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     Abstract      
 

Fluid flow leading to mineralization can occur on both newly formed faults, and on 

faults that are reactivated subsequent to their initial formation.  Conventional models of 

fault reactivation propose that, under high pore pressures, misoriented faults may reac-

tivate due to low fault cohesion.  Timing and orientation data for a mineralized Paleo- to 

Mesoproterozoic terrain indicate that multiple successive new orientations of predomi-

nantly strike slip faults developed (between 1590 and ~ 1500 Ma), requiring that faults 

either had high cohesion and/or that pore pressures were not high enough to induce 

reshear.  Evidence for high pore fluid pressures on the young fault set include jigsaw-fit 

dilatant breccias, hypogene copper mineralization in veins and breccia infill, and subver-

tical tensile quartz veins aligned sub-parallel to σ1.

The generation of the new faults in previously faulted rock masses indicates that 

the older faults developed sufficient cohesion that the younger deformation did not af-

fect the older faults.  Many older faults display prominent quartz blows but also locally 

are marked by recessive valleys with some exposure of fault gouge or clay-filled brec-

cia.  The assumption that old faults consistently have little or no cohesion appears to 

be incorrect in this terrain.  Furthermore, faults with high cohesion may have acted as 

barriers and compartments, so that intersections between them and newly formed faults 

host mineralization, not because of reactivation, but because of interaction between new 

faults and cohesive materials defined either by fault precipitates or rock juxtaposition.

The Mount Gordon Fault Zone (MGFZ) comprises a c.a. 150 km long zone of 

anastomosing mainly NNE-trending major faults, but in two notable locations (Mammoth 
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and Investigator fault zones), curvilinear steep east-trending faults intersect the main 

fault zone.  Exploration models for the region have focussed primarily on direct Mount Isa 

(black shale) analogues rather than integrated structural targeting.  The most brecciated 

and mineralized segments in the Mt Gordon copper field occur along the Mammoth Fault 

where it bends from an ENE trend northwards to connect to the ENE trending Mammoth 

Extended Fault.  Using veins, slickenlines, offsets and orientations of fault segments 

and applying fault slip analysis techniques the most likely far field stresses at the time 

of strike slip faulting and mineralization were aligned with σ1 approximately 110° termed 

here D4.  

To test the veracity of this result, different tools were applied to the dataset to as-

sess correlation between areas of known mineralization and predicted zones of minerali-

zation.  Three-dimensional fault slip tendency analyses indicate that for an applied stress 

field with different stress ratios slip along favourably oriented faults will occur.  Prospec-

tivity analyses indicate that fault intersections are important even when fault orientation, 

fault connectivity and proximity to source are included or removed from the analysis.  Fa-

vourable targets are where optimally oriented faults intersect misoriented faults because 

these intersections create zones of high pore fluid pressure resulting in brecciation con-

sequent on multiple rupture events.  Discrete element modelling at known deposits and 

prospects indicate a good correlation between predicted and known mineralized zones, 

although pressure/stress gradients appear to be more important than actual low values 

of differential and mean stress, possibly reflecting the need for a fault capable of trans-

mitting copper-bearing fluid (e.g. during extensional shear) coupled with a pressure drop 

at a site of tension to induce precipitation.  Fault intersections are likely to be zones of 
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enhanced permeability provided the right pressure – temperature – chemical conditions 

are met for mineralization to occur.  The results from these analyses can be utilised in 

exploration to further enhance the chances of a significant discovery within the region.  

Together, these results and observations provide new, simple tools to stimulate copper 

exploration in fault hosted terrains.
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Chapter 1                          Introduction

1.0 Introduction

The giant Mt Isa copper orebodies lie on a bend in the Paroo/Mt Isa Fault system 

in the western succession of the Mt Isa Block.  Although the controls on copper miner-

alization at Mt Isa are relatively well understood, this has not resulted in recent major 

discoveries of new copper deposits along the broader (100km-scale) fault arrays in the 

district.  This research builds on previous work by MIM/Xstrata, the Predictive Mineral 

Discovery projects I1 and I4, and the NW Queensland Minerals Province study to de-

velop an understanding of the structural controls on fluid flow related to faulting and cop-

per mineralization in the 1000km2 area north of Mt Isa.  In so doing, it attempts to resolve 

practical issues concerning why mineralization is localized in different parts of the fault 

array (in time and space) and what were the fluid flow events leading to mineralization.

1.1 Aims and Objectives

The main aims and objectives of this study were to:

Understand controls of faulting on copper deposits in Mt Isa district;

Understand why and how old faults have been reactivated over a protracted tectonic 

evolution;

Apply paleostress techniques to understand the stress fields that influenced faulting 

through time and;

Determine what aspects of the early evolution of the terrain influenced the subse-

quent distribution of fault related copper mineralization.

•

•

•

•
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1.2 Thesis Outline

This thesis is presented as a single volume comprising seven chapters and two 

appendices.  The research mostly comprised extended field campaigns and derived spa-

tial and temporal relationships and as such mostly concentrates on these field aspects 

and relationships as the basic input data.

Chapter 1: Introduction

Chapter 1 introduces the project and overall aims of the work.

Chapter 2: Brittle Failure & Paleostress Analysis: A Review

Chapter 2 is a review-style chapter that presents an outline of stress and pore 

pressure conditions leading to the development of different macroscopic modes of brittle 

failure.  The analysis is mostly dealt with in two-dimensions, appropriate (for example) 

for research and exploration in strike-slip dominated districts with little topographic relief 

(such as the Mount Isa region).  An overview of fault slip analysis (kinematic and dy-

namic analyses) in three-dimensions is also presented and these techniques are applied 

to the study area.  The final section of this chapter presents an overview of conventional 

2-D fault reactivation followed by an alternative three-dimensional approach that is inde-

pendent of pore fluid pressure. 

Chapter 3: Regional Geology

Chapter 3 describes the regional geology of the Western Fold Belt (WFB) in 

Queensland and gives an overview of the study area.  The region has undergone several 

episodes of deformation with periods of extension and shortening.  The main focus of 

the chapter is to collate previous work on aspects that relate to faulting within the WFB 

and associated copper mineralization.  Specifically, I try to identify the extent to which 
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the geological history reveals aspects of fault development, inversion, reactivation and 

new periods of faulting.

Chapter 4: Mount Gordon Fault Zone Architecture and Fault Timing

Chapter 4 has been submitted to the Geological Society of London for publication 

in the Professor Richard Sibson Honorary volume.  Chapter 4 aims to understand the 

geometric and temporal evolution of the complex fault arrays in the Mount Gordon Fault 

Zone, by using a chronological matrix approach and some simple rules of orientation and 

overprinting.  The results are directed towards providing a framework for the correspond-

ing evolution of the mineralizing systems, and to provide a template for more detailed 

study of fault mechanics, fluid flow and structural prospectivity.

Chapter 5: Structural Geology of selected parts of the Mt Gordon Fault Zone

Chapter 5 aims to describe the structural geology of parts of the Mt Gordon Fault 

Zone, in order to provide a framework for other chapters dealing with the temporal evolu-

tion, determining paleo-stress fields, and performing numerical modelling of fault-related 

deformation and fluid flow.  It also aims to provide a detailed description of the crucial 

parts of the fault system with respect to fault kinematics, damage, infill character and 

overprinting.

Chapter 6: Regional Prospectivity Analysis & UDEC Modelling: Review & Results

Chapter 6 applies prospectivity analysis to the region to test results from earlier 

chapters.  It ends with application of discrete element modelling techniques to known 

deposits and prospects to forward model and test models for mineralization.  It examines 

the distribution of stress around faults that are thought to control mineralization.
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Chapter 7: Discussion & Exploration Implications

Chapter 7 examines and discusses the results of preceding chapters with par-

ticular emphasis on fault cohesion and how it relates to mineralization within the region.  

Results and use of prospectivity and discrete element methods are also discussed in 

terms of their use for explorationists.  It concludes with a brief statement of which explo-

ration companies have applied the results of this work in their daily exploration practices 

and suggests possible future work that may be undertaken in the region.



CHAPTER 2

Brittle Failure & Paleostress Analysis: A Review
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2.1 Overview

This chapter outlines two-dimensional and three-dimensional techniques for ana-

lysing brittle structures, in this case mostly faults.  The aim of this chapter is to place 

subsequent chapters in context because techniques described here are employed in 

subsequent chapters.  Brittle structures can form under a variety of conditions that may 

reflect a diverse range of dynamic processes related to their formation.  The chapter 

begins with an outline of conditions leading to the development of macroscopic modes of 

brittle failure and emphasizes the importance of pore fluid pressure.  This is mostly dealt 

with in two-dimensions. 

The second half of this chapter focuses on three-dimensional techniques for ana-

lysing fault slip data.  An overview of fault slip analysis (kinematic and dynamic analyses) 

is presented and these techniques are applied to the study area in Chapters 5, 6 & 7.  The 

final section of this chapter presents an overview of conventional 2-D fault reactivation 

analysis followed by an alternative 3-D approach that is independent of pore fluid pres-

sure.  Methods and terms described here are used throughout subsequent chapters.

2.2 Conditions for Brittle Failure

The major controls on the orientation of brittle structures at the time of their forma-

tion are effective stress, pore fluid pressure, and the orientation of the stress field, which 

is defined by three orthogonal principal compressive stresses σ1 ≥ σ2 ≥ σ3 (Figure 2.1a).  

Note that the orientation of σ1, σ2, and σ3 may be affected by pre-existing anisotropy in 

the rock-mass (Anderson, 1951).  Anderson (1951) realised that the earth’s free surface 

cannot sustain shear stress, therefore, the vertical stress must also be a principal stress, 

i.e. σv = σ1, σ2, or σ3, for a horizontal ground surface.

Gustav S Nortje 7
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Figure 2.1 (a) An ‘Andersonian’ extensional stress state where σ1 ≥ σ2 ≥ σ3 in 3-dimensions; and (b) shear 
stresses (τ) and normal stresses (σn) acting on a plane in a normal fault setting where θ is the angle between 
σ1 and the fault plane in 2-dimensions (Sibson, 2000a, 2001).

Brittle faults typically form according to Coulomb failure criteria along planes con-

taining the σ2 axis at θ = 25° to 30° to σ1 where θ (Figure 2.1b) is the angle between σ1 

and the failure plane.  This angle depends on the coefficient of internal friction (Byerlee, 

197�).  It follows that three principal modes of faulting can be defined: (1) steeply dipping 

normal faults (σv = σ1) forming in extensional regimes (Figure 2.2); (2) shallow dipping 

thrust faults (σv = σ3) forming in compressional regimes; and (3) subvertical strike-slip 

faults (σv = σ2) forming in transcurrent settings (Anderson, 1951).  This classification 

is based on the orientation of the stress field at the time of fault inception (Anderson, 

1951).  It is postulated that these stress regimes extend down to the base of the brit-

tle seismogenic zone.  However, perturbations of stress fields may occur at the brittle 

- ductile transition zone due to weak ductile zones of horizontal decoupling (Westaway, 

199�) and/ or topographical relief in the near-surface environment (Sibson, 2000b, a).  

Areas of fluid overpressure (Bradshaw and Zoback, 19��) and intrusions (Parsons and 

Thompson, 1993) may also affect the orientation of the local stress field.  Furthermore, 

stress heterogeneity may arise as a consequence of material inhomogeneities (Oliver et 

al., 1990; Sibson, 2001).
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3

1

Figure 2.2 A typical ‘Andersonian’ brittle normal fault and associated extension fractures (hatched) in an 
extensional tectonic regime where δ = 60° and is the dip of the fault plane (Anderson, 1951; Sibson, 2001).

2.3 Brittle Failure Modes

Three modes of brittle failure can occur in intact isotropic rock with predictable 

orientations to the principal stress axes (Sibson, 199�, 2000b, a, 2001): (1) shear frac-

tures (faults), (2) pure extension fractures, and (3) hybrid extensional-shear fractures 

(Figure 2.3 and Table 2.1).  The mode of failure is highly dependent on pore fluid pres-

sure, Pf, where effective principal stresses are defined as (Hubbert and Rubey, 1959):

( ) ( ) ( )f3
'
3f2

'
2f1

'
1 PPP -s=s≥-s=s≥-s=s

At a given depth z, Pf and depth can be defined by the pore-fluid factor (λv) (ratio 

of pore fluid pressure to vertical stress): 

 

where, ρ = average rock density, g = gravitational acceleration (Sibson, 2000b, a; 

Cox et al., 2001; Sibson, 2001).
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When pore fluids are interconnected up to the watertable at the earth’s surface a 

hydrostatic fluid pressure state is reached, where λv ~ 0.4.  Suprahydrostatic pressures 

occur when λv > 0.4, and lithostatic pressures when λv = 1.0.  For an ‘Andersonian’ ex-

tensional stress regime, the effective vertical stress should be:

Conditions needed for failure to occur can be plotted  on a standard Mohr dia-

gram (Figure 2.3) of shear stress (τ) against effective normal stress (σn),   s’1 = (s1 - Pf) 

combined with a Griffith-Coulomb failure envelope for intact homogeneous isotropic rock 

normalised to tensile strength, T (Secor, 1965; Sibson, 199�, 2000b, a, 2001).  The res-

hear condition for a cohesionless pre-existing fault is also illustrated.

'n
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Figure 2.3.  Mohr diagram of shear stress, τ, against effective normal stress σ’n with a Griffith-Coulomb fail-
ure envelope for intact rock normalised to tensile strength, showing the three different brittle failure modes 
and the reshear condition for an existing cohesionless fault modified from (Sibson, 199�, 2000b, a, 2001).  
Linear parts of the intact failure envelope in the compressional field and the reshear criterion have been con-
structed with slopes of 0.75 the average value of internal friction as determined by Byerlee’s, (197�) range 
of measurements of static friction where θ = the angle between σ1 and the failure plane, θi = the angle of 
internal friction, and θr = angle of reactivation (Byerlee, 197�; Jaeger and Cook, 1979).
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The Griffith failure criterion (Griffith, 1924), t2 = 4s’nT + 4T2 predicts shear strength, 

τ = 2T when σ’
n = 0.  The Coulomb failure criterion predicts failure with cohesive shear 

strength, C, and coefficient of internal friction μi, when: t = C + μis’n = C + μi(sn - Pf) 

(Griffith, 1924).  Brittle failure may arise by a change in the differential stress state and/ 

or by increasing fluid-pressure (Figure 2.3 and Table 2.1).  The mode of failure depends 

on the balance between differential stress (σ1 - σ3) and tensile strength, T (Secor, 1965; 

Sibson, 199�, 2000a).  When (s1 - s3) <4T, pure extension fractures form along planes 

perpendicular to the least compressive stress, σ3, (Figure 2.3).  When  (s1 - s3) > 5.66T, 

shear fractures (faults) form along planes containing the σ2 axis at angles to θi = 27° ± 

5° to σ1 in compliance with Coulomb criterion and the internal coefficient of friction (0.5 

< μi < 1.0).  When  4T<(s1 - s3) < 5.66T, extensional-shear fractures form along planes 

containing the σ2 axis at angles (θ < θi) to σ1 (Figure 2.3 and Table 2.1) (Secor, 1965; 

Byerlee, 197�; Sibson, 199�, 2000a).
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Failure mode
(field of application)
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Table 2.1 Criteria for brittle failure and reshear assuming an average internal friction coefficient of 0.75, 
where θ = the angle between σ1 and the failure plane, θi = the angle of internal friction, and θr = angle of 
reactivation (Holyland and Ojala, 1997; Sibson, 2000b, a, 2001)
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For a typical ‘Andersonian’ extensional setting where (σ1 = σv), extension frac-

tures should be vertical, normal faults should dip at angles of 5�° - 6�°, and extensional-

shears should be steeper (Sibson, 2000b, a, 2001).  

The creation of new brittle structures can be inhibited by reactivation of pre-ex-

isting favourably oriented low-cohesion faults, which is important from a mineralisation 

perspective (Sibson, 2000b, a, 2001).  The frictional reactivation of a cohesionless fa-

vourably oriented fault with a coefficient of static friction, μs, is:

t = mss
’
n = ms(sn - Pf)

and is shown on Figure 2.3 and Table 2.1.  For existing faults whose poles lie in 

the plane containing σ1 and σ3, this may be rewritten as the ratio of the effective principal 

stresses as:

so that,

where θr is the reactivation angle between σ1 and the plane (Sibson, 19�5).  The 

coefficient of static friction μs, occurs within a range of (0.6 < μs < 0.�5) (Byerlee, 197�).  

If μs = μi = 0.75, a reasonable representation of rock friction, then the optimal reactivation 

angle θr*, is reached when (Figure 2.4),

though reactivation of less optimally oriented faults is also possible (Sibson, 

19�5).  This does not mean that 0.75 is a reasonable estimate of the coefficient of fric-

tion.  This is the value chosen by Sibson based on Byerlee’s (197�) work.  Other esti-

mates have included 0.4 – 0.6 for the San Andreas Fault (Stein et al., 1992; Toda et al., 
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199�).  Frictional reactivation of a favourably oriented throughgoing cohesionless fault is 

important because the tensile overpressure condition (Pf > σ3) needed for extensional-

shear or pure extension fracturing cannot be met if a pre-existing fault is oriented at θr < 

2θr*, because reshear will always occur first (Figure 2.4) (Sibson, 2000b, a, 2001).

Figure 2.4 Plot of coefficient of friction versus optimal reactivation angle (θ*) for faults for the case of θ* and 
2θ* (Sibson, 1985).

2.3.1 Brittle Failure Mode Plots

All failure modes influence structural permeability within a rock-mass (Sibson, 

2000b, a, 2001).  Conditions affecting structural permeability can be shown on brittle 

failure mode plots, where differential stress (σ1 - σ3) is plotted against effective vertical 

stress σ’
v (Figure 2.5) (Sibson, 2000a).  The mode of failure that occurs is dependent on 

pore fluid pressure (Figure 2.3 and Table 2.1).  If different failure modes can be recog-

nised in the field which define brittle failure conditions; then the type of failure mode can 

be related back to equivalent depths for assumed values of the pore-fluid factor, λv, (Fig-

ure 2.5 and Table 2.1).  For a typical ‘Andersonian’ extensional setting (σv = σ1), failure 

curves for different values of tensile strength, T, which may be thought of as a measure 
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of rock ‘competence’ are shown in Figure 2.5 (Sibson, 2000a).

Figure 2.5 Brittle failure mode plot of differential stress (σ1 - σ3) versus effective vertical stress, σ’v in an ex-
tensional tectonic regime (σv = σ1).  Effective vertical stress, σ’v can be equated to depth for different values 
of the pore fluid factor, λv.  Failure curves are plotted for intact rock with T = 10 and 20 MPa.  Grey shaded 
area shows where extensional and extensional-shear failures are possible in high tensile strength rocks 
under suprahydrostatic fluid conditions.  Inset shows the orientation of the three modes of brittle failure rela-
tive σ1 (ext. = extensional fractures; sh. = compressional shears; e-s = extensional shears) (Sibson, 199�, 
2000a).

Tensile strength values differ from 20 MPa or more for crystalline rock to 1 - 10 

MPa for sedimentary rocks (Lockner, 1995).  Failure curves define the transitions from 

pure extensional fracturing in the near surface, to extensional shear, to compressional 

shear failure with increasing σ’
v, as well as equivalent depths for transitions increasing 

with rock tensile strength (Figure 2.5) (Sibson, 199�, 2000a, 2001).  For example, when 

T = 10 MPa and λv = 0.4 (hydrostatic fluid pressures), pure extension fractures will form 

to depths of ~2 km while the transition from extensional-shear to compressional-shear 

failure occurs at depths of ~3 km (Sibson, 199�, 2000a, 2001).  Depths over which ex-

tension fracturing can occur may increase if the tensile strength of the rock increases 

(e.g. due to hydrothermal silicification).  Figure 2.5 illustrates a number of significant 
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points with respect to hydrothermal mineralisation with, and adjacent to, fault zones: 

Differential stress and fluid pressure levels govern the development of brittle struc-

tures in extensional settings for intact rock masses.

Extensional-shear and extension fractures in extensional regimes are dependent on 

rock competency (tensile strength).

Pure extensional and extension fractures are easily maintained in high tensile 

strength lithologies.

Compressional shear failure is typically only possible at higher values of σ’
v than oc-

curs for extensional shear and extension fractures.

Tensile strength is the major control on brittle failure modes when σ’
v is low.

Pore fluid pressures exert a large influence on the depths to which fractures can 

form.

The tensile overpressure condition (Pf > σ3) which is required for extension frac-

tures to occur will not be met if there is a pre-existing favourably oriented cohesionless 

fault (Sibson, 199�, 2000a, 2001).  The attainment of the tensile overpressure condition 

(Pf ≥ σ3 + T) necessary for hydraulic extension fracturing and extensional-shear fracture 

is hindered by the presence of a through going favourably oriented cohesionless fault in 

intact rock.  Assuming this, then the formation of extension fractures and extensional-

shears is to be expected: (1) in intact crust; (2) when pre-existing faults are severely mi-

•

•

•

•

•

•
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soriented for frictional reactivation (Sibson, 19�5); and (3) when existing faults have re-

gained cohesive strength, e.g. hydrothermal cementation (Sibson, 199�, 2000a, 2001).

2.3.2 Structural Permeability

Shear fractures (faults), pure extension fractures, extensional-shear fractures, 

microcracks, and styolitic solution seams affect rock permeability (Figure 2.6) (Sibson, 

2001).  Providing macroscopic and microscopic pure extensional fractures remain open, 

permeability is enhanced in the σ1/σ2 plane (Figure 2.6).  This is improved when Pf ap-

proaches σ3 or when the tensile overpressure condition is reached (Pf > σ3) (Sibson, 

2001).  Fluid flow perpendicular to the σ2/σ3 plane may be impeded by styolitic seams 

that develop perpendicular to σ1 (Figure 2.6) (Groshong, 19��).  The permeability struc-

ture of normal faults in extensional settings depends on heterogeneities within the rock-

mass but may also vary with processes such as fault displacement, gouge development, 

and hydrothermal cementation.  Generally, in low porosity rocks, normal faults enhance 

permeability through the mismatch of opposing walls and cataclastic brecciation e.g. 

(Brown and Bruhn, 1996).  This is supported by borehole measurements that suggest 

hydraulically conductive fractures are those that are favourably oriented for shear reacti-

vation in the predominant stress field (Barton et al., 1995).  In high porosity rocks (sedi-

mentary, volcanic), porosity destructive processes such as grain comminution, porosity 

collapse, and alteration to clay rich assemblages can reduce permeability within fault 

zones relative to the wall rock (Antonelli and Aydin, 1994).  Normal faults may have pore 

fluids passing through them and they may interact in 2 ways:

(1) Static Interactions

Pore fluids within the host rock may cause normal faults to either, act as seals or 
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cause them to behave as permeable structures relative to the host rock.

(2) Dynamic Interactions

Fluid redistribution within normal faults can occur in 3 ways: (i) mean stress cy-

cling which is linked to shear stress, possibly resulting in fluid release from vertical frac-

tures; (ii) the suction pump effect within dilational jogs (Sibson, 19�6); and, (iii) when nor-

mal faults cross-cut impermeable barriers or overpressured fluids within the surrounding 

fault zone (Sibson, 2001).

Figure 2.6 Cross-section of stress-controlled components of structural permeability in an extensional setting 
(σv = σ1).  Shear sense indicators show faults (Coulomb shears); extension fractures and extensional-shears 
are cross-hatched; styolites shown by squiggly lines.  The common intersection of stress-controlled com-
ponents is parallel σ2 (Sibson, 2001).  Turn diagram on its side for compressional setting (σv = σ3) and map 
view for a strike-slip setting (σv = σ2).

It is apparent from Figure 2.6 that the common intersection between brittle fail-

ure modes is parallel to the σ2 axis assuming a 2-dimensional strain field.  Therefore, a 

strong directional permeability is likely in that direction (Sibson, 2001), resulting in dila-
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tional jogs, conjugate tension gash shear zones, and fault-fracture meshes (Hill, 1977) 

provided there is sufficient 3D connectivity and continuity between them (Sibson, 2001).  

Conjugate arrays of normal faults enhance σ2-directed permeability by developing pipe 

like conduits at fault intersections in low porosity rocks and between faults in high-poros-

ity rocks (Sibson, 2001).

3-Dimensional Permeability

Andersonian fault theory is 2-D in that faults, pure extension fractures, and exten-

sional shear fractures form parallel to σ2 but at varying angles to σ1.  Thus they have a 

common intersection parallel to σ2 (Figure 2.7a & b).  Deflections arising from structural 

intersections of this type are likely to be parallel to σ2 (Anderson, 1951).

Although Andersonian rock mechanics assumes continuity in the σ2-direction, 

fault growth by segment linkage induces localised changes in the orientation of the fault 

surface and stress field (Pollard and Aydin, 19�4).  This produces deflections in fault ori-

entation within linkage zones (Figure 2.7c) (Walsh et al., 2003).  Deflections arising from 

fault growth by segment linkage in map view are sub-parallel to σ1 and parallel to the 

slip vector if the hanging wall and footwall blocks have behaved as rigid blocks (Figure 

2.7c).

Figure 2.7.  Mechanisms for generating fault/vein deflections.  a) A normal fault and associated extension 
fracture with σ2 as the common intersection line between the structures; b) a typical Andersonian conjugate 
normal fault system with a common intersection line of σ2 and; (c) fault linkage in 3-dimensions illustrating 
rotation of the stress field in the zone of segment linkage with a corresponding fault deflection.
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Figure 2.7 is not always true and can be somewhat misleading.  Extension veins 

do not necessarily intersect faults in the σ2 direction and it depends on the stress ratio 

(sect. 5.5.2) value, so Figure 2.7a is only useful when you have a known stress ratio.  

Figure 2.7 also implies that vein/fault deflections may be parallel to the slip vector and 

while this may be true in some cases it is not a generalization (Blenkinsop, 200�).  For 

example jogs on strike slip faults are perpendicular to the slip direction.  As Nortje et al 

(2006) demonstrated permeability within an extensional setting doesn’t have to be in a 

horizontal direction; i.e. subparallel to σ2 like in typical fault-fracture meshes.  Typically, 

in epithermal ore deposits vertical fluid flow is required to form a deposit and this is also 

implied in fault-jog hosted mineralization where subvertical fluid conduits are likely to 

dominate (Figure 2.7c).

2.4 Summary of Macroscopic Failure Modes

The formation of brittle structures can be affected by topography, fluid overpressures, 

and rock properties.  Effective stresses, pore fluid pressure, and the orientation of the 

local stress field are the major controls on the formation of brittle structures.  

There are three types of brittle failure modes: pure extension fractures, hybrid – ex-

tensional fractures, and shear fractures (faults), the formation of which depends on 

effective stresses and pore fluid pressures.  These structures can form with predict-

able orientations under a Mohr-Coulomb failure criterion.

Brittle failure mode plots can be used to define failure conditions at depth which de-

pend on values of the pore fluid factor.

The presence of a throughgoing optimally oriented cohesionless fault prevents at-

•

•

•

•
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tainment of the tensile overpressure (Pf ≥ σ3) condition required for hydraulic fractur-

ing occuring in rocks with pre-existing discontinuities.  Hydraulic fracturing of intact 

rock requires that Pf ≥ σ3 + T.

Permeability is enhanced in the σ1/σ2 plane provided that (1) fault-fracture meshes 

remain open; (2) the pore fluid pressure approaches σ3 and; (3) the tensile overpres-

sure condition is met.

The common intersection between brittle structures may provide a strong directional 

permeability in the direction of the intersection line, which, in extensional settings, 

is subhorizontal and parallel to the strike of the structures.  Subvertical permeability 

may also be important particularly for dilatant bends along faults in extensional and 

strike-slip fault systems.

•

•
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2.5 Paleostress Analysis: A Review

Here an overview of fault slip analyses (paleostress analyses) is presented.  Brit-

tle structures such as striations, en echelon veins, dilational jogs, and fibrous veins may 

yield information on the orientation of the stress field at the time of the formation of the 

structure.  Since its inception in the early 1970’s fault slip analysis (paleostress analysis) 

has become an important aspect of structural geology (Secor, 1965; McMahon Moore, 

1975; Angelier, 1979, 19�9; Marrett and Allmendinger, 1990; Angelier, 1994; Nieto-Sa-

maniego and Alaniz-Alvarez, 1997; Twiss and Unruh, 199�; Ramsay and Lisle, 2000c; 

Sibson, 2000b; Miller and Wilson, 2004; Nortje et al., 2006; Miller, 2007).  For example 

Miller and Wilson (2004) successfully applied fault slip analysis techniques that facili-

tated the discovery of an offset part of the Stawell ore body in Victoria, Australia.  Another 

very important application of paleostress analysis is its combination with computational 

techniques, which has the potential to become a useful exploration tool so that explorers 

may become more predictive in their efforts to locate mineralization.  Keys (200�) used 

stress inversion techniques at the Mammoth Mines to constrain the orientation of the ma-

jor principal compressive stress responsible for copper mineralization, see Section 2.� 

for a detailed overview.  A similar study was conducted at Mt Isa mine by Miller (2007).  

He found that the copper mineralization was controlled by left-lateral reverse movement 

along faults and occurred during a single brecciation event (Miller, 2007).  In this thesis 

compression positive is used in all reduced stress tensor calculations.

There are two methods of fault slip analysis (FSA) namely the strain (kinematic) 

method (Marrett and Allmendinger, 1990; Pollard et al., 1993; Twiss and Unruh, 199�; 

Gapais et al., 2000) and a dynamic (stress inversion) approach (Angelier, 1979, 19�4; 
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Aleksandrowski, 19�5; Angelier, 19�9; Fry, 1992; Angelier, 1994; Lisle and Vandycke, 

1996; Fry, 1999, 2003; Orife and Lisle, 2003; Miller and Wilson, 2004).  The ultimate aim 

of FSA is to obtain the orientations of the infinitesimal strain axes E1 ≥ E2 ≥ E3 (kinematic) 

or the major principal stresses σ1 ≥ σ2 ≥ σ3 (dynamic) (Ramsay and Lisle, 2000c).  Table 

2.2, modified from Blenkinsop (2006) shows the main methods of fault slip analysis, the 

assumptions in each method, references and software packages for each.

Table 2.2.  (Overleaf) Methods of fault slip analysis with major assumptions and results along with free-
ly available software packages and examples where various methods have been applied, modified from 
(Blenkinsop, 2006).  Compression positive in all methods except kinematic methods where extension is 
positive.  Dashed lines indicate right di/trihedra methods in terms of both kinematic and dynamic methods.  
The micropolar method of Twiss et al (1993) is mentioned for completeness and is not used or described in 
this thesis.
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2.5.1 Kinematic Analyses

Kinematic analyses (strain) are mostly concerned with the patterns of movement 

and displacements within a material i.e. rotations and translations that produce the struc-

tures being studied (Marrett and Peacock, 1999; Jaeger et al., 2007).  Throughout this 

thesis fault plane solutions (beach balls) are used to show the relative movements of the 

footwall and hanging wall of faults where kinematic data have been determined (Figure 

2.�).  Weighted and unweighed moment tensor stereonets are also plotted using Fault-

KinWin 1.2.2 (Allmendinger, 2001).

Kinematic analyses of faults are difficult to undertake because continuum me-

chanics is being applied to a discontinuous problem (Twiss et al., 1993; Twiss and Un-

ruh, 199�).  None the less fault slip data can be weighted provided that the fault systems 

being studied are shown to be scale independent (Marrett and Allmendinger, 1990).  The 

following considerations are used in the kinematic method:

(1) slip direction is parallel to the direction of maximum resolved shear rate of 

a large scale homogeneous strain rate tensor (Marrett and Allmendinger, 1990, 1991; 

Twiss et al., 1991; Twiss et al., 1993; Allmendinger, 2001);

(2) weighting of fault slip data (i.e. average fault displacement, fault gouge thick-

ness (Marrett and Allmendinger, 1990);

(3) the effect of post faulting deformation events e.g. rotation;

(4) the sampled fault population is representative of the entire fault population;
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(5) homogeneous strain; and

(6) kinematic data is scale independent (Table 2.2) (Walsh and Watterson, 19��; 

Marrett and Allmendinger, 1991; Johnston and McCaffrey, 1996; Marrett, 1996; Gillespie 

et al., 1999; Lorgia, 1999).

Fault plane solutions are based on the determination of ‘pressure’ (P) and ‘ten-

sion’ (T) axes in a strictly kinematic analysis method (Marrett and Allmendinger, 1990; 

Stein and Wysession, 2002).  Despite their use in seismology as ‘pressure’ (P) and 

‘tension’ (T) axes, P & T axes are the infinitesimal strain axes for a fault where P and 

T axes represent shortening and extension axes respectively (Figure 2.�) (Marrett and 

Allmendinger, 1990; Stein and Wysession, 2002).  In this thesis, FaultKinWin 1.2.2 has 

been used to determine the P & T axes of a fault (Allmendinger, 2001).  Weighted linked 

Bingham axes and/or moment tensor summations are a direct representation of the P & 

T axes for a fault and are plotted as eigenvectors (E), where E1 ≥ E2 ≥ E3 (extension posi-

tive) (Marrett and Allmendinger, 1990; Allmendinger, 2001).  E1 represents the maximum 

incremental extension direction, E2 the intermediate incremental direction, and E3 the 

maximum incremental shortening direction (Marrett and Allmendinger, 1990; Allmend-

inger, 2001).  Linked Bingham axes define the P and T axes for a fault as mentioned 

above and moment tensor summations define the same thing except with weighted fault 

data.  P & T axes are a simple and direct representation of fault geometry and the sense 

of slip.  For any fault zone, a movement plane containing the slip vector and pole to the 

fault plane is identified.  The P & T axes are located in the movement plane at 45° to the 

fault pole (Figure 2.�) (Marrett and Allmendinger, 1990; Stein and Wysession, 2002).  

The principal stresses and the P & T axes don’t necessarily have the same orientations.  
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In fact, the greatest principal stress may occur anywhere within the P-quadrant, and the 

least principal stress may occur anywhere within the T-quadrant.  Beach balls can be 

constructed illustrating P & T quadrants.  To do this an auxiliary plane is defined that is 

orthogonal to the fault plane (Figure 2.�) (Marrett and Allmendinger, 1990; Stein and 

Wysession, 2002).  The fault plane and auxiliary plane cut the reference sphere into four 

quadrants, though sometimes only three of them appear on the stereonet.  It is common 

practice to shade the T quadrant (Figure 2.�).  I have chosen to use beachballs as a 

graphical display tool because they are visually simple to read (see Chapters 5 & 7).

Figure 2.� Lower hemisphere equal area stereonet showing representation of P and T axes or E1 (T-axis), E2 
(b-axis), and E3 (P-axis), see text for discussion.  Modified from (Allmendinger, 1999).  Typically b-axes are 
not shown as is can be easily found where the fault plane and auxiliary plane intersect. 

2.5.2 Dynamic Analysis

Classical stress inversion techniques use a least squares (regression) criterion 

to assess whether a reduced stress tensor explains whether or not the faults could have 

formed under that particular stress field.  This technique has advanced since its inception 

in the late 1970’s (Angelier and Mechler, 1977; Angelier, 1979; Etchecopar et al., 19�1; 

Angelier, 19�4, 19�9; Angelier, 1990; Angelier, 1994; Lisle and Vandycke, 1996; Yamaji, 
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2000a; Shan and Fry, 2005; Orife and Lisle, 2006; Yamaji et al., 2006; Žalohar and 

Vrabec, 200�).  Stress inversion techniques are heavily underpinned by the assumption 

of the Wallace-Bott hypothesis.  The Wallace-Bott hypothesis assumes that slip on any 

given fault plane is subparallel to the direction of maximum resolved shear stress (Table 

2.2) (Wallace, 1951; Bott, 1959).  

It is possible to obtain the orientation of the major principal compressive stresses 

and the stress ratio (Φ) from this method i.e. the reduced stress tensor.  The reduced 

stress tensor comprises the orientation of the three major principal compressive stresses 

and defines the stress ratio (Φ), but it does not determine the true magnitudes of the 

principal compressive stresses i.e. a full stress tensor solution.  The stress ratio defines 

the shape of the stress ellipsoid and allows one to calculate relative magnitudes of the 

principal stresses in two and three dimensions.

The main considerations of the dynamic method are:

high stress levels may result in the formation of new faults and/or reactivate pre-ex-

isting discontinuities, (Ramsay and Lisle, 2000c), see (2.5.2);

slip occurs in the direction of maximum resolved shear stress, i.e. Wallace-Bott hy-

pothesis to form new or reactivate pre-existing faults (Wallace, 1951; Bott, 1959; 

Angelier, 19�4, 1994; Ramsay and Lisle, 2000c), which depends on the orientation 

of the three principal compressive stresses (σ1, σ2, and σ3) and the stress ratio (Φ) 

(Ramsay and Lisle, 2000c).  This ratio (Φ) defines the shape of the stress ellipsoid 

1.

2.
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rather than the magnitudes of the principal stress.  The stress shape ratio (also known 

as, R or the D parameter depending on what literature and software is used), Phi (Φ) 

is calculated by the following equation:         

         Φ=  (σ1- σ2)/(σ1 - σ3) (tension positive ) (Ramsay and Lisle, 

2000c) and/ or another method to calculate Φ is:                                    

 Φ= (σ2- σ3)/(σ1- σ3)* (*preferred method of calculating (Φ), compression positive) 

(Angelier, 1979, 19�4, 1994).

the regional stress field is assumed to be homogeneous, though in reality directions 

of slip and shear stress may vary in faulted regions, i.e. stress fields may change 

through space and time during a single faulting event so one assumes motion along 

a fault is independent and occurs in the shear direction governed by a single mean 

stress deviator (Angelier, 19�4, 1994; Ramsay and Lisle, 2000c);

fault measurements belong to a single tectonic event governed by a single   

stress tensor (Angelier, 19�4, 19�9; Angelier, 1990); 

faults may propagate through pre-existing discontinuities;

faults may interact and behave as a coherent set of structures or as independent 

structures (Pollard et al., 1993);

sampling is representative of the area; and

no post fault rotation (Marrett and Allmendinger, 1990).

3.

4.

5.

6.

7.

�.
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Given these assumptions it is important to ask the question of how one should 

treat fault slip data because several problems arise from the assumptions outlined above 

(Blenkinsop, 2006), namely:

it is difficult to separate fault slip data belonging to different deformation events;

faults may be re-oriented (Blenkinsop, 2006) (rotated) and/ or reactivated during a 

single or numerous deformation events (Marrett and Allmendinger, 1990);

stress tensors and strain rates and orientations of these may vary during a single 

deformation event i.e. stress and strain heterogeneity;

is the Wallace-Bott hypothesis a valid assumption, i.e. does slip always occur in the 

direction of maximum resolved shear stress;

should fault slip data be analysed in terms of dynamic (stress) or kinematic (strain) 

analyses (Blenkinsop, 2006)?  As Blenkinsop, 2006 points out that at least in that 

study there are no major differences between the kinematic and dynamic results and 

the validity of either approach can be tested by comparing results with GPS move-

ments and real time earthquake data (Blenkinsop, 2006).

2.5.3 Fault Slip Inversion methods

Two main methods of computing the paleostress stress field exist, (1) graphical 

methods and (2) numerical methods (Angelier, 1979, 19�4, 1994; Ramsay and Lisle, 

2000c).  

1.

2.

3.

4.

5.
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(1) Graphical Methods

One of the most common methods of dynamic analyses is the right dihedra and 

right trihedra methods (fault plane solutions) (Ramsay and Lisle, 2000c).  For an outline 

of the right dihedra method, see section 2.5.1 – Kinematic Analysis.  For this method 

to be effective a reasonable amount of fault slip data needs to be collected and plots 

overlayed on one another for the stress tensor to be found.  Eight faults are considered 

to be the minimum amount of fault slip data required for a suitable analysis (Orife and 

Lisle, 2006).  Another graphical method is the right trihedra method which is a modifica-

tion of the right dihedra method.  It is mentioned here for completeness.  The Windows/ 

PC version of FaultKinWin 1.2.2 only plots right dihedra therefore right dihedra plots are 

plotted in this thesis.

(2) Numerical Stress Inversion Methods

Numerical methods were developed because of the advent of modern computing 

power and can be used to rapidly determine all four parts of the reduced stress tensor 

(σ1, σ2, σ3, and Φ).  There are two ways to do this; (1) grid search methods and, (2) direct 

inversion methods (Ramsay and Lisle, 2000c).  The difference in the methods can be 

explained by trying to find the line of best fit through a set of pints on an x-y graph.
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Figure 2.9 Randomly generated x-y plot to explain the difference in numerical methods for paleostress inver-
sion techniques (grid search) and (direct inversion) (Ramsay and Lisle, 2000c).  See text for explanation.

Once a slope and intercept parameters have been chosen, i.e. to define a straight 

line (Figure 2.9), then the grid search method assesses a large number of lines to test 

the ‘goodness’ of the line of best fit by systematically changing the slope and intercept 

parameters to obtain the line of best fit (i.e. regression).  An equation that accounts for 

the deviation of points from a general straight line is formulated and an expression for the 

intercept and slope of the line is derived.  The grid search method uses repeated trials, 

where as direct inversion methods do not (Ramsay and Lisle, 2000c).

The resultant reduced stress tensor is one that is most compatible with the Wal-

lace-Bott hypothesis therefore the best fit criterion (Ramsay and Lisle, 2000c).  One 

feature that is used in most methods is the degree to which the observed slip lineation 

differs from the predicted slip lineation (Figure 2.10).  This is also known as ‘misfit an-

gles’ and is accounted for in most software packages and is plotted on a histogram of 

frequency (no. of samples) versus angular deviation (Figure 2.10).

Y

X
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Figure 2.10 Distribution of misfit angles between actual and predicted slip lineation’s from a best fit stress 
tensor.

By using the ‘misfit’ criterion it is possible to separate out multiple stress events 

from heterogeneous fault slip data.  The above results (Figure 2.10) are only geometrical 

i.e. based on angular differences (Ramsay and Lisle, 2000c) because a reduced stress 

tensor may explain the shear stress direction on a fault but may not be a ‘proper’ solu-

tion.  This is mostly due to frictional resistance to sliding along fault planes where friction 

increases with increasing levels of compressive normal stress so sliding is likely to occur 

on a plane with high shear stresses (Figure 2.11) (Ramsay and Lisle, 2000c).  By con-

sidering this it is possible to plot a relative dimensionless Mohr Circle (Figure 2.11).  For 

example, where an angle of friction of 30° is chosen the planes plotting above this will fail 

and planes plotting below this line will remain stable.  This is another way to assess if the 

resultant reduced stress tensor can explain the data (Ramsay and Lisle, 2000c).
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Figure 2.11 Conditions for determining whether fault activation/ reactivation for a given stress tensor by 
considering frictional resistance to sliding.  Discontinuities that will fail plot above this line i.e. they have high 
shear to normal stress ratios.

It is possible to calculate relative values of normal and shear stress by using the 

stress ratio (Φ) and direction cosines (l, m, and n) to derive equations for the relative 

values of normal (σn) and shear (τ) stress:

relative σn= (Φm2+ n2)  

and 

relative τ= √(Φ2l2 m2+(1-Φ)2 m2 n2+n2 l2 )

According to these equations the relative principal stresses will always be σ1 = 

1, σ2 = Φ, and σ3 = 0 (Ramsay and Lisle, 2000c).  Using these equations dimensionless 

relative Mohr circle plots can be constructed for relative values of normal stress (Figure 

2.12) (Ramsay and Lisle, 2000c).  See section 2.7 for a detailed description of fault re-

activation and frictional sliding.
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Figure 2.12 Relative Mohr circle plot of relative values of normal (σn) versus shear (τ) stress for (a) fault 
planes (black diamond’s) in a good orientation with respect to the calculated stress tensor to undergo reac-
tivation.  Phi (Φ) = 0.9.  Data taken from Ramsay and Lisle, 2000c.

Using the equations above it is possible to produce plots for real fault slip data 

and to check whether or not faults are able to undergo activation and/ or reactivation 

(Ramsay and Lisle, 2000c).

Grid Search Methods

Multiple Inverse Method (MIM)

The Multiple Inverse Method (MIM) is a stress inversion technique based on the 

classical stress inversion technique of Angelier, 19�4, i.e. fault slip occurs in the direction 

of shear stress acting on the fault plane (Wallace-Bott hypothesis, sect. 2.5) (Angelier, 

1979, 19�4; Angelier, 1990).  The MIM is similar to cluster analysis where an attempt 

is made to self-correlate the data.  Reduced stress tensors for heterogeneous fault slip 

data can be calculated using the MIM (Yamaji, 2000a, b; Otsubo et al., 2006; Sato and 

Yamaji, 2006a, b; Yamaji et al., 2006; Yamaji et al., 2009).  

n

2 - 3

2-

1 - 3

σ1 = 0σ2 = -Φσ3 = -1
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In reality every attempt should be made to group fault slip data and to calculate 

separate stress tensors for each group of faults.  Separation of fault slip data would ide-

ally be on the basis of field relationships.  If not, then possible methods include younging 

analysis (see Chapter 4), cluster analysis, and/or hard division (Angelier, 1990, 1991; 

Angelier, 1994; Nemcok and Lisle, 1995; Lisle and Vandycke, 1996; Fry, 1999; Nemcok 

et al., 1999; Ramsay and Lisle, 2000c; Yamaji, 2000a, b; Fry, 2001; Shan et al., 2003; Li 

et al., 2005; Shan and Fry, 2005; Yamaji et al., 2009).  Cluster analysis as applied to the 

MIM assumes that for each reduced stress tensor being considered it activated a subset 

of faults that correlates faults belonging to the same subset with one another (Yamaji, 

2000a, b; Yamaji et al., 2006; Yamaji et al., 2009).

Cluster analysis is a process where polyphase fault slip data with similar charac-

teristics are grouped forming a large number of smaller groups which, if applicable, can 

be grouped further based on similarities (Nemcok and Lisle, 1995; Lisle and Vandycke, 

1996; Ramsay and Lisle, 2000c; Yamaji, 2000a, b; Shan and Fry, 2005; Yamaji et al., 

2009).  Ultimately, assuming the Wallace-Bott hypothesis faults will be grouped together 

on the basis of their compatibility with a given stress tensor (Nemcok and Lisle, 1995; 

Ramsay and Lisle, 2000c; Shan and Fry, 2005).  That is, each fault possesses n binary 

attributes with respect to a given stress tensor (Table 2.3).  It is apparent from Table 2.3 

that fault 1 and fault 2 have a higher degree of similarity.  This is the principle of cluster 

analysis where by groups of similar faults will have their own individual stress tensor 

determined and placed into either a spatial or temporal framework (e.g. Lisle and Vandy-

cke, 1996; Nemcok and Lisle, 1995; Ramsay and Lisle, 2000c; Yamaji, 2000a, b; Shan 

and Fry, 2005; Yamaji et al., 2009).
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Table 2.3.  Binary attributes of fault-tensor relationships for cluster analysis (Nemcok and Lisle, 1995; Lisle 
and Vandycke, 1996; Ramsay and Lisle, 2000c; Yamaji, 2000a, b; Shan and Fry, 2005; Yamaji et al., 
2009).

The MIM approaches the problem in the following way.  If there are N fault slip 

data and there is no information regarding the kind of stress fields recorded in the data 

then the problem arises on how to separate the data, i.e. which stresses activated N sub-

set of faults (Yamaji, 2000a, b; Yamaji et al., 2006; Yamaji et al., 2009).  To address this, 

Yamaji, 2000a & b, Yamaji et al 2006 and 2009, propose that N is divided into k-element 

subsets.  Based upon their work k values should be approximately 4-5 (Yamaji, 2000a, 

b; Yamaji et al., 2009).  Therefore the number of subsets comprising N elements is given 

by the binomial coefficient:

NCk=     N!

Where N! is the factorial, N! = N(N – 1)…2.1 (Yamaji, 2000a, b; Yamaji et al., 

2009).

Within the software package the user specifies the result based on the graphical 

output the program provides.  Stresses are represented by clusters of tadpole symbols 

in a lower-hemisphere, equal area projection stereonet (Figure 2.13a) (Yamaji, 2000a, b; 

k!(N - k)!
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Yamaji et al., 2009).  The colour of the symbol denotes the stress ratio in Figure 2.13a.  

The σ1 axis is indicated by the head of the tadpole and the tail indicates the orientation 

of σ3 (Figure 2.13a, σ1 stereonet).  The opposite of this is true for the σ3 stereonet (Fig-

ure 2.13a, σ3 stereonet).  The length of the tail is proportional to left over plunge i.e. (90 

– plunge) (Yamaji, 2000a, b; Yamaji et al., 2009).  Separate clusters of data, or data that 

doesn’t cluster are considered to be heterogeneous and are most likely not related to 

the same deformation event (Yamaji, 2000a, b; Žalohar and Vrabec, 2008; Yamaji et al., 

2009).  Figure 2.13b is a lower hemisphere equal area plot of faults with slip lineations 

and predicted slip lineations assuming the Wallace-Bott hypothesis, while Figure 2.13c 

is a plot of the misfit angles.  It is apparent from Figure 2.13c that this stress tensor ap-

proprately explains the observed fault slip data.  Another software program that deals 

with this problem is T-Tecto Professional 2.0 (Žalohar and Vrabec, 2007; Žalohar, 2008; 

Žalohar and Vrabec, 2008) and is only mentioned here for completeness.
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Figure 2.13.  Previous page.  Example of the MIM output.  (a) Clusters representing the direction of σ1 
axes are shown.  Tadpole heads represent the orientation of σ1 while tails represent the orientation of the 
corresponding σ3 axis relative to the stress shape ratio (Φ), see text for explanation.  (b) Plot of faults, slip 
lineations and calculated σ1 (triangle) and σ3 (star) with a stress shape ratio (Φ) of 0.3.  The green filled dots 
and white filled dots indicate angles of misfit along individual fault planes.  Data for this plot were taken from 
Ramsay and Lisle, 2000, Table 32.2, pg. 799.  (c) Histogram of angular misfits i.e. difference in observed 
versus theoretical slip lineation as per Wallace-Bott hypothesis (Wallace, 1951; Bott, 1959; Yamaji, 2000b).  
These angular misfits can be used to assess the likelihood of all the data being explained by a single stress 
tensor (Ramsay and Lisle, 2000c; Yamaji, 2000a; Žalohar and Vrabec, 2007, 2008).  This tensor explains 
most of the data.

SLICK.BAS, software developed by Ramsay and Lisle (2000) finds the stress 

tensor by a grid-search, trial-and-error method.  The four variables that comprise the 

reduced stress tensor (σ1, σ2, σ3 and Φ) are evaluated within the grid in four dimensions 

until a complete range of tensors is considered (Figure 2.14).  It is apparent from Figure 

2.14 how SLICKBAS works.  The user provides an input file of fault slip data and in-

structs the program to search the 4-D grid at a specified angle interval, in this case incre-

ments of 3° (Figure 2.14) (Ramsay and Lisle, 2000b).  The user also provides increments 

of the stress shape ratio (Φ), here 0.1 (Figure 2.14).  For each tensor SLICK.BAS then 

evaluates the average angular deviation of the slip data with the theoretical predicted 

slip lineation assuming the Wallace-Bott hypothesis (see section 0 for a detailed discus-

sion of the assumption of the method).  SLCIK.BAS does not require a fault movement 

sense in the input file, therefore two solutions are produced because slip on a plane can 

be explained by two tensors, one being the inverse of the other (Figure 2.14) (Ramsay 

and Lisle, 2000c).  The correct solution is obtained if slip sense information is available.  

A limitation of SLICK.BAS is that it does not deal well with heterogeneous fault slip data 

and does not allow an appreciation of the misfit angles.  SLICK.BAS is only used in this 

thesis when stated.
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Figure 2.14 Screen output from SLICK.BAS (Ramsay and Lisle, 2000b).  Two results of the reduced stress 
tensor are calculated because the shear sense on the faults is not taken into account.  Depending on which 
method the user prefers to calculate (Φ) one would simply choose the inverse tensor if slip sense data is 
available.  In this case tensor 1 would be selected because the majority of faults have a normal sense of 
displacement.  Data taken from (Ramsay and Lisle, 2000c).

Direct Inversion methods

Direct inversion methods are computationally powerful because they employ an 

analytical expression for which the reduced stress tensor can quickly be found.  Direct in-

version methods were reviewed by Angelier (1990) and are not discussed here because 

these methods are not employed in this thesis.

2.6 Summary of fault slip analysis techniques

Two main methods exist for analysing fault slip data – kinematic and dynamic analy-

ses;

Kinematic analyses is a strain based approach whereby continuum mechanics is ap-

plied to discontinuous deformation;

most dynamic analyses rely heavily on the Wallace-Bott hypothesis and can be ob-

tained using graphical (right-dihedra method) and numerical approaches (SLICK.

BAS, Multiple Inverse Method);

•

•

•
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Heterogeneous fault slip data are difficult to deal with and care needs to be taken 

when assessing results and;

It is best to use both approaches when analysing fault slip data.

2.7 Fault Reactivation Analyses

Recently, fault reactivation has been the subject of much debate particularly for 

fault slip analyses and studies of modern earthquakes (Sibson, 1977; Cox and Eth-

eridge, 19�3; Sibson, 19�5; Etheridge, 19�6; Pollard and Aydin, 19��; Sibson et al., 

19��; Angelier, 1990; Stein et al., 1992; Pollard et al., 1993; Angelier, 1994; Nemcok and 

Lisle, 1995; Brown and Bruhn, 1996; Lisle and Vandycke, 1996; Morris et al., 1996; Ol-

iver, 1996; Toda et al., 199�; Fry, 1999; Maerten et al., 1999; Ramsay and Lisle, 2000c; 

Scholz, 2000; Scholz and Gupta, 2000; Cox et al., 2001; Oliver, 2001; Sibson, 2001; 

Stein, 2003; Lisle and Srivastava, 2004; Miller and Wilson, 2004; Cox, 2005).  Fault 

reactivation analysis has typically been viewed in ‘Sibsonian’ terms (Sibson, 19�5); see 

section 2.2 for brittle failure mechanisms, types of brittle failure and criterion for brittle 

failure.  Section 2.7.1 outlines the 2-dimensional ‘Sibsonian’ criterion for fault reactivation 

and section 2.7.2 introduces an alternative way of analysing fault reactivation in 3-dimen-

sions. 

2.7.1 Standard Fault Reactivation Criterion

Most of this section contains ideas from Sibson (19�5).  It begins with the premise 

that most rocks have similar frictional properties with a failure criterion that is close to 

Amonton’s Law (Table 2.1 and section 2.5).  The creation of new brittle structures can 

be inhibited by reactivation of pre-existing favourably oriented low-cohesion faults, which 

is important from a mineralisation perspective (Sibson, 2000b, a, 2001).  The frictional 

•

•
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reactivation of a cohesionless favourably oriented fault with a coefficient of static friction, 

μs, is (Amonton’s Law):

and is shown on Figure 2.3 and Table 2.1.  For existing faults whose poles lie in 

the plane containing σ1 and σ3, this may be rewritten as the ratio of the effective principal 

stresses (R) as:

so that,

where θr is the reactivation angle between σ1 and the plane (Sibson, 19�5).  The 

coefficient of static friction μs, occurs within a range of (0.6 < μs < 0.�5) (Byerlee, 197�).  

If μs = μi = 0.75, a reasonable representation of rock friction, then the optimal reactivation 

angle θr*, is reached when (Figure 2.4 and Figure 2.15),

though reactivation of less optimally oriented faults is also possible (Sibson, 

19�5).  Frictional reactivation of a favourably oriented pre-existing throughgoing cohe-

sionless fault is important because the tensile overpressure condition (Pf > σ3) needed 

for extensional-shear or pure extension fracturing cannot be met if a pre-existing fault is 

oriented at θr < 2θr*, because reshear will always occur first (Figure 2.4 and Figure 2.15) 

(Sibson, 2000b, a, 2001).
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Figure 2.15 Stress ratio, R required for fault reactivation versus reactivation angle.  Plotted with μs = 0.75 
from (Sibson, 1985) pg. 751.  Also shown is lock up angle i.e. θ* ≈ 27° therefore if 2θ* ≈ 54° then lock up will 
occur i.e. no reactivation will occur.  This criterion can be used to undertake a ‘reactivation’ styled analysis 
when assessing terranes with significant fault hosted mineralisation where the orientation of the major prin-
cipal stresses are known.

It is apparent from Figure 2.15 that as the reactivation angle θ → 0 and 2θ (i.e. 

54°), then the stress ratio R, approaches infinity implying that lock up will occur (Sibson, 

1985) but it is more likely that σ3 → 0.  Furthermore, if frictional reactivation occurs, 

then there should be no failure within the surrounding rock either in shear or in tension 

(Sibson, 19�5).  From Figure 2.3, Figure 2.4, Figure 2.15 and Table 2.1 we can deduce 

that the optimal condition for reactivation is where the stress (Mohr) circle touches the 

frictional failure envelope.  It is apparent that here, σ’
3 > 0 and that reactivation depends 

on the frictional failure envelope adopted, here μi = μ = 0.75.  The coefficient of internal 

friction can vary for different rock types but a value of 0.75 is normally chosen but the 
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coefficient of internal friction typically lies between 0.5 – 1 (Byerlee, 197�).

The following considerations are made in a ‘Sibsonian’ approach:

the reactivation angle (θ) i.e. angle between the fault plane and σ1 is ≤ 30°, based on 

Byerlee’s (197�) friction laws;

if 2θ = 54° then lock up will occur but it is more likely that σ3 → 0;

the surrounding host rock does not fail in tension or shear when reactivation occurs;

‘Sibsonian’ styled analyses are strictly 2-dimensional analyses; and

if there are high reactivation angles i.e. θ = 45° or >60° then either the tensile over-

pressure condition (Pf > σ3) needs to be met implying abnormally high fluid pressures 

and extremely low coefficients of friction (Sibson, 19�5).  The problem with assump-

tion (5) in this method is it is difficult to demonstrate abnormally high fluid pressures 

and low coefficients of friction from field evidence, apart from fluid inclusion analyses 

and inference from field observations (e.g. jigsaw fit breccias within a dilatant zone 

along a fault plane).  Another way to view fault reactivation is in terms of slip ten-

dency analyses, which are independent of pore fluid pressure and in 3-dimensions 

(Morris et al., 1996; Lisle and Srivastava, 2004).

2.7.2 Slip Tendency Analyses: A fault reactivation alternative

Fault reactivation is a well-established phenomenon with numerous lines of evi-

dence that faults undergo repeated movements, for example, fault hosted mineraliza-

tion in epithermal deposits or breccia hosted deposits, multiple sets of slip lineations on 

1.

2.

3.

4.

5.
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fault surfaces, and seismological records with the same faults showing repeated rupture 

events.  See section 2.4 for an outline of the assumptions of paleostress methods.  

The Wallace-Bott hypothesis underpins many fault slip analyses but Jaeger and 

Cook, (1979) considered fault reactivation from a mechanical perspective, examining 

the role of friction along a fault surface.  They concluded that fault reactivation occurs 

because of the resistance to frictional sliding along planes that fall within a particular ori-

entation with respect to the stress tensor (Jaeger and Cook, 1979; Jaeger et al., 2007).  

This will only occur along faults where the shear stresses are high enough to overcome 

the frictional resistance (Jaeger and Cook, 1979; Jaeger et al., 2007).

A Theoretical basis for Slip Tendency Analyses

Slip along a cohesionless pre-existing fault will occur if the shear stress (τ critical) 

exceeds the resistance to frictional resistance to sliding i.e.:

τcritical = μσn

where μ is the coefficient of sliding friction and σn is the normal stress acting on 

the fault plane.  This implies a linear relationship between the shear stresses (τ) and nor-

mal stresses (σn) with the coefficient of friction (μ) producing a straight line (see section 

0, Figure 2.3, Figure 2.11, and Figure 2.12) where:

tan-1μ= ϕ

where ϕ is the angle of sliding friction (Jaeger and Cook, 1979; Jaeger et al., 

2007).  This implies that fault reactivation is determined by the ratio of shear (τ) to normal 
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stress (σn) along a discontinuity with planes that will likely reactivate under the specified 

stress tensor possessing high ratios of shear to normal stress, close to the coefficient of 

sliding friction (μ) (Figure 2.11) (Jaeger and Cook, 1979; Morris et al., 1996; Lisle and 

Srivastava, 2004).  This ratio of shear (τ) to normal stress (σn) is referred to as the slip 

tendency (Ts) (Morris et al., 1996; Lisle and Srivastava, 2004) where:

Ts= τ/σn

The maximum value of slip tendency (Ts) depends on the coefficient of friction of 

the surrounding rock, i.e. the limit of the sliding envelope (Morris et al., 1996; Lisle and 

Srivastava, 2004).  It is practical to normalize slip tendency (Ts) values by dividing slip 

tendency by its maximum possible value so it will have a range of between 0 and 1 (Mor-

ris et al., 1996; Lisle and Srivastava, 2004) where:

Ts’ = Ts / max (Ts) = τ tanϕ/σn

It is possible for a known stress state to calculate the values of shear (τ) and nor-

mal (σn) stresses acting on any plane (Jaeger and Cook, 1979; Morris et al., 1996; Lisle 

and Srivastava, 2004; Jaeger et al., 2007).

To calculate normal and shear stresses the following equations are used:

σn = σ1l
2 + σ2m

2 + σ3n
2

and
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τ = [(σ1 - σ2 )
2 l2 m2 + (σ2 - σ3)

2 m2 n2 + (σ3 - σ1)
2 l2 n2 ](1/2)

where l, m, and n are the direction cosines of the pole to the plane with respect 

to the major principal compressive stresses, σ1, σ2, and σ3 (Morris et al., 1996; Lisle and 

Srivastava, 2004).  Once these values have been calculated they can be substituted into 

Ts = τ/σn and one is able to see whether a plane will reactivate (slip) or not under the 

given stress field (Figure 2.16) (Jaeger and Cook, 1979; Morris et al., 1996; Lisle and 

Srivastava, 2004; Jaeger et al., 2007).

Figure 2.16 Normalized slip tendency values relative to a Mohr circle.  It is apparent that potential for slip 
increases with T’s.  Mohr circles defined by stress ratio (Φ) (Morris et al., 1996; Lisle and Srivastava, 2004).  
See text for explanation of k1 and k2.

As outlined in section 2.5.3, stress inversion only produces results of a reduced 

stress tensor where Φ, the stress shape ratio governs the shape of the Mohr circle (Fig-

ure 2.11, Figure 2.12, and Table 2.1) (Morris et al., 1996; Lisle and Srivastava, 2004).  

It is apparent from Figure 2.16 that the magnitudes of the Mohr circles depend on the 

magnitudes of the differential and mean stresses (Lisle and Srivastava, 2004).  Con-

sequently, the stress states compatible for a known Φ value are (Lisle and Srivastava, 

2004, pg. 570):
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Where k1 and k2 are unknown parameters relating to the size of the Mohr circles 

(Morris et al., 1996; Lisle and Srivastava, 2004).  K2 is unknown, thus preventing the cal-

culation of slip tendency.  To solve this problem, it is assumed that the frictional sliding 

envelope (Figure 2.16 and τcritical = μσn) is tangential to the σ1 - σ3 Mohr circle, thus facili-

tating the calculation of the principal paleostresses using the following equations (Lisle 

and Srivastava, 2004, pg. 570):

These equations pertain to ‘dry’ rocks.  If it is demonstrated that pore fluid pres-

sures are involved then the above stresses in the above equations can be considered 

effective stresses (Lisle and Srivastava, 2004).  According to Lisle and Srivastava, 2004, 

it is possible to calculate slip tendency by substituting the above equations into the equa-

tions for shear (τ) and normal stresses (σn), i.e.

σn = σ1l
2 + σ2m

2 + σ3n
2

and

τ = [(σ1 - σ2 )
2 l2 m2 + (σ2 - σ3)

2 m2 n2 + (σ3 - σ1)
2 l2 n2 ](1/2)
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However, Lisle and Srivastava, 2004, do not provide any mathematical working 

or show how they calculated slip tendency (Ts).  Below is the working obtained to calcu-

late slip tendency (Ts) and T’s max:

If one expresses the principal stresses as a function of k, then it is possible to 

calculate slip tendency, as follows (equations (�), (9), and (10) from Lisle and Srivastava, 

2004, pg. 570):

So that
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If these equations are substituted into the shear stress (τ) and normal stress (σn) 

equations respectively then one obtains the following, for shear stress (τ) (Jaeger and 

Cook, 1979; Lisle and Srivastava, 2004): (The equations for shear stress (τ) and normal 

stress (σn) were solved by me in collaboration with Associate Professor Tom Blenkinsop 

as the working for them was not shown in Lisle and Srivastava (2004).  A Microsoft Excel 

Spreadsheet that was used to perform Slip Tendency calculations was written by Associ-

ate Professor Tom Blenkinsop and is used with his permission.)
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It is apparent from the above equations, that slip tendency has the following 

properties:

has a range of between 0 and 1 for optimum reactivation angles (Morris et al., 1996; 

Lisle and Srivastava, 2004) (Figure 2.17);

depends on the orientation(s) of the fault plane(s) with respect to σ1, σ2, and σ3 (Mor-

ris et al., 1996; Lisle and Srivastava, 2004) (Figure 2.17);

entirely independent of pore fluid pressure;

analogous to the angle of internal friction that would be necessary for reactivation to 

occur (Morris et al., 1996; Lisle and Srivastava, 2004);

does not depend on the absolute value of the principal compressive stresses;

depends on the relative values of the major principal compressive stresses obtained 

by Φ; and

is not to be confused with a failure criterion.

1.

2.

3.

4.

5.

6.

7.
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Figure 2.17 Plot of normalised slip tendency versus strike angle between the fault plane and σ1 for different 
values of θ i.e. reactivation angle.  Where normalised slip tendency = 1, then the corresponding angle to σ1 
is responsible for reactivation of faults within the applied stress field. 

Figure 2.17 shows a plot of the angle between σ1 and normalised slip tendency 

for different reactivation angles i.e. θ = angle between σ1 and fault plane.  

Figure 2.1� Fault slip data from Ramsay & Lisle, (2000) plotted according to normalized slip tendency with 
high values of normalized values of slip tendency (0.�-1.0) likely to reactivate under the given stress field, 
shown by red filled dots.  Black circles are faults that are not likely to reactivate.  Plotted using GEOrient 
(Holcombe, 2009).
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Table 2.4 is a comparison between conventional fault reactivation analyses and 

slip tendency analyses.  Rather than trying to advocate for the use of either technique, 

this is simply a comparison because both techniques have application to a variety of 

problems and can be used independently or with one another.

Table 2.4.  Comparison of conventional fault reactivation analysis and slip tendency analysis outlining differ-
ences in approach (Sibson, 19�5; Morris et al., 1996; Lisle and Srivastava, 2004).

2.8 Summary

Effective stresses, pore fluid pressure, and the orientation of the local stress field are 

the major controls on the formation of brittle structures.  The formation of brittle struc-

tures can be affected by topography, fluid overpressures, and rock properties.

There are three types of brittle failure modes: extension fractures, hybrid – exten-

sional fractures, and shear fractures (faults), the formation of which depends on ef-

fective stresses and pore fluid pressures.

Brittle failure mode plots can be used to define failure conditions at depth which de-

pend on values of the pore fluid factor.

•

•

•

Conventional Fault
Reactivation Analysis Slip Tendency Analysis

Dimensions 2-D 3-D

Variables Orientation of fault plane and σ1
i.e. θ

Orientation of fault plane, σ1, σ2,
σ3, θ and

Pore fluid pressure dependence
Yes, but Pf can be inferred based
on field and analytical
observations

Independent of pore fluid
pressure

Predictions Predicts lock-up
Tests whether any fault will
reactivate due the orientation of a
reduced stress tensor

Uses

Both techniques have application to a wide variety of problems e.g.
hazard analysis (Morris et al., 1996) but both methods can and should
be used in any exploration program, particularly if exploring in fault
hosted mineralised terranes.

Other Coefficients of friction are difficult to determine for both approaches
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The presence of a throughgoing optimally oriented cohesionless fault prevents at-

tainment of the tensile overpressure (Pf ≥ σ3 + T) condition required for hydraulic 

fracturing to occur in intact rock.  In rock with pre-existing planes of weakness the 

tensile overpressure condition is (Pf ≥ σ3).

Permeability is enhanced in the σ1/σ2 plane provided that (1) fault-fracture meshes 

remain open; (2) the pore fluid pressure approaches σ3 and; (3) the tensile overpres-

sure condition is met.

The common intersection between brittle structures may provide a strong directional 

permeability in that direction, which in extensional settings is subhorizontal and par-

allel to the strike of the structures.

Changes in fault orientation (e.g. bends and jogs) can influence directional perme-

ability and results in vertical fluid conduits that may aid mineralization.

Numerical stress inversion methods allow the determination of a reduced stress ten-

sor, namely the orientations of the major principal compressive stresses (σ1, σ2, and 

σ3) and the determination of the stress shape ratio (Φ).

Two views on fault slip analysis are prevalent, a kinematic (strain) and a dynamic 

(stress) approach.  Both methods have their own advantages and disadvantages.  

The kinematic method requires careful weighting of fault slip data.  Stress inversion 

techniques are based on the Wallace-Bott hypothesis that states the slip is parallel 

to the direction of maximum resolved shear stress.  Application of these methods 

•

•

•

•

•

•
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depends on what individual researchers want to know.

The assessment of the stress tensor to the observed fault slip data is evaluated by 

the degree of misfit angle, i.e. the difference between the predicted and observed 

slip vector.

Conventional fault reactivation analyses are typically only in 2-dimensions and rely 

heavily on pore fluid pressure determinations but can also be used to infer pore fluid 

pressure conditions.

An alternative approach to fault reactivation in 3-dimensions is known as slip ten-

dency analysis and depends upon the orientation of the stress field and the stress 

shape ratio (Φ) and is independent of pore fluid pressure determinations.

Slip tendency analyses may be a useful exploration tool, particularly in fault-hosted 

mineralized terranes.

•

•

•

•
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3.1 Overview

This main aim of this chapter is to describe the regional geology of the Western 

Fold Belt (WFB) and give an overview of the study area.  The region has undergone sev-

eral episodes of deformation with periods of extension and shortening.  The main focus 

of this chapter is to collate previous work on faulting within the WFB and it’s associated 

copper mineralization.  A summary of the regional geology relevant to mineralization is 

provided at the conclusion of this chapter so as to place the rest of the thesis in con-

text.

3.2 Introduction

The Mt Isa Block has undergone a complex protracted deformation and meta-

morphic history related to cycles of extension and shortening from 1�00 to 1500 Ma.  

Below I focus on aspects of the faulting history pertinent to understanding the geometric 

and kinematic history that led to localization of copper deposits along and around faults.  

Historically the Mount Isa Inlier has been subdivided into three main cover sequences 

(Figure 3.1) that unconformably sit on ca. 1�00 Ma or older crystalline basement, which 

is best exposed in the Kalkadoon- Leichhardt Block (Blake, 19�7).  Regionally correlat-

able superbasins are now recognized, namely the Leichhardt (ca. 1�00 to ca. 1740 Ma), 

the Calvert (ca. 1730 to ca. 1670 Ma), and the Isa (ca. 1670 to 1590 Ma) Superbasins, all 

of which are still variably preserved to some extent in the Leichhardt River Fault Trough 

(LRFT) of the Mount Isa Block (Figure 3.1 and Figure 3.2) (Domagala et al., 2000; Id-

nurm, 2000; Jackson et al., 2000; Krassay et al., 2000; Page et al., 2000; Southgate et 

al., 2000a; Southgate et al., 2000b; Neumann et al., 2006; Gibson et al., 200�; Murphy et 

al., 200�).  The LRFT is located in the Western Fold Belt (WFB) of the Mt Isa Block and 
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has been metamorphosed to sub-greenschist facies (Figure 3.1 and Figure 3.2) (Blake, 

19�7).  

The Eastern Fold Belt (EFB) is intensely deformed and metamorphosed from 

greenschist to amphibolite facies (Figure 3.1).  Controversy surrounds not only the tec-

tonic history of the area but also the origin of Cu mineralization (Holcombe et al., 1991; 

Adshead-Bell, 199�; Betts et al., 2006; Giles et al., 2006; McLellan and Oliver, 200�; 

Oliver et al., 200�; Rubenach et al., 200�) .

There are four main shortening events during the Isan Orogeny (D1, D2, D3, and 

D4) in the western Mount Isa Block.  Several authors have previously attempted to corre-

late the deformational events across both the Eastern and Western Successions (Page 

and Bell, 19�6; Etheridge et al., 19�7; Holcombe et al., 1991; O’Dea et al., 1997; Ads-

head-Bell, 199�; Bell and Hickey, 199�; Laing, 199�; Mares, 199�).  The first deforma-

tional event (D1) was southward directed thrust faulting that produced east-west oriented 

folds that mostly affected the McNamaras Group. The main deformational event (D2) 

during the Isan Orogeny and the peak of metamorphism may have taken place ca. 1595 

to 15�0 Ma (Rubenach et al., 200�) and appears to have been a Mt Isa Inlier wide E-W 

shortening event, with both the Eastern and Western fold belts undergoing similar events 

at similar times (Figure 3.2) (Rubenach, et al., 200�).  Slightly later in the deformational 

history, an ENE shortening (D3) event occurred, at approximately 1550 Ma (Bell, 19�3; 

Rubenach et al., 200�), and was apparently responsible for the reactivation of many 

major D2 structures.  D4 deformation, the absolute timing of which is not well constrained 

in the WFB, resulted mostly in strike-slip reactivation of major faults, particularly steeply 
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dipping faults, including sinistral strike-slip displacement on north-south striking faults.  

Recent work by Miller (2007) at the Mount Isa Cu deposit has also indicated that the 

orientation of the stress regime responsible for brecciation and Cu mineralization was 

most likely with a s1 subhorizontal in the NW (±30°) quadrant (Miller, 2007).  This event 

formed hydrothermal and/ or tectonic breccias in many locations, which commonly host 

Cu deposits across the Mount Isa Block. 
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Figure 3.1. (Overleaf) Geological map of part of the Western Fold Belt showing the Leichhardt River Fault 
Trough (LRFT) and part of the Lawn Hill Platform (LHP) showing major antiforms, synforms and major fault 
zones (see text for explanation).  Also, note position of Mount Gordon Arch following northerly plunging 
anticlines.  Note the broad correlation between Superbasin sequences and previous terminology (i.e. Cover 
Sequence 1, 2, 3 etc).  Inset shows the Mt Isa Block in a regional context and the other broad tectonic do-
mains that comprise the Mt Isa Inlier.  RUCF: Russell Creek Fault Zone; MGFZ: Mount Gordon Fault Zone; 
CCF: Crystal Creek Fault; QF: Quilalar Fault; GCF: George Creek Fault; TWNFZ: Twenty-Nine Mile Fault 
Zone and MDFZ: May Downs Fault Zone.  Modified from (Bell, 19�3; Blake, 19�7; Betts et al., 2004).
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3.3 Rift Related Faulting

The LRFT is a 300 km long, 50 km wide, N – S trending belt of volcano-sedimen-

tary rocks bound to the west by the Russell Creek (RCFZ) Mount Isa and Mount Gordon 

Fault Zones (MGFZ), and to the east by the Gorge Creek and Quilalar Fault Zones which 

mark the western boundary of the Kalkadoon – Leichhardt Block (Figure 3.1 and Figure 

3.3) (Glikson et al., 1976; Derrick, 19�2; Gibson et al., 200�).  There is uncertainty as 

to what constitutes the western boundary of the LRFT with some workers preferring the 

Mt Isa-Mt Gordon Fault Zones as the boundary (Glikson et al., 1976; O’Dea et al., 1997; 

Betts et al., 2004; Betts et al., 2006).  Other workers position the western boundary of 

the LRFT subparallel to the RUCF based on geophysical evidence (Figure 3.3) (Derrick, 

19�2; Gibson and Hitchman, 2005; Gibson et al., 200�).  Work undertaken during the 

pmd*CRC places the western boundary of the LRFT as the northward continuation of 

the Twenty-nine mile fault zone towards Lady Loretta (Figure 3.1).  It then changes in 

orientation to a more north-westerly trend eventually running subparallel to the Termite 

Range Fault.  This interpretation was based on gravity and aeromagnetic data (Murphy 

et al., 200�).  The LRFT likely represented the axis of a Proterozoic rift zone, defined by a 

N – S gravity and magnetic high as well as the distribution of the continental flood basalts 

belonging to the Eastern Creek Volcanics (Gibson, 2005; Gibson et al., 200�; Murphy et 

al., 200�); (Figure 3.1, Figure 3.3, and Figure 3.4). 

Figure 3.2 (Overleaf) Regional stratigraphy and major deformational events affecting the WFB modified from 
(Hutton et al., 19�5; Blake, 19�7; Blake and Stewart, 1992; Page and Sun, 199�; Page and Sweet, 199�; 
Lister et al., 1999; Jackson et al., 2000; Page et al., 2000; Scott et al., 2000; Southgate et al., 2000a; Betts 
and Lister, 2001; Foster and Austin, 2005; Gibson, 2005; Neumann et al., 2006).  Previous Cover Sequence 
nomenclature of Blake (19�7) shown in grey.
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Figure 3.3 Total Magnetic Intensity image of the Leichhardt River Fault Trough.  Image courtesy of Xstrata 
Exploration, Mount Isa, Queensland, Australia.
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Figure 3.4 (Previous page) Geological map of the study area showing major faults, synforms and antiforms.  
Major mines and prospects are also shown.  Dark grey dashed lines in legend are unconformities.  Modified 
from (Hutton et al., 19�5; Gibson and Hitchman, 2005).  Locations of major Cu and Pb-Zn deposits/ pros-
pects are shown as numbers with a black background and are as follows (1) Lady Annie; (2) Lady Loretta 
(Pb-Zn); (3) Mt Kelly; (4) McLeod Hill prospect; (5) Mammoth Mine; (6) Esperanza; (7) Investigator prospect; 
(�) Bluff prospect.  LRFT: Leichhardt River Trough; LHP: Lawn Hill Platform; MGFZ: Mount Gordon Fault 
Zone; IF: Investigator Fault; MEF: Mammoth Extended fault; RCF: Redie Creek Fault; FBZ: Fort Binder Fault 
Zone; WBF: Western Border Fault; RUCF: Russell Creek Fault Zone; SCF: Stockyard Creek Fault; BF: Bluff 
Fault.

3.3.1 Leichhardt Superbasin

Numerous workers have interpreted the oldest rocks seen in the Leichhardt Su-

perbasin as a syn-rift sequence (Blake, 19�7; Jackson et al., 2000; Neumann et al., 

2006).  The area comprises Fe-rich continental flood basalts (Eastern Creek Volcan-

ics – ECV’s) intercalated with quartzites that are overlain by shallow marine, fluviatile 

quartzites and poorly sorted sandstones and siltstones belonging to the Myally Subgroup 

(Figure 3.1, Figure 3.3, and Figure 3.4) (Derrick, 19�2; Blake, 19�7; Eriksson et al., 1993; 

O’Dea et al., 1997; Jackson et al., 2000).  The ECV sediments have a maximum depo-

sitional age of 1779±4 Ma and the Myally Subgroup has a sedimentary depositional age 

of 1773±2 Ma (Neumann et al., 2006).  The Myally Subgroup is overlain by the Quilalar 

Supersequence, and is interpreted as a post-rift sequence (O’Dea et al., 1997; Jackson 

et al., 2000), and has a maximum depositional age of 1750 Ma (Neumann et al., 2006).  

Regional scale east-west cross sections show individual sub-basins with half-graben like 

geometries interpreted to have formed as a result of ENE – WSW extension (Figure 3.2) 

(Eriksson et al., 1993; Jackson et al., 2000; Gibson, 2005).  Half grabens are up to 70 

km long and 40-50 km wide (Figure 3.3).

North-south oriented syn-sedimentary growth faults are best developed along the 

eastern margins of the LRFT (Figure 3.1 and Figure 3.3) (Derrick, 19�2; O’Dea et al., 

1997).  Elsewhere, faults of this timing are not easily recognised at the surface; however, 
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a possible basin-bounding fault has been interpreted at the western margin of the LRFT, 

namely the Russell Creek Fault Zone (Figure 3.1, Figure 3.2, Figure 3.3, and Figure 3.4) 

(Gibson et al., 200�).

3.3.2 Leichhardt River Fault Trough

Much of this work focussed on the MGFZ, one possible western boundary of the 

LRFT (Derrick, 19�2; O’Dea et al., 1997).  It is likely that the MGFZ represents an old re-

activated basement structure that has influenced sedimentation and deformation within 

the region.  This section presents a model for the evolution of the LRFT, based largely 

on O’Dea et al. (1997) and references therein.  O’Dea et al. (1997) based much of their 

work on field mapping in different areas of the LRFT as well as extracting information 

from various 1: 100,000 scale map sheets.

The LRFT has the exposed remnants of an ancient exhumed extensional terrain 

that has undergone multiple episodes of extensional deformation followed by regional 

shortening i.e. Isan Orogeny (Figure 3.1, Figure 3.2, and Figure 3.3).  The LRFT is an 

intracontinental rift system that is Middle Proterozoic in age and forms part of a N-S 

trending fold belt within the Mount Isa terrain.  It has had a long and protracted history of 

the LRFT ca. 1�00 – 1600 Ma.  There has been much work on the sedimentology and 

structural history of the LRFT (Derrick, 19�2; Blake, 19�7; Nijman et al., 1992a; Nijman 

et al., 1992b).  

Deposition within the Leichhardt River Fault Trough

Bimodal volcanism and deposition of conglomerates belonging to the Bottletree 

Formation and lower Mount Guide Quartzite respectively began at approximately 1790 
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Ma within the LRFT (Figure 3.1) (Page, 19�3b, a).  The upper Mount Guide Quartzite 

accumulated in a tidal setting within a thermally subsiding basin (Simpson and Eriksson, 

1991).  Overlying these formations is the Eastern Creek Volcanics (ECV), a ~ 4 – 6 km 

thick, rift related continental tholeiite with intercalated quartzites (Figure 3.1, Figure 3.2, 

Figure 3.3) (Derrick, 19�2; Eriksson et al., 1993).  The ECV comprise the Cromwell and 

Pickwick Metabasalts which have sheet like flows with stratiform amygdaloidal zones 

and pillows.  These basalts were most likely deposited in a shallow water to subaerial 

environment (Blake, 19�7).  They are separated by the Lena Quartzite, that most likely 

represents a period of quiescence (O’Dea et al., 1997).

Overlying the ECV is the Myally Subgroup that comprises quartzo-feldspathic 

sandstones and minor dolomites that were deposited in a shallow water marine environ-

ment (Figure 3.2 and Figure 3.4) (Glikson et al., 1976).  There are marked thickness 

changes within the Whitworth Quartzite across E – W striking faults reflecting synsedi-

mentary basement block faulting (Figure 3.4) (Smith, 1969; Derrick, 19�2).  These are 

important geometric and temporal indicators for structural studies presented in Chapters 

3 and 4.  The Quilalar Formation overlies the Myally Subgroup and is not exposed in this 

project area.  It is a quartz-carbonate package that was deposited in a N – S trending 

trough during a sag phase (Jackson et al., 1990).

Overlying the Quilalar Formation unconformably to paraconformably are the 

Fiery Creek Volcanics.  Intercalated with the Fiery Creek Volcanics is the Bigie Forma-

tion which is a sequence comprising conglomerates and sandstones.  The Fiery Creek 

Volcanics have been dated at 1709 Ma and because the Bigie Formation is intercalated 



Gustav S Nortje 70

Chapter 3                   Regional Geology

with it, 1709 Ma indicates the minimum age of renewed rifting within the LRFT (Betts et 

al., 1996; O’Dea et al., 1997).

The Surprise Creek Formation consists of rift-related sandstones and siltstones 

and is unconformably overlain by the Mount Isa Group sediments that represents a sag 

phase (Figure 3.1 and Figure 3.2) (Page et al., 1994; Page et al., 2000).  The Surprise 

Creek Formation was deposited in alluvial fan to shallow marine environments (Blake et 

al., 1990; Nijman et al., 1992a; Nijman et al., 1992b).  Mount Isa Group sediments com-

prise dolomitic and siliceous to carbonaceous siltstones and shales.  The McNamara 

Group (Mount Isa Group equivalents) is stratigraphically above the Mount Isa Group 

and comprise shales, cherts and quartzites, and are dated at ~ 1595 Ma (Page et al., 

1994).

There is uncertainty in the relative timing of rifting throughout the region e.g. 

thickness changes within the Surprise Creek Formation across faults in the southern part 

of the LRFT (Batson, 1991), whereas in the Fiery Creek region the Surprise Creek For-

mation does not exhibit thickness changes across faults (Betts et al., 1996).  Along the 

Investigator Fault, the Moondarra Siltstone belonging to the Mount Isa Group displays 

a thickness change within the unit whereas overlying units do not show any thickness 

changes (Derrick, 19�2).  In the Fiery Creek region Moondarra Siltstone also displays 

marked thickness changes across faults, reflecting periods of growth faulting that was 

most likely related to N – S or NW – SE extension.  However this may represent the in-

filling of remaining accommodation space created by topography formed by earlier and 

intermittent rifting within the area (O’Dea et al., 1997).
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Rifting within the Leichhardt River Fault Trough

O’Dea et al. (1997) use a similar method to the approach of McClay et al. (19�9) 

for the Kechika Trough in the Northern Rocky Mountains in Canada where the geometry 

of extension related structures was inferred from sedimentological and stratigraphic re-

lationships (McClay et al., 19�9).  The LRFT has had numerous repeated episodes of 

rifting, rifting-related tilting, footwall uplift and post-rift subsidence. For the purposes of 

this thesis, the data is summarised here in Table 3.1 and Figure 3.2.
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3.3.3 Calvert Superbasin Rifting

The Calvert Superbasin not only structurally overlies the Leichhardt Superbasin 

but is separated from it by a major regional unconformity (Figure 3.5) (Derrick, 19�2).  

This unconformity was the product of renewed faulting and is shown by the deposition 

of the Fiery Creek Volcanics and coarse-grained siliciclastic sediments (Derrick, 19�2; 

O’Dea et al., 1997).  This was followed by the deposition of fluviatile to shallow marine 

sandstones within the LRFT (Derrick, 19�2; Blake, 19�7).  Extension directions during 

deposition of the Calvert Superbasin are interpreted as ENE-WSW to NE-SW due to 

sedimentary thickness changes into and/or across NW-SE oriented growth faults (Figure 

3.2 and Figure 3.4) (Derrick, 19�2; O’Dea et al., 1997; Betts et al., 2006).

3.3.4 Isa Superbasin Rifting

With the waning of extension during formation of the Calvert Superbasin, sedi-

mentation in the Western Fold belt was dominated by carbonaceous black shales, stro-

matolitic dolostones and turbiditic sandstones and siltstones of the McNamaras Group 

on the Lawn Hill Platform and in the LRFT (Figure 3.1, Figure 3.2, Figure 3.4, and Figure 

3.5).  These sediments are equivalents to the Mount Isa Group sediments deposited 

further south (Figure 3.1 and Figure 3.4) (Hutton and Sweet, 19�2; Scott et al., 2000; 

Southgate et al., 2000a).  The sedimentary pile can be in excess of � km thick (Hutton 

and Sweet, 19�2; Scott et al., 2000; Southgate et al., 2000a).  These sediments are 

“post-rift” and are underlain by older (1670 – 1640 Ma) transgressive fluviatile to shallow 

marine sandstones and siltstones, and intercalated black shales that belong to the lower 

McNamara Group (Gibson et al., 200�).  However, during this time, there was felsic 

magmatism, as well as tectonic activity and fault reactivation (Andrews, 199�; Krassay 

et al., 2000; Southgate et al., 2000a; Betts, 2001).  Such fault reactivation is implicated in 
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observations of syn-mineralization breccias at the HYC Zn deposit and also in models for 

the syn-genetic shale hosted Pb-Zn mineralization in the WFB, for example Lady Annie 

and Century deposits (Large et al., 199�; Cooke et al., 2000; Large et al., 2001; Betts et 

al., 2003; Oliver et al., 2006; Feltrin et al., 2009).

3.4 Isan Orogeny

The most recognisable structural features of the Mt Isa Block can all be attrib-

uted to a series of shortening events known as the Isan Orogeny (Figure 3.2).  The Isan 

Orogeny commenced in ~1575 Ma and ended at about 1495 Ma in the WFB (Hand and  

Rubatto, 2002).  There is no universally accepted model for post depositional deforma-

tion within the Mt Isa Block, let alone the WFB (Derrick, 19�2; Bell, 19�3; Blake, 19�7; 

Bell, 1991; Blake and Stewart, 1992; Nijman et al., 1992a; Nijman et al., 1992b; Stewart, 

1992; O’Dea and Lister, 1995; Hand and  Rubatto, 2002).  As mentioned earlier the WFB 

predominantly comprises the LRFT with high strain zones along its eastern and western 

margins.  From the 1: 250,000 and 1: 100,000 scale maps it is evident that the original rift 

geometry is preserved and it is likely that basement structures played an important part 

in the rifting process as well as in the post-depositional deformation of the region (Figure 

3.1, Figure 3.2, Figure 3.3, Figure 3.5, and Figure 3.4) (Gibson and Henson, 2005).

D1

Bell (19�3) made a case for southward directed thrust faulting (D1) that produced 

east-west oriented folds that were unusual because (Figure 3.1, Figure 3.2, Figure 3.4, 

and Figure 3.5) (1) they only affect Mt Isa/ McNamaras Group rocks; (2) they are usu-

ally synclines; (3) typically occur to the south of major east-west faults that have uplifted 

older Haslingden Group rocks to the north; (4) their axial planes along with an S1 slaty 
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cleavage are subparallel to these east-west faults (Figure 3.1, Figure 3.4, and Figure 

3.5) (Bell, 19�3).  Gibson et al (2005) and Allardyce (1993) have investigated the Redie 

Creek Fault (RCF) which exhibits all of the characteristics of the Bell (19�3) model (Fig-

ure 3.4 and Figure 3.5) (Allardyce, 1993; Gibson and Henson, 2005).  The Lady Loretta 

Formation (McNamaras Group) occurs in the footwall of the RCF and is deformed into 

a tight south verging synform with a northerly dipping axial surface (Figure 3.5).  The 

Paradise Creek Formation (McNamaras Group) occurs in the hangingwall of the RCF 

and is deformed into a broad D1 antiform that has formed a window where the overlying 

Surprise Creek Formation is juxtaposed against the much younger Esperanza Forma-

tion.  These features can be explained by a D1 northerly dipping thrust fault (Figure 3.5) 

(Bell, 19�3; Allardyce, 1993; Gibson and Henson, 2005).  Bell (19�3) postulated that 

pre-existing rift architecture was not required to explain the observed geometric and 

stratigraphic relationships.  Numerous workers dismissed this claim by Bell (19�3) such 

as Derrick (19�2), O’Dea et al., (1997), Lister et al., (1999).  See above for explanation 

of Derrick (19�2) and O’Dea (1997).  One example in the MGFZ where Bell’s (19�3) 

interpretation may be incorrect is along the Investigator Fault zone where the original rift 

geometry is still preserved even though the structure has been folded during D2 of the 

Isan Orogeny.  Thickness changes across the fault within the Myally Subgroup indicate 

that it was a probable growth fault and was active during deposition (Figure 3.6) (Derrick, 

19�2).  It also truncates doleritic dykes that do not intrude into the overlying McNamaras 

Group sediments.
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S N

ECV
ECV

Myally

Myally

Figure 3.6.  Schematic N-S cross-section showing thickness changes in Myally subgroup across the Inves-
tigator Fault.

Lister et al., (1999) proposed that within the Lake Julius area, E-W trending syn-

clines are not ramp synclines associated with imbricated stratigraphy and an associated 

roof thrust, i.e. Bell (19�3) model.  Instead Lister et al (1999) propose that the synclines 

likely developed during D2.  These synclines were then cut by strike-slip faults that in 

some cases are parallel to the axial planes of folds.  Continued strike-slip movement, in 

this case left lateral, resulted in local reverse faults producing ‘pop-out’ type structures 

(Lister et al., 1999).  

O’Dea and Lister (1995) in the Crystal Creek block show, using field relations and 

magnetic data, that E-W trending synclines likely developed due to inversion along E-W 

faults during the Isan Orogeny.  Lister and O’Dea (1995) suggest that buttressing and 

inversion and ductility contrasts have controlled the development of the local structural 

architecture.  

D2

This event is the peak metamorphic event (low pressure/ high temperature) 

throughout the inlier (Figure 3.2) (Rubenach et al., 200�).  D2 produced north-south ori-

ented folds with an associated pervasive north – south to north-northeast regional slaty 

cleavage that is subparallel to axial surfaces (Figure 3.2, Figure 3.4, and Figure 3.5) 

(Bell, 19�3; Winsor, 19�6; Blake, 19�7; Oliver et al., 1991).  D2 folds are typically tight 

and S0 is locally subvertical in areas of high D2 strains (Gibson and Henson, 2005) (Fig-
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ure 3.5).  D2 deformation is concentrated in zones of tight, upright and synclinal folding 

that occurs on either side of the Mount Gordon Arch (Figure 3.5) (Derrick, 19�2; O’Dea 

et al., 1997).  Fold axes are typically subhorizontal within the McNamaras Group and are 

doubly plunging in the older units, e.g. Myally Group in the Bull Creek Syncline (Gibson 

and Henson, 2005).  Typically, D2 synforms are spaced 20 – 30 km apart and have de-

veloped within high strain zones that are proximal to east-west oriented normal faults 

(Figure 3.1) (Gibson and Henson, 2005).  This event emplaced older Kalkadoon-Leich-

hardt basement rocks over the eastern margin of the Leichhardt River Fault Trough and 

produced upright synclines on both flanks of the Mount Gordon Arch (Gibson, 2005).

D3

Often considered the last event of the Isan Orogeny D3 was a compressional 

event producing similar structures to those of D2 and has an east-northeast – west-

southwest to west orientation (Figure 3.2) (Page and Bell, 19�6; Oliver et al., 1991).  

Large scale regional right-lateral strike-slip faulting with subordinate folding occurred  

during D3 (Gibson and Henson, 2005).  Folds and faults associated with this event typi-

cally trend NNE, most likely because S2 was reactivated during D3.  Typically, sandstone 

marker horizons within the Eastern Creek Volcanics and the Myally Subgroup have been 

overturned towards the east and are subvertical (Hutton et al., 19�5; Gibson and Hen-

son, 2005).  Of importance to this study is the Mount Gordon Fault Zone (MGFZ), which 

previous workers have classified as a D3 structure (Derrick, 19�2; Bell, 19�3; Gibson and 

Henson, 2005).  However, because neither D3 or D4 structures are penetrative, there has 

been much confusion in the literature about designation of either event to any particular 

post-D2 structure.
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D4

Evidence for a brittle deformation event that post-dates the brittle-ductile D3 event 

is proposed in this study (Figure 3.2).  D4 is an east-southeast – west-northwest oriented 

shortening event mostly manifest as faults, reactivated older faults, and brecciation.  Al-

though timing is poorly constrained in the study area, a strong association of similar 

faults, breccias and late tectonic granites in the Eastern Succession occurred at ca. 

1527 Ma.  The Ernest Henry orebody, some regional sodic-calcic alteration, and many 

small copper deposits were formed by fault-related fluid flow at this time in the Eastern 

Succession (Oliver et al., 2004; Rubenach, 2005; McLellan and Oliver, 200�; Oliver et 

al., 200�).

3.5 Mineralization in the Western Fold Belt

The WFB is richly endowed with several different commodities, mainly Pb-Zn (Mt 

Isa, Hilton, George Fisher, Lady Annie, Lady Lorretta) and numerous copper prospects 

and deposits (Mt Isa, Mt Kelly, Lady Annie, Mammoth Mines (Gunpowder), Esperanza, 

Mt Oxide, Investigator prospect, Bluff prospect) (Figure 3.1).  With any well endowed ter-

rain, controversy has surrounded the formation of the different ore bodies.  For example, 

controversy surrounds the formation of the Mt Isa copper system, Australia’s largest 

copper deposit.  The Mt Isa copper ore body comprises several brecciated zones over 

a 4 km strike length.  The largest of these orebodies is the 1100 orebody, which is ap-

proximately 3 km in length, 450 m wide and currently at ~ 1 km depth.  The Mt Isa ore 

body is hosted within the Urquhart Shales that belong to the Mt Isa Group (McNamaras 

Group equivalents).  Workers such as Bell, Perkins, and Davis advocate a predomi-

nantly syntectonic, epigenetic model for the formation of the Mt Isa ore body related to 

dilation during D3 on previous regional D1 thrust faults (Perkins, 19�4; Swager, 19�5; 
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Bell et al., 19��).  They postulate that copper mineralization occurred at the end of D3 

with local cleavages and folds exerting a strong control on the copper breccias (Perkins, 

19�4; Swager et al., 19�7; Bell et al., 19��).  As mentioned above, Miller (2007) found 

the dominant orientation of σ1 at the time of copper mineralization at the Mt Isa mine 

was within the NW (±30°) during D4 deformation which is contrary to the Perkins (19�4), 

Swager (19�7), and Bell (19��) models.  Miller (2007) inferred that the brecciation event 

responsible for copper mineralization was a single discrete event related to reverse-left 

lateral movement inferred from the intersection of bedding and extension vein orienta-

tion (Miller, 2007).  Reverse movement along bedding planes where bedding shallows 

resulted in the formation of dilatant jogs that host copper mineralization.  Controversy 

surrounds the origin of the copper bearing fluids at Mt Isa.  One model requires that the 

Eastern Creek basalts are the main source for the copper mineralization, while others 

infer a fluid mixing model involving bittern brines (Kendrick et al., 2006).

3.5.1 Copper Mineralization within the MGFZ

There are two major copper deposits within the study area, namely the Esperan-

za and Mammoth Cu deposits (Figure 3.4).  Descriptions of these deposits are presented 

in Chapter 6.  Apart from this study and Keys (200�) there has only been one other 

major study that addresses the structural controls on copper mineralization.  Previous 

work also includes various mining and exploration reports, the most important of which 

is presented in Chapters 5 & 6.  In that study van Dijk (1991) mapped areas within the 

region that encompasses this study area (Figure 3.4).  He concentrated on mapping the 

regional stratigraphic relationships and fault architecture, and produced a model for the 

formation of copper deposits based on his observations (Table 3.2) (van Dijk, 1991).
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Deposit

Van Dijk,
(1991)

Deformatio
nal Events

Mount Kelly Lady
Annie

Mammoth
(Gunpowder) Esperanza

Location in terms of fault
zone/ tectonic environment

(Figure 2.4) 
Lawnhill
Platform

Lawnhill
Platform

Mount Gordon
Fault Zone

Mount Gordon
Fault Zone

Host Rock
McNamaras
Group, black
shale

McNamar
as Group,
black
shale

Myally
Subgroup,
quartzite

McNamaras
Group, black
shale

Defor-
mation

D1

N to S
thrusting
east of
MGFZ and
lateral
ramps to the
west of
MGFZ

FW & HW of
subhorizontal
thrust, S1 // S0

Unknown,
possibly
destroyed
by faulting,
S1 // S0

Subsidiary in
ramp imbricate,
S1 // S0

Below roof
thrust, S1 // S0

D2

E-W
compression
resulting in
tight upright
N-S folds
and steep
axial planar
cleavage

Gentle folding Steep limb Steep limb Steep limb

D3

NNW
trending
folds and
steep axial
planar
cleavage

Local folding,
S3 at high
angle to S0,
antiform

S3 // S2
and at
high angle
to S0, local
folding

S3 high angle to
S0, faulted fold

S3 at high
angle to S0

Alteration

dolomitic Y Y n Y

silicification Y Y n Y

timing Early D3
Syn-D2-

post Syn-D2-post

Veining

crack-seal Y, early D3 Y, D2 D2, D3 D3

breccia Y, D3 Y, D3 D3 D3

fibrous Y, late D3 Y, late D3 D3

replacement Y, dol, py Y, dol Y, py Y, dol

mineralization
Cpy, po, py,

qtz, chl
Cpy, py,

qtz
Py, cpy, cc, qtz,

chl
Py, cpy, qtz,

chl

Timing Late D3 Late D3 D3 D3

Table 3.2.  Table modified from van Dijk (1991), Table 2 (pg. 2�1) showing major deposits in the study area 
and his classification and timing scheme (van Dijk, 1991).  Abbreviations: ‘Y’ – yes, S0 – bedding, S1 – first 
cleavage forming event, S2 – second cleavage forming event, S3 – third cleavage forming event, chl – chlo-
rite, cpy – chalcopyrite, dol – dolomite, po – pyrrhotite, py – pyrite, qtz – quartz.  See Table 3.2 also.
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The major conclusion that van Dijk reached was that a D1 thrust with a flat ramp 

geometry was folded by S2 producing steep fold limbs, subsequently re-folded by S3 

resulting in a D3 fold zone at right angles to the inferred D1 thrust, producing dilation and 

mineralization during D3 (Figure 3.7) (van Dijk, 1991).  van Dijk’s (1991) conclusion was 

based on Bell et al’s (19��) interpretation of Mt Isa mine and the Bell (19�3) regional 

interpretation of a thrust fault geometry explaining the architecture of the region (Table 

3.2).
a) b) c)

bedding

S2 cleavage

S1 cleavage

S3 cleavage

D1 thrust

replace-
ment front

Figure 3.7.  Typical structural setting for deposits within the study area according van Dijk (1991) pg. 209, 
also see Table 3.2.  (a) Initial flat ramp geometry with associated thrust fault and S1 cleavage; (b) D2 folding 
resulting in steep limbs and S2 cleavage; and (c) localised folding and development of S3 cleavage with sub-
vertical extension allowing fluids to migrate along bedding allowing mineralization to occur (van Dijk, 1991).

Clarke (2003) studied the Mammoth copper deposit and focussed on the geo-

chemical evolution of the deposit.  Using micro-analytical techniques (sulfur isotopes, 

LA-ICPMS, whole rock geochemistry) he found that the Eastern Creek volcanics were 

the most likely source of the copper for the deposit.  Hot saline oxidised copper rich fluid 

was focussed along the Mammoth and Esperanza faults due to metamorphic devolatili-

sation that leached copper and sulfur from the Eastern Creek Volcanics.  Fluid pressure 

build up combined with E-W compression resulted in the formation of dilatant sites facili-

tating the precipitation of sulphides (Clarke, 2003).

Other work relating to the MGFZ is presented in detail in Chapters 4, 5 and 6 as 

they are specific studies of areas where this present work has taken place.  In essence 
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several previous workers proposed a D3 to D4 timing for fault-related copper mineralisa-

tion around Mammoth Mines.  For example, Askew (1992) proposed ENE-WSW com-

pression during D3 timed mineralisation which would have resulted in a dextral reverse 

sense of movement along the Mammoth and Mammoth Extended Faults.  ERA Maptec 

(Anonymous, 1994) proposed late N-S extension during D3 along the Mammoth and 

Mammoth Extended Faults, prior to late movements on the Portal Fault.  Sigma 1 was 

thought to plunge (~60°) steeply towards the south.  In the E-W shortening event, a 

dextral sense of movement is invoked on the Mammoth Extended and Mammoth Faults.  

Connors (1997) proposed NE-SW transpression during D4.  Copper deposition was dur-

ing D4 sinistral reverse movement on the Mammoth and Mammoth Extended Faults.  

Keys (200�) mapped and numerically modelled different deposits within the western and 

eastern fold belts in the Mt Isa inlier.  He found that a major ESE shortening event was 

likely responsible for Cu mineralization within the inlier during D4 (Keys, 200�).  McLellan 

(in press) used a discrete element numerical modelling technique to simulate conditions 

pertinent for mineralization during D4 (ESE shortening) event in the WFB.  He found that 

stress is partitioned across fault blocks and is affected by rock properties.  An ESE stress 

field provides the best visual correlation with known mineralization.  Similar results were 

found by McLellan & Oliver (200�) in the Eastern Fold belt.

Even though Pb-Zn mineralization is not the focus of this thesis it has been well 

documented that fault reactivation (presumably along old faults?) is responsible for sec-

ond-generation minerlization and brecciation at the HYC Zn deposit, and also in models 

for reactivation of the syn-genetic shale hosted Pb-Zn mineralization in the WFB, for 

example Lady Annie and Century deposits (Large et al., 199�; Cooke et al., 2000; Large 
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et al., 2001; Betts et al., 2003; Oliver et al., 2006; Feltrin et al., 2009).

3.6 Conclusions

Rifting, basin formation and sedimentation formed three superbasins.  Namely, the 

Leichhardt (ca. 1�00 to ca. 1740 Ma), the Calvert (ca. 1730 to ca. 1670 Ma), and 

the Isa (ca. 1670 to 1575 Ma) Superbasins, all of which are still variably preserved 

to some extent in the Leichhardt River Fault Trough (LRFT) of the Mount Isa Block 

including the MGFZ.

Four main deformational events during the Isan Orogeny (D1, D2, D3, and D4) have 

been recognised in the western Mount Isa Block.  There is no universally accepted 

model for post depositional deformation within the Mt Isa Block, or the WFB.

D3 occurred, at approximately 1550 Ma and was interpreted to have been responsi-

ble for the reactivation of many major D2 structures.

D4 deformation, the absolute timing of which is not well constrained in the Western 

fold belt, resulted primarily in strike-slip reactivation of major faults, particularly steep-

ly dipping faults, as well as sinistral strike-slip displacement on north-south striking 

faults.

Numerous models for the formation of deposits within the WFB exist and all have 

implications for regional exploration programs.

In particular, D4 is an east-southeast – west-northwest oriented shortening event 

mostly manifest as faults, reactivated older faults, and brecciation.  It appears to be 

•

•

•

•

•

•
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responsible for widespread copper mineralization within the region, but prior copper 

mineralization on D3 (and potentially earlier) faults must be considered because of 

the known history of fault reactivation and also remobilization of early mineralization 

by later structures.  This history of fault activation and reactivation forms the core to 

several following chapters in this thesis.

Chapter 3                   Regional Geology
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4.1 Overview

This chapter is written paper-style and has been submitted to the Geological 

Society of London, Professor Rick Sibson honorary volume, entitled “Geology of the 

Earthquake Source”.  This chapter aims to understand the geometric and temporal evo-

lution of the complex fault arrays in the MGFZ, in order to provide a framework for the 

corresponding evolution of the mineralizing systems, and to provide a template for more 

detailed study of fault mechanics, fluid flow and structural prospectivity in later chapters.  

A summary of the regional geology and faulting relevant to mineralization in the study 

region is first provided (more details in Chapter 3).  A binary chronological (younging) 

analysis is presented followed by a temporal evolution of the fault network.  Implications 

for fault activation/ reactivation are also discussed along with regional exploration impli-

cations.

4.2 Introduction

The Proterozoic Mount Isa Block of northwestern Queensland is richly endowed 

with epigenetic, fault-related copper mineralization including the world-class Mount Isa 

copper orebodies.  However, because of the immediate proximity of the Mount Isa cop-

per deposits to equally large lead-zinc ores, controversy has surrounded their interpreta-

tion (Perkins, 19�4; Swager, 19�5; Swager et al., 19�7; Bell et al., 19��; Heinrich and 

Cousens, 19�9; Perkins, 19�9, 1990; Bell, 1991; Heinrich et al., 1995; Perkins, 1997; 

Davis, 2004; Wilde et al., 2006).  Initially the Pb-Zn ores were thought to be pre-meta-

morphic and over-printed by the Cu mineralization but there is evidence to suggest that 

the Pb-Zn was emplaced during D3 and D4 deformation events (Chapman, 2004; Wilde, 

2006). To the north of the major deposits of the Mount Isa Valley (Figure 4.1), the Mount 

Gordon Fault Zone (MGFZ) stretches > 100km northwards and contains excellent exam-
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ples of fault-related copper mineralization, in most cases without attendant lead-zinc.  In 

particular, the Mammoth (formerly Gunpowder) deposits lie on apparent ENE-trending 

splays of the MGFZ (Scott and Taylor, 19�2; Richardson and Moy, 199�), and are domi-

nated by fault- and hydrothermal breccias in quartzite and siltstone units of the Myally 

Subgroup, namely the Alsace Quartzite, Bortala Formation, and the Whitworth Quartzite 

(see section 3.5). 

In addition, the region north of Mount Isa has been important for reconstructions 

of the structural and tectonic evolution of the Mount Isa Block, because of the excellent 

outcrop, the relatively low metamorphic grade (up to lower greenschist) and modest 

ductile strains imposed by the c. 1600 – 1500 Ma Isan Orogeny.  Reconstructions of the 

earliest basin-forming events have included recognition of several growth faults and a 

northward-trending rift architecture (Derrick, 19�2; O’Dea et al., 1997; Betts, 1999; Betts, 

2000; Betts et al., 2003; Gibson, 2005) including the oblique Mount Gordon Arch (Figure 

2.2).  The effects of the Isan Orogeny included south-directed thrusting (Bell, 19�3) and 

E-W shortening, the latter reflected by folding and some foliation development (O’Dea 

and Lister, 1995; O’Dea et al., 1997).  Bell (19�3) proposed, however, that no former rift 

architecture was required to explain the geometric details of the thrust array, which has 

been disputed by most other researchers because of the ready recognition of criteria 

for growth faults and normal faults (Derrick, 19�2; O’Dea and Lister, 1995; O’Dea et al., 

1997).  With a few local exceptions (see below), most workers have also not considered 

the detail of 10m- to km-scale fault orientations, nor the field-based evidence for their 

movement sense or potential reactivation, both of which we attempt to address here.  

Finally, late in the Isan Orogeny, a large wrench system developed (Lister et al., 19�6; 
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Lister et al., 19�7; O’Dea and Lister, 1995; O’Dea et al., 1997; Lister et al., 1999) and it is 

during this time that most of the copper appears to have been introduced (Keys, 200�).

At the core of the above-mentioned controversy in the overall interpretation of the 

architectural and kinematic elements is uncertainty regarding the process of fault reac-

tivation, along with parallel questions (particularly at Mount Isa) regarding the possibility 

of early base metal mineralization and its potential ‘remobilization’ into favourable late-

tectonic fault structures.  In this chapter I assemble and compare the previous work on 

the geometric and kinematic evolution of the MGFZ, and add important new field data on 

the history of fault activation and reactivation.  Several key questions will be addressed:

(1) which fault segments within either the early rifting (“De”) or thrusting (“D1”) 

events developed and retained orientations that were favourable for further fault slip dur-

ing the later strike-slip faulting (“D3”)?

(2) Given that D3 and D4 locally appear to be dominated by brittle deformