisions. Bell et al. (1988), Davis

(2004), Miller (2007), Perkins (1984) and Swager (1985) have

all argued for Cu emplacement at a late stage in a complex

deformation history. However, even within these previous

models there are different interpretations for the controls

on Cu ore body orientations and relative timings (e.g.

Miller, 2007; Perkins, 1984). Early studies suggest a Cu min-

eralisation event during an early phase of D4 deformation

(Bell et al., 1988; Perkins, 1984), however, Miller (2007) iden-

tified that the bulk of Cu mineralisation occurred during an

additional later phase of the main D4 event. The relative
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timings of deformation and mineralisation have been

determined using small-scale structures and past studies

have also shown the importance of these small-scale struc-

tures in elucidating the structural controls on ore bodies at

a larger scale (Bell et al., 1988; Davis, 2004; Perkins, 1984;

Swager, 1985). This study was initiated by the recognition

of previously undescribed foliation boudinage structures

observed at the core scale, proximal to the high-grade Cu

ore bodies.

Foliation boudinage structures are vein-like boudin

structures that form in highly anisotropic and homoge-

neous rocks during layer parallel extension and layer nor-

mal shortening of fractures (Platt & Vissers, 1980). Foliation

boudinage structures are found within well foliated or

finely laminated rocks where they form most commonly

under greenschist and amphibolite facies conditions (Arslan

et al., 2008). Fracture dilation leads to an open central void

that provides space for mineral precipitation. Aerden (1991)

identified these structures to be a controlling feature of

the Rosebery Pb–Zn deposit in Tasmania, where multiple

foliation boudinage structures exist with dimensions of

100’s of metres.

This study aims to highlight the presence of drill core-

scale foliation boudinage structures at Mount Isa and their

potential importance for Cu mineralisation by answering

the following questions:

� What is the location, geometry, and timing of foliation

boudinage structures?

� Is there any relationship between the foliation boudin-

age structures and Cu grades at Mount Isa?

Background

Regional geology

Mount Isa is located within the late Paleo- to early Meso-

Proterozoic Mount Isa Inlier (Figure 1). The Mount Isa Inlier

can be subdivided into broad tectonic divisions as the

Western Fold Belt, the Kalkadoon-Leichhardt Belt and the

Eastern Fold Belt (Blake, 1987; Day et al., 1983). The Mount

Isa mine lies within the Leichhardt River Fault Trough of

the Western Fold Belt. The Western Fold Belt is composed

of a succession of volcanic and sedimentary rocks and is

separated from the generally higher metamorphic grade

and more deformed Eastern Fold Belt by the Kalkadoon-

Leichhardt Belt (O’Dea, Lister, Betts, et al., 1997; O’Dea,

Lister, Maccready, et al., 1997). The central Kalkadoon-

Leichhardt Belt exposes crystalline basement rocks

deformed and metamorphosed during the 1900–1870Ma

Barramundi Orogeny (O’Dea, Lister, Maccready, et al., 1997;

Page & Williams, 1988).

The post-basement stratigraphy of the Mount Isa Inlier is

characterised by periods of intracontinental rifting and is

commonly separated into the Eastern and Western succes-

sions (Blake, 1987; Blake & Stewart, 1992). The Western

Succession broadly occurs in the Western and Kalkadoon-

Leichhardt fold belts. The regional stratigraphy of the

Western Succession constitutes basement metamorphics

overlain by three stacked “superbasins”; the Leichhardt

(1800–1750Ma), Calvert (1735–1690Ma) and Isa

(1670–1575Ma) superbasins (Jackson et al., 2000; Page et al.,

2000; Scott et al., 2000; Southgate et al., 2000). The three

superbasins did not experience significant large strain

Figure 1. The location of Mount Isa and the main tectonic divisions of the Mount Isa Inlier of northwest Queensland, Australia, after Blake and Stewart (1992)
and Davis (2004).
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regional contraction prior to the onset of the Isan Orogeny

(1610–ca 1500Ma; O’Dea, Lister, Maccready, et al., 1997).

The Leichhardt Superbasin comprises deep marine sedi-

ments of the 1790 ± 9Ma Bottletree Formation (Page, 1983;

Page & Sun, 1998) to later fluvial and shallow marine

deposits of the 1773 ± 16Ma Mount Guide Quartzite

(Neumann et al., 2006). The early Leichhardt sediments are

succeeded by vast iron-rich continental flood basalts of

the ca 1780Ma Eastern Creek Volcanics, including the

1779± 4Ma Lena Quartzite (Neumann et al., 2006). The

overlying Myally Subgroup (1773± 2Ma Bortala Formation

and 1768± 8Ma Whitworth Quartzite; Neumann et al.,

2006) consists of clastic sedimentary successions, largely

controlled by extensional faulting (Betts et al., 2006; O’Dea,

Lister, Betts, et al., 1997) and are overlain by shallow mar-

ine quartzites and carbonates of the 1763 ± 8Ma Quilalar

Formation (Betts et al., 2006; Jackson et al., 2000; Neumann

et al., 2006).

The Calvert Superbasin is largely composed of clastic

fluvial and shallow-marine sediments, with interbedded

bimodal volcanic rocks deposited in a half graben during

northwest–southeast extension (Betts et al., 1998, 1999;

O’Dea, Lister, Betts, et al., 1997). The 1762± 18Ma Bigie

Formation (Neumann et al., 2006) unconformably and para-

conformably overlies the Quilalar Formation and Myally

Subgroup (Betts et al., 1999) and is overlain by the

1709 ± 3Ma Fiery Creek Volcanics (Page & Sweet, 1998) and

Surprise Creek Formation.

Emplacement of the 1670± 3Ma Sybella Granite

(Neumann et al., 2006) marks the boundary between the

Calvert Superbasin and overlying Isa Superbasin, the latter

being made up of the Gun, Loretta, River, Term, Lawn, Wide

and Doom supersequences (Domagala et al., 2000; Page

et al., 2000). In the Mount Isa region, the basal Gun and

Loretta supersequences are dominated by carbonaceous

shale, stromatolitic dolostone, and turbiditic sandstone and

siltstone of the Mount Isa Group (Figure 3; Domagala et al.,

2000; Page et al., 2000; Southgate et al., 2000). The lithostra-

tigraphy of the Mount Isa Group includes the 1668 ± 8Ma

Moondarra Siltstone (Southgate et al., 2000), 1663 ± 3Ma

Breakaway Shale (Page et al., 2000; Southgate et al., 2000),

Native Bee Siltstone, 1652 ± 7Ma Urquhart Shale (Page et al.,

2000; Page & Sweet, 1998), Spear Siltstone, 1648 ± 3Ma

Kennedy Siltstone (Page et al., 2000), and 1648 ± 3Ma

Magazine Shale (Page et al., 2000).

Deformation

Multiphase deformation during the Isan Orogeny is

recorded in the western Mount Isa Inlier as a minimum of

four deformation events (D1–D4a; Figure 4).

The 1610± 13Ma (Page & Bell, 1986) D1 event was ini-

tially interpreted as a large-scale north to south directed

thrust complex, producing local east–west oriented faults

and an S1 axial planar cleavage (Bell, 1983, 1991; Bell et al.,

1988; Bell & Hickey, 1998; Blake, 1987; Davis, 2004; Page &

Bell, 1986; Perkins, 1984; Perkins et al., 1999; Swager, 1985;

Wilde, 2011; Winsor, 1986). However, O’Dea, Lister, Betts,

et al. (1997), O’Dea, Lister, Maccready, et al. (1997) and

O’Dea and Lister (1995) dismissed the thrust duplex theory

and have instead shown D1 produces east–west oriented

reverse faults as a result of north–south shortening of pre-

vious syn-rift normal faults.

D2 involved east–west shortening, creating macroscopic

north–south-striking upright folds with shallowly plunging

regional anticlines and synclines (Bell, 1983; Bell et al.,

Figure 2. East–west cross-sections showing the relative positions of the Cu
and Pb–Zn orebodies, pyrrhotite (Po) and silica-dolomite halos, and buck
quartz at Mount Isa. Collar locations for drill holes analysed in this study are
displayed as points and correspond to their relative positions in relation to
the mineralisation (see Supplemental data, Table S1 for drill hole co-ordi-
nates, downhole lengths, and orientations). (a) Cross-section in the north of
the mine at 7000mN. (b) Cross-section in the south of the mine at 4350mN.

AUSTRALIAN JOURNAL OF EARTH SCIENCES 3



Figure 3. A geological map of the Mount Isa area with mine workings and local mine grid. After Spatial and Graphic Services, Statewide Operations,
Department of Natural Resources (2020).
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1988; Bell & Hickey, 1998; Blake, 1987; Davis, 2004; Page &

Bell, 1986; Perkins, 1984; Perkins et al., 1999; Swager, 1985;

Wilde, 2011). At Mount Isa Mine, a subvertical S2 axial pla-

nar foliation is generally bedding parallel within the Mount

Isa Group (Swager, 1985; Wilde, 2011). Dolomite filled D2

extension veins formed at high angles to bedding and are

truncated against bedding planes and contain fibres that

are sub-parallel to S2 (Swager, 1985; Wilde, 2011). Early

dating of D2 in the Western Fold Belt yielded ages of

1532 ± 7Ma (Connors & Page, 1995), but more recent stud-

ies have produced ages of ca 1575 Ma which are consistent

with D2 ages from the Eastern Fold Belt (Duncan et al.,

2006). Peak metamorphism is recorded during D2 prograde

metamorphism up to amphibolite facies.

D3 of Davis (2004; D2.5 of Bell & Hickey, 1998) is

observed as sub-horizontal axial planes with reactivation

and intensification of the existing S2 fabric by top to the

east shear and rotation of S2 into shallower orientations

(Bell & Hickey, 1998). This event is generally weak and spa-

tially localised, being poorly developed at Mount Isa Mine

(Bell & Hickey, 1998; Perkins, 1997).

D4a (D4 of Davis, 2004 and Wilde, 2011 and previously

D3) locally formed north-northwest–south-southeast-strik-

ing fold zones with sub-vertical axial planes, rotating to a

northwest strike in the north of the mine. Deformation is

typically confined to 10–20m wide fold zones in the

Urquhart Shale, which are locally as much as 100m wide.

The Mount Isa Fold found at the north end of the mine is

the largest of these F4 fold zones (Davis, 2004). Most folds

in the mine belong to this D4a event, which is dated to

1510 ± 13Ma (Page & Bell, 1986). A S4 fabric sub-parallel to

S2 is observed as a slaty cleavage in dolomitic shale and as

a crenulation cleavage in black shale lithologies.

Miller (2007) documented D5a reverse faults and D5b

conjugate reverse faults (his D4a and D4b) that overprint the

Cu orebodies, as a result of continued east–west shortening.

These D5a faults are described as typically steeply west-

dipping structures that parallel the Mount Isa Fault Zone

(Figure 3), with most D5a faults showing slip along bedding

with a top to the east transport direction (Miller, 2007). The

Buck Quartz Fault (Figure 2) is an example of a shallowly dip-

ping D5a fault (Miller, 2007), which intersects the Paroo Fault

beneath the Mount Isa deposit. The D5a faults are over-

printed by later conjugate northwest-trending sinistral-

reverse and northeast-trending dextral-reverse strike-slip

faults (Miller, 2007). The D5b faults have top to the east and

top to the west hangingwall transport directions for the

northeast-trending and northwest-trending faults, respect-

ively, consistent with east–west shortening (Miller, 2007).

The S48 fault (Figure 2) is an example of a northeast-trending

D5b fault that overprints the Cu mineralisation.

Deposit geology

The Cu orebodies are hosted within the Urquhart Shale

unit of the Mount Isa Group and are situated on the

Figure 4. Summary of deformation events at Mount Isa based on previous
deformation schemes (Bell et al., 1988; Davis, 2004; Miller, 2007; O’Dea, Lister,
Betts, et al., 1997; O’Dea, Lister, Maccready, et al., 1997; O’Dea & Lister, 1995;
Perkins, 1984; Swager, 1985; Wilde, 2011). D1, localised reverse reactivation of
normal faults as a result of north–south shortening; D2, east–west shortening;
D3, top to the east shear, weakly developed at Mount Isa Mine; D4a, east-north-
east–west-southwest shortening and mineralisation at Mount Isa; D4b, west-
northwest–east-southeast shortening and mineralisation at Mount Isa; D5a, top
to the east transport direction on west-dipping reverse faults; D5b, conjugate
sinistral-reverse and dextral-reverse faults with top to the east or west transport
directions consistent with continued east–west shortening.

AUSTRALIAN JOURNAL OF EARTH SCIENCES 5



steeply (�65�) west-dipping limb of a regional D2 anticline

(Figure 2; Bell et al., 1988). The Urquhart Shale comprises a

sequence of finely laminated interbedded dolomitic shales,

siltstones, and mudstones that produces a strong structural

anisotropy (Davis, 2004; Neudert, 1983).

The north–south orientated Mount Isa Fault (Figure 3)

juxtaposes amphibolite facies rocks to the west with

greenschist facies to the east (Bell, 1991; Bell & Hickey,

1998; Davis, 2004; Perkins et al., 1999; Rubenach, 1992).

East of the Mount Isa Fault in the mine vicinity, Eastern

Creek Volcanics are separated from the overlying Urquhart

Shale by the sigmoidal-shaped Paroo Fault (Davis, 2004;

Long, 2010). To the west and east of the deposit the Paroo

Fault is sub-vertical, but has an undulating geometry

beneath the Cu orebodies where it is termed the basement

contact (Bell et al., 1988; Davis, 2004). The largest Cu ore-

bodies (1100, 1900, 3000 and 3500) are adjacent to the

Paroo Fault and smaller (200, 500 and 650) orebodies are

located at a greater distance (Davis, 2004). The Cu orebod-

ies were interpreted to be associated with north-north-

west-plunging F4 fold hinges (Bell et al., 1988; Davis, 2004;

Perkins, 1984) and recent investigations have shown the

potential presence of a deep feeder structure relating to

the north-northwest-trending Bernborough Fault (Andrew,

2020). A south to north directed hydrothermal fluid path-

way has previously been determined through mineralogical

and geochemical alteration patterns (Andrew, 2020;

Waring, 1990).

The Cu orebodies occur as large bodies (10’s to 100’s m)

of chalcopyrite-rich breccia that are hosted within silica-

dolomite alteration halos (Perkins, 1984). Variably brecci-

ated silica-dolomite produces four main rock types that

reflect silicification (‘siliceous shale’ and ‘brecciated and

fractured siliceous shale’) and dolomitisation (‘recrystallised

shale’ and ‘irregularly brecciated and recrystallised shale’)

of the host rock (Clark, 1968; Knights, 1976; Mathias &

Clark, 1975; Miller, 2007; Perkins, 1984). Dolomite overprints

quartz, with both quartz and dolomite dissolution inter-

preted to have occurred during chalcopyrite mineralisation

(Wilde, 2011; Wilde et al., 2006). Fine-grained pyrite, silica-

dolomite, calcite, quartz, and coarse-grained pyrite all pre-

date chalcopyrite (Cave et al., 2020; Gulson et al., 1983;

Perkins, 1984). Perkins (1984) and Swager (1985) showed

silicification and dolomitisation were coincident with D4a.

Previous studies have shown that the brecciation post-

dates the S4 cleavages, with S4 cleavages observed within

rotated shale clasts (Bell et al., 1988; Miller, 2007;

Perkins, 1984).

Pyrrhotite is most prevalent in the zone between the

Pb–Zn orebodies and Cu mineralisation (Perkins, 1984),

with only minor chalcopyrite occurring in pyrrhotite-

dominated lithologies (Cave et al., 2020). Chalcopyrite is

commonly considered to be coeval to pyrrhotite (Cave

et al., 2020) and forms replacive growths across all genera-

tions of veins and microstructures (Miller, 2007; Perkins,

1984). Recent studies have suggested an epigenetic origin

for both the Pb–Zn and Cu ore bodies (Cave et al., 2020),

with the timing of Cu mineralisation as post-peak meta-

morphism during the D4a shortening event (Perkins, 1984;

Smith et al., 1978; Swager, 1985; Wilde, 2011). Conversely,

Miller (2007) proposed that the Cu ore bodies developed

during a post-D4a, pre-D5a sinistral-reverse strike-slip

event, with a stress field distinct from D4a, which we have

termed D4b.

Foliation boudinage structures

Drill cores from Mount Isa contain foliation boudinage

structures with similar mineralogical relationships to those

documented in the Mount Isa Cu deposit, although these

foliation boudinage structures have not been recognised

previously. Analogue modelling by Mandal and Karmakar

(1989) and computer modelling by Arslan et al. (2008,

2012) demonstrated how foliation boudinage structures

develop in highly anisotropic and homogeneous materials.

Foliation boudinage structures form by the ductile deform-

ation of foliation or layering around a brittle fracture

(Arslan et al., 2008) and have been identified in rocks and

glacier ice that exhibit significant anisotropy (Arslan et al.,

2008; Hambrey & Milnes, 1975; Platt & Vissers, 1980; Wiest

et al., 2020). Deformation of fractures during layer-normal

shortening may lead to the opening of voids that accom-

modate infill (Arslan et al., 2008). The characteristic bending

or necking of the layering into the fracture defines the

neck of the foliation boudinage structure (Arslan et al.,

2008) and is most readily identified in cross-section normal

to the foliation boudin long axis (Y-direction; Figure 5).

Arslan et al. (2008) and Goscombe et al. (2004) showed

that the long axis of boudins and foliation boudinage

structures represents the intermediate principal strain axis.

Foliation boudins could be considered fractal structures

identifiable on multiple scales from millimetres to at least

10’s of metres (Arslan et al., 2008). The largest structures

contain 10’s to 100’s of cubic metres of infill and can form

fishmouth structures as the central void recloses (Aerden,

1991; Arslan et al., 2008; Goscombe et al., 2004; Swanson,

1992). Infill is generally massive quartz, calcite or other

common vein-forming minerals (Arslan et al., 2008).

Foliation boudinage structures can be separated into

two broad types: symmetrical and asymmetrical (Figure 6;

Hambrey & Milnes, 1975; Milnes, 1964). The symmetrical

types form in coaxial flow around Mode I extension frac-

tures and can produce infill in lozenge-shaped voids

(Arslan et al., 2008; Mandal & Karmakar, 1989; Platt &

Vissers, 1980). Asymmetrical foliation boudinage structures

can form under coaxial flow of oblique fractures or by non-

coaxial flow of shear fractures where they display antithetic

displacements (Arslan et al., 2008; Mandal & Karmakar,

1989; Platt & Vissers, 1980). Asymmetric foliation boudinage

structures can form as single fractures or as conjugate sets

(Arslan et al., 2012; Sawyer, 1983).
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The presence of foliation boudinage structures with

similar formation mechanisms but different geometries

indicate a continuum of deformation with filling occurring

at any stage of their formation (Arslan et al., 2008). A lack

of deformation within the void fill implies a protracted

period of time between foliation boudin formation and a

final stage of infill (Arslan et al., 2008; Hambrey & Milnes,

1975; Platt & Vissers, 1980). Arslan et al. (2008) suggested

that open fluid-filled voids could occur for a substantial

period of time before mineral precipitation providing the

fluid pressure is significantly high.

Methods

Thirteen drill holes from the Mount Isa Copper Operations

(MICO) and two from Resource Development (RD) were

logged for structures of interest related to sulfide mineral-

isation. All drill holes examined in the study are from

within the Mount Isa system. The MICO drill holes were

drilled underground from a range of areas within the

deposit but are generally close to or intersect high-grade

Cu mineralisation. The two RD drill holes were drilled from

the surface into the periphery of the Mount Isa system. The

drill cores were chosen based on availability during core

logging and represent various locations across the ore

body (Figure 2; Supplemental data, Table S1).

Structural measurements were collected from both the

MICO and RD drill cores, although only the RD drill holes

(T667ED1 and T190ED1) are oriented. Consequently, only

structural measurements from the RD drill holes have been

used in this study. The long axes of foliation boudinage

structures (Y-direction; Figure 5) were defined by the pinch-

ing of the layering into the neck regions. Using the fold

hinge method of Blenkinsop et al. (2015), orientations of

the foliation boudinage structures were measured as linear

fold hinges where the neck regions were observed on

opposite sides of the drill core. Structural measurements

were collected using an EZY-Logger goniometer and the

orientations of foliation boudinage structures were deter-

mined using drill core a and b angles together with the

drill hole survey data (Vearncombe & Vearncombe, 1998).

Assays and MICO/RD logs were available. The lithologies

logged in the drill holes differentiate progressively

deformed and altered lithologies and are termed ‘Shale’,

‘Pyritic Shale (5–20% pyrite)’, ‘Pyritic Shale (>20% pyrite)’,

‘Recrystallised Shale’, ‘Irregularly Brecciated and

Recrystallised Shale’, ‘Siliceous Shale’, ‘Brecciated and

Fractured Siliceous Shale’, ‘Carbonaceous Mylonite’, ‘Buck

Quartz’ and ‘Greenschist’. The sulfide infills of the drill core-

scale foliation boudinage structures were recorded and

their positions logged as downhole distances.

Drill-core samples containing foliation boudinage struc-

tures were collected for detailed analysis. Cross-sections

were cut through the structures; polished thin sections

were made for petrographic analysis and phase maps were

collected using a scanning electron microscope (SEM).

Results

Petrography

In the host rock surrounding the ore bodies, fine-grained

pyrite replaces shale selectively along layers (Figure 7a and

Figure 8). Small veinlets of quartz occur normal or oblique

to layering; their timing is generally early, forming after the

fine-grained pyrite and before the coarse-grained pyrite

(Figure 7a, b). Coarse-grained pyrite comprises euhedral to

subhedral crystals ranging in size from 500 lm to mm,

occurring as single porphyroblasts or in trains at contacts

between particular shale beds (Figure 7a). The coarse-

Figure 5. Measuring orientations of foliation boudinage structures in drill core. (a) Reference axes of foliation boudinage structures showing the pinching of
layering into the neck region. The long axis of the structure is in the Y-direction and cross-section in the XZ-plane. (b) A foliation boudinage structure from drill
hole ‘201903092’ as seen on opposite sides of the drill core. The sample was located at a downhole distance of 32.1m. Diameter of drill core is �50mm. The
neck lineation is defined by the red dots.

AUSTRALIAN JOURNAL OF EARTH SCIENCES 7



grained pyrite is commonly zoned (Figure 7c) and is associ-

ated with later arsenopyrite growth rims (Cave et al., 2020).

Dolomite replaces shale layering, occurring throughout

layers or as lenses (Figures 7d, 9c and 10a, b, d, f).

Brecciation occurs with silica-dolomite infilling between

shale clasts with some alteration of the shale (Figure 7b).

Pyrrhotite occurs as infill in silica-dolomite breccia and

replacement in dolomitic layers (Figure 7d). Chalcopyrite

occurs as veins and replacement and varies in samples

from pre-, syn- to post-pyrrhotite (Figure 7e, f).

Asymmetrical foliation boudinage structures are the

most common type observed in Mount Isa drill core

(Figure 9). Foliation boudinage structures and polished sec-

tions of cross-sections through the structures are shown in

Figure 10. Dolomite replaces shale layers and forms lenses

adjacent to some foliation boudin samples (Figures 9c and

10b, d). Regular boudins are observed in these dolomitic

layers close to the foliation boudinage structures where

they show an equivalent petrography, with silica-dolomite

rims and sulfide infills (Figure 10d, f). Coarse-grained pyrite

with quartz strain shadows are observed in close proximity

to the foliation boudinage structures in some samples.

Quartz veins normal to the layering and veinlets oblique to

the layering are cross-cut and deformed by the foliation

boudinage structures (Figure 10a–c, g).

All foliation boudinage structures analysed in this study

are completely filled by a combination of quartz, dolomite,

pyrrhotite and minor chalcopyrite. Quartz infilling around

the edges of the interior of the foliation boudinage struc-

tures creates a rim of quartz growth into the structures

(Figures 9 and 10). Later coarse-grained dolomite is the

dominant non-sulfide infill in the foliation boudinage struc-

tures and occurs within the quartz rim. The dolomite infill

and quartz rim both show deformation in the form of

deformation twins and undulose extinction, respectively. In

places, the silica-dolomite also alters the wall rock and

appears to propagate from the foliation boudinage struc-

ture (Figure 10b).

Pyrrhotite is the most abundant mineral found within the

foliation boudinage structures. The pyrrhotite shows an infill

texture around dolomite and quartz grains and is observed

replacing dolomite (Figure 10e). Chalcopyrite is observed in

only a few foliation boudinage structures on the drill core

scale, where it is intergrown with pyrrhotite (Figure 9b).

Within one foliation boudinage structure, chalcopyrite cross-

cuts the pyrrhotite as a vein style or late infill mineralisation,

giving a post-pyrrhotite timing (Figure 10g).

Foliation boudinage structure orientations

The long axes of drill core-scale foliation boudinage struc-

tures form a predominant north–south lineation with gentle

to moderate plunges (Figure 11). Bedding orientations

change slightly from a west-southwest to a west-northwest

dip direction with increasing depth down RD drill hole

T667ED1 (Figure 11) and are representative of the dominant

orientations in the mine. The long axis orientations of foli-

ation boudinage structures also vary with depth, changing

from north-northwest–south-southeast to north-northeast–

south-southwest trends at greater depths (Figure 11). The

foliation boudinage structures always lie on or close to the

local bedding (Supplemental data, Figure S1). A Terzaghi cor-

rection (Terzaghi, 1965; Wallis et al., 2020) was performed on

the bedding measurements but made no discernible differ-

ence as the drilling orientation is at a high angle to bedding.

Distribution of foliation boudinage structures by rock type

A total of 255 foliation boudinage structures were observed

in the MICO and RD drill core and have been normalised

by the total length of the lithologies in which they were

located (Figure 12). By far the most common rock type for

foliation boudinage structures is the relatively undeformed

Urquhart Shale (Supplemental data, Table S2), and when

normalised, also has the greatest number of foliation bou-

dinage structures per metre (Figure 12). No foliation bou-

dinage structures were identified in the ‘pyritic shale

(>20% pyrite)’, ‘carbonaceous mylonite’, ‘buck quartz’ or

‘greenschist’ lithologies.

Figure 6. The formation mechanisms of common symmetrical and asymmet-
rical foliation boudinage structures by coaxial and non-coaxial deformation
as seen in cross-sectional view based on Arslan et al. (2008, 2012), Hambrey
and Milnes (1975), Mandal and Karmakar (1989) and Platt and Vissers (1980).
Approximate layer normal shortening (arrows) and layer parallel extension of
the fracture (red line) allows the formation of the foliation boudin-
age structures.
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Distribution of ore-grade Cu by rock type

Lengths of drill-core intervals with ore-grade Cu (>3wt%

Cu) are normalised to the total lengths of each lithology

and plotted against the logged drill-core lithologies (Figure

13; Supplemental data, Table S2). In the 47.7 m of drill core

at greater than 3wt% Cu, the most common rock type is

the ‘brecciated and fractured siliceous shale’. The ore-grade

Cu is situated primarily in the brecciated and altered lithol-

ogies, with no Cu greater than 3wt% in the ‘pyritic shale

(>20% pyrite)’, ‘carbonaceous mylonite’, ‘buck quartz’ or

‘greenschist’.

Cu grade of foliation boudinage structures

Downhole Cu percentages and locations of foliation bou-

dinage structures for three example drill holes are pre-

sented in Figure 14. Foliation boudinage structures are

predominantly located in drill-hole intervals with the lowest

Figure 7. Polished sections from underground samples and drill core in the Mount Isa system. (a) Fine-grained pyrite selectively replacing shale layers, with
later quartz veinlets. Coarse-grained pyrite restricted to contacts between select shale layers. Sample BW304B, Drill hole @ ‘201904012’, 36.65m (PPL). (b)
Silica-dolomite and chalcopyrite breccia associated with the main Cu mineralisation event. Shale clasts show small pre-brecciation quartz veinlets. Sample
BW308, collected from underground proximal to Cu orebodies (XPL). (c) Zoned coarse-grained pyrite with quartz and chalcopyrite in strain shadow. Sample ‘F’,
Drill hole@ ‘201903092’, 32.1m (RL). (d) Coarse-grained dolomite alteration of shale layering that is subsequently replaced by pyrrhotite. Sample BW205, Drill
hole @ ‘201903092’, 152.8m (PPL). (e) Early-pyrrhotite and later chalcopyrite in silica-dolomite. Sample BW201B, Drill hole @ ‘201904012’, 175.5m (RL). (f)
Early chalcopyrite with later pyrrhotite in silica-dolomite. Sample BW402, Drill hole @ ‘201903092’, 168m (RL). Key: Ccp, chalcopyrite; C.G.Py, coarse-grained
pyrite; Dol, dolomite; Po, Pyrrhotite; Qtz, quartz; Shale, unaltered shale; Sil-Dol, silica-dolomite; Sul, multiple sulfides; PPL, plane-polarised light; XPL, cross-
polarised light; RL, reflected light.

Figure 8. Paragenetic chart of the main mineralisation associated with foli-
ation boudinage structures at Mount Isa.
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Cu percentages and almost always below 3wt% grade Cu

(Supplemental data, Figure S2).

Discussion

Paragenesis

The petrographic observations in this study show that quartz

forms an initial rim inside the foliation boudinage structures

with a subsequent dolomite infill (Figures 9 and 10). This

characteristic, seen in all the sampled foliation boudinage

structures from Mount Isa, suggests that the infill mineralisa-

tion of the foliation boudinage structures was syn-silica-dolo-

mite and the structures developed during this event. Within

the Cu ore bodies, the silica-dolomite generally forms a brec-

cia fill around shale clasts (Bell et al., 1988; Cave et al., 2020;

Perkins, 1984) and is not conducive to the formation or pres-

ervation of the foliation boudinage structures as the breccia

lacks the necessary anisotropy. No samples of foliation bou-

dinage structures have yet been identified in brecciated

shale clasts at Mount Isa. The foliation boudinage structures

may have a pre- to syn-breccia timing, forming within the sil-

ica-dolomite halo, but distally to the breccia zone.

Pyrrhotite both replaced and infilled around the earlier

silica-dolomite grains within the foliation boudinage struc-

tures (Figure 10), consistent with the post-silica-dolomite

timing of most pyrrhotite at Mount Isa (Cave et al., 2020;

Perkins, 1984). Pyrrhotite is the most abundant sulfide min-

eral within the foliation boudinage structures and occurs

within every sampled structure. Miller (2007) noted that

the pyrrhotite has a strong correlation with the Cu, dolo-

mite, and siliceous inner core and the data presented in

this study broadly agrees with this relationship.

Only around 8% of the sampled drill core-scale foliation

boudinage structures contain chalcopyrite. Where chalco-

pyrite is present, it occurs either coeval with the pyrrhotite

or as vein-like mineralisation cross-cutting the pyrrhotite

infill (Figure 10g). Pyrrhotite has been observed to be

intimately associated with the chalcopyrite, and textural

evidence shows both quartz and dolomite dissolution dur-

ing chalcopyrite formation (Wilde et al., 2006). Miller (2007)

and Perkins (1984) describe strain free quartz associated

with the chalcopyrite mineralisation. However, quartz and

dolomite within the foliation boudinage structures have

indications of strain.

Foliation boudinage structure logging and scaling

limitations

Foliation boudinage structures are predominantly located

within the less deformed and altered lithologies (Figure 12)

as a result of the shale layering or a layer parallel foliation

providing the anisotropy and homogeneity of these rock

types. Foliation boudinage structures could not form in

rocks that lost their anisotropy during brecciation, deform-

ation and alteration. The dolomitisation and silicification of

the shale is generally considered to be an early alteration

with subsequent brecciation associated with the silica-dolo-

mite and Cu ore (Cave et al., 2020; Perkins, 1984;

Swager, 1985).

Perkins (1984) showed that dolomite porphyroblasts

truncate and overgrow S2 cleavages, indicating a post-D2

age for this dolomitisation. Perkins (1984) also observed

that the dolomite is both truncated by and overgrows the

S4 cleavages and this has been used as evidence for a syn-

Figure 9. Photographs of asymmetrical foliation boudinage structures from Mount Isa drill core. (a) Pyrrhotite-filled foliation boudinage structure with silica-
dolomite rim. Coarse-grained pyrite can be seen along one shale layer interface. Drill hole @ ‘201903052’, 23.5m (all depths downhole). (b) Pyrrhotite and
chalcopyrite-filled foliation boudinage structure with silica-dolomite rim. Pyrrhotite also replacing along a shale layer. Drill hole @ ‘201902182’, 16.1m. (c)
Pyrrhotite-filled foliation boudinage structure with silica-dolomite rim. Dolomite replacing shale layering. Drill hole @ ‘201903092’, 2.4m. (d) Pyrrhotite-filled
foliation boudinage structure with silica-dolomite rim. Coarse-grained pyrite has bedding parallel strain shadows and is cut by a bedding normal vein. Drill
hole @ ‘T667ED1’, 1202.2m. Key: Ccp, chalcopyrite; C.G.Py, coarse-grained pyrite; Dol, dolomite; Po, Pyrrhotite; Qtz, quartz; Shale, unaltered shale; Sil-Dol, sil-
ica-dolomite; Sul, multiple sulfides.
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Figure 10. Polished sections and scanning electron microscope (SEM) phase maps of foliation boudinage structures from drill core in the Mount Isa system.
(a) Pyrrhotite-filled foliation boudinage structures with silica-dolomite rims. Coarse-grained pyrite along a layer interface and dolomite replacing shale. Sample
‘BW302’, Drill hole @ ‘201903092’, 8.0 m (XPL). (b) Pyrrhotite-filled foliation boudinage structure with silica-dolomite rim. Coarse-grained pyrite throughout
sample. A lens of dolomite replaces shale. Silica-dolomite alteration of the shale away from the foliation boudinage structure is represented by a red arrow.
Pre-foliation boudinage veins are cross-cut and deformed by the foliation boudinage structure (green arrows). A smaller foliation boudinage structure indicat-
ing a conjugate set is seen at bottom left of polished thin section (white arrow). Sample ‘E’, Drill hole @ ‘201903092’, 32.1m (XPL). (c) Pyrrhotite and chalco-
pyrite infilled foliation boudinage structure with silica-dolomite rim. Pre-foliation boudinage veins are cross-cut and deformed by the foliation boudinage
structure. Sample ‘BW303’, Drill hole@ ‘201904012’, 159.3m (XPL). (d) Pyrrhotite-filled boudin within a dolomite layer adjacent to a foliation boudinage struc-
ture. The competency difference between the shale and the dolomite enables the formation of boudins. A coarse-grained pyrite grain can be seen in the
pinched neck of the boudin. Sample ‘G’, Drill hole@ ‘201903092’, 32.1m (XPL). (e) Pyrrhotite replacing dolomite grain within the interior of a foliation boudin-
age structure. Sample ‘BW205’, Drill hole@ ‘201903092’, 152.8m (XPLþ RL). (f) Phase map of the boudin within the dolomite layer in (d), showing the pyrrho-
tite infill similar to the foliation boudinage structures (key in figure). Sample ‘G’, Drill hole@ ‘201903092’, 32.1m. (g) Phase map of the interior of (c) showing
the quartz and dolomite rim. The later pyrrhotite infills around and replaces earlier grains of dolomite. A later vein-like chalcopyrite mineralisation cuts through
the pyrrhotite mass. Sample ‘BW303’, Drill hole@ ‘201904012’, 159.3m. Key: Ccp, chalcopyrite; C.G.Py, coarse-grained pyrite; Dol, dolomite; Po, Pyrrhotite; Qtz,
quartz; Shale, unaltered shale; Sil-Dol, silica-dolomite; Sul, multiple sulfides; PPL, plane-polarised light; XPL, cross-polarised light; RL, reflected light.
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D4a timing for dolomite porphyroblast growth (Miller,

2007). Foliation boudinage structures are generally absent

in the dolomitised layers, possibly due to their heterogen-

eity and increased shear strength. Instead, regular boudins

can be seen in these layers, owing to the development of

a competency contrast between the ductile shale and

more competent dolomite (Figure 10d, f). The foliation

boudinage structures are interpreted to have formed

coeval with and adjacent to the regular boudins, and both

have a post-dolomitisation timing.

Silicification of the shale is considered to have a post-

dolomitisation timing (Cave et al., 2020; Perkins, 1984;

Swager, 1985). Siliceous shales and brecciated siliceous

shales generally form the inner core of the deposit, with

most Cu mineralisation associated with these lithologies

(Perkins, 1984). Relatively few foliation boudinage struc-

tures formed in the siliceous shale lithology (Figure 12).

Where they are observed, they are interpreted to have a

post-silicification timing as the foliation boudinage struc-

tures are not overprinted by the silicification process. The

foliation boudinage structures located in the siliceous shale

are commonly filled with chalcopyrite, reflecting the closer

proximity to the high-grade Cu mineralisation.

The ore-grade Cu is in the more deformed and altered

lithologies, close to or within the zone of brecciation as

shown in Figure 13. A greater proportion of high-grade

Cu in the more altered lithologies is expected as the silica-

dolomite alteration and brecciation are generally

understood to lay the groundwork for the subsequent Cu

mineralisation (Bell et al., 1988; Cave et al., 2020; Miller,

2007; Perkins, 1984; Swager, 1985). The shale lithology

has by far the most foliation boudinage structures

(Supplemental data, Table S2), but is not typically associ-

ated with high-grade Cu (e.g. Bell et al., 1988; Cave et al.,

2020; Davis, 2004; Miller, 2007; Perkins, 1984; Swager, 1985;

Swager et al., 1987). Contrary to this general relationship,

Figure 13 shows that there is some high-grade Cu in the

shale lithology. This may be due to narrow chalcopyrite

veins that intersect the shale.

Arslan et al. (2008) showed that foliation boudinage

structures occur on scales similar to those found at Mount

Isa and also on scales much larger than drill core. Aerden

(1991) demonstrated the importance of these large-scale

foliation boudinage structures on the control of ore bodies

at the Rosebery deposit, Tasmania. The ore bodies at

Rosebery occur in similar rock types and deformation styles

to those at Mount Isa. Although they have not been identi-

fied during this study, large-scale foliation boudinage struc-

tures may exist and exert controls on the Cu ore bodies at

Mount Isa. Davis (2004) showed that the Mount Isa Cu ore-

bodies were steeply dipping with shallow to moderate

plunges to the north and northwest, consistent with the

orientations of the northwest-plunging small-scale foliation

boudinage structures observed in this study. The drill holes

Figure 11. Lower hemisphere, equal area stereoplot of poles to bedding (circles) and foliation boudinage structures (diamonds) shaded by distance along drill
hole T667ED1. Mean bedding planes are shown as great circles for shallow (blue) and deep (red) measurements that coincide with foliation boudin orientation
changes with distance. Drill hole@ ‘T667ED1’, drill hole collar azimuth ¼ 087� and inclination ¼ –75� .
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Figure 12. Normalised occurrences of foliation boudinage structures per lithology in the Mount Isa drill core. Foliation boudinage structures are identified
most commonly in the less deformed lithologies.

Figure 13. Lengths of drill-core intervals with ore-grade Cu (>3wt% Cu) normalised to the total lengths of each lithology in the studied drill holes. The plot
shows a strong correlation between ore-grade Cu and alteration and deformation.
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may intersect large-scale foliation boudinage structures

that are indistinguishable on the drill core scale from struc-

tures such as breccia, recrystallisation or veins. Foliation

boudinage structures larger than the drill core diameter

could be distinguished by the bending of bedding adjacent

to these zones, but this is difficult to assess without orien-

tated drill core close to the Cu ore bodies.

Currently, foliation boudinage structures have only been

found at Mount Isa mine. However, they may exist at other

deposits, and a search for their distribution at other Pb–Zn

and Cu deposits in the area would allow their evaluation

as a possible vector to ore.

Structural measurements and timing of foliation

boudinage structures

The most common foliation boudinage structures observed

at Mount Isa are the asymmetrical x-type of Arslan et al.

(2008; Figures 9 and 10). Asymmetrical foliation boudinage

structures can form in both simple and pure shear condi-

tions, depending on initial fracture geometries (Figure 6). The

asymmetrical structures at Mount Isa are likely to have

formed through simple shear from fractures sub-perpendicu-

lar to bedding. Asymmetrical x-type foliation boudinage

structures, which open into fluid filled voids and form by

simple shear, can have many initial fracture geometries com-

pared to those forming by pure shear, which require a spe-

cific sigmoidal-shaped fracture to form (Figure 6; Arslan et al.,

2008). It is considered unlikely that all foliation boudinage

structures at Mount Isa formed by pure shear from fractures

with this specific geometry. Therefore, it is more likely the

asymmetrical foliation boudinage structures formed by sim-

ple shear of fractures with various orientations.

The necks of foliation boudinage structures are shown

to have both north and south plunges in the same drill

core independently of depth (Figure 11), implying that the

Figure 14. Downhole logs of Cu wt% in three MICO drill holes showing the locations of foliation boudinage structures and associated Cu wt%. Foliation bou-
dinage structures are predominantly located in drill-hole intervals with the lowest Cu wt%.

14 B. J. WILLIAMS ET AL.



plunge directions are not domainal in the deposit. The

long axes of foliation boudinage structures lie on the great

circles of the Urquhart Shale bedding planes (Figure 11;

Supplemental data, Figure S1). This relationship is pre-

served as the orientation of the bedding changes along

the drill hole. Therefore, the shale bedding or a bedding-

parallel foliation must be the controlling fabric anisotropy

in the development of the foliation boudinage structures

at Mount Isa. The homogeneous nature of the Urquhart

Shale and anisotropy provided by the fine lamination

favours the formation of foliation boudinage structures.

The north–south orientations of the foliation boudin

long axes indicate the intermediate principal strain axis

during their formation (Arslan et al., 2008) and when com-

bined with the steep orientation of the anisotropy, show

approximate east–west shortening (Figure 15). The deform-

ation history at Mount Isa is complex (Bell et al., 1988;

Davis, 2004; Miller, 2007) with D2, D3, D4a, the D4b syn-Cu

event of Miller (2007), D5a and D5b all corresponding to

approximately east–west shortening.

The D5a and D5b events are shown by Miller (2007) to

have post-silica-dolomite, pyrrhotite and Cu mineralisation

timings and therefore they also have a post-foliation

boudin timing. Some of the deformation events with an

east–west shortening may be compatible, however, a pro-

tracted period of foliation boudin formation is favoured

based on their north and south plunges. The variation in

the plunge of the foliation boudinage structures is inter-

preted to reflect an evolution from D4a through to the

D4b syn-Cu event. The east-northeast–west-southwest

shortening of the steeply west-dipping Urquhart Shale dur-

ing D4a resulted in dextral-reverse shear along bedding

surfaces with a top to the northeast shear direction (Figure

15a). Foliation boudinage structures formed as a result of

this deformation have long axes that plunge to the north

(Figure 15a). Miller’s (2007) unnamed northwest–southeast

Figure 15. The formation of asymmetrical foliation boudinage structures at Mount Isa by approximately east–west shortening and up-dip, layer-parallel exten-
sion, showing the long axis of the foliation boudinage structures: (a) plunging to the north as a result of east–west shortening and dextral-reverse shear during
D4a; and (b) plunging to the south as a result of east–west shortening and sinistral-reverse shear during D4b. Red arrows at foliation boudinage structures
show relative displacements of the fracture walls. An enlarged diagram of the foliation boudinage structure infilling shows the initial quartz rim and subse-
quent dolomite, with later sulfide (pyrrhotite ± chalcopyrite) infill and replacement.
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shortening sinistral-reverse shear event (D4b), which he

interprets as having a syn-Cu mineralisation timing, has a

top to the southeast shear direction and resulted in foli-

ation boudinage structures plunging to the south

(Figure 15b).

All foliation boudinage structures in this study have sul-

fide infills of pyrrhotite ± chalcopyrite. The foliation boudin-

age structures have an identical mineral paragenesis to the

rest of the deposit (e.g. Cave et al., 2020; Perkins, 1984)

and no evidence has been found in this study to suggest

the silica-dolomiteþ pyrrhotite ± chalcopyrite infills of the

foliation boudinage structures have been remobilised and

precipitated at a later stage. This agrees with the observa-

tions of Perkins (1984) that, once precipitated, chalcopyrite

does not redissolve and reprecipitate.

Arslan et al. (2008) stated that a high fluid pressure is

critical for the formation of foliation boudinage structures

and in maintaining open fluid-filled fractures. High fluid

pressures during the silica-dolomite alteration could be a

contributing factor to the formation of foliation boudinage

structures at Mount Isa. The drop in fluid pressure during

the brecciation (Bell et al., 1988; Perkins, 1984) may have

resulted in the cessation of silica-dolomite, pyrrhotite and

minor chalcopyrite infilling of the foliation boudinage struc-

tures. The initial infill was followed by continuing pyrrhoti-

te ± chalcopyrite replacement of the silica-dolomite within

the foliation boudinage structures during the Cu brecci-

ation event.

The results in this study largely support Miller’s (2007)

unnamed sinistral-reverse (D4b) timing for Cu brecciation

at the Mount Isa deposit. However, a prolonged Cu min-

eralisation episode from late-D4a through to the main Cu

brecciation during D4b is favoured based on the infill char-

acteristics of the foliation boudinage structures. A Cu min-

eralisation event that initiates in late D4a and progresses

through to the main Cu brecciation and mineralisation

event in D4b would show an initial infill and then replace-

ment of silica-dolomite in both the north and south plung-

ing structures. However, a similar infill could be observed

in foliation boudinage structures by a Cu event restricted

to D4b if the D4b south-plunging structures were infilled

and the D4a north-plunging structures were largely miner-

alised by replacement of the existing silica-dolomite infill.

Conclusions

� Petrographic analysis at the Mount Isa Cu deposit shows

that foliation boudinage structures in drill core have an

infill of quartz, dolomite and pyrrhotite, with minor chal-

copyrite in some samples. Pyrrhotite replaces and infills

around quartz and dolomite in all analysed samples.

Chalcopyrite has a coeval or post-pyrrhotite timing.

� The foliation boudinage structures plunge gently to the

north and south as a result of layer normal shortening

and layer parallel extension of the steeply west-dipping

Urquhart Shale.

� Drill core-scale foliation boudinage structures at Mount

Isa are identified almost exclusively within the unaltered

and undeformed Urquhart Shale and ‘pyritic shale (5–20%

pyrite)’ lithologies, where the anisotropy required for their

formation was still intact. The homogeneous nature of

the Urquhart Shale at the small scale, combined with the

anisotropy provided by the shale layering or layer-parallel

foliation, was conducive to the formation of foliation bou-

dinage structures at Mount Isa.

� The drill core-scale foliation boudinage structures are

generally located outside the zone of high-grade Cu

mineralisation, although within the silica-dolomite and

pyrrhotite mineralisation halos.

� Foliation boudinage structures formed after dolomitisa-

tion and silicification along bedding. Infilling of the

structures occurred during a protracted silica-dolomite,

pyrrhotite and chalcopyrite mineralisation event. The

paragenesis of the foliation boudinage structures is con-

sistent with the established paragenesis of the main Cu

mineralisation at Mount Isa.

� The orientations and mineral infills show a continued

formation of foliation boudinage structures from east-

northeast–west-southwest dextral-reverse shortening

during D4a through to the main Cu mineralisation dur-

ing Miller’s (2007) unnamed west-northwest–east-south-

east sinistral-reverse shortening event (D4b).
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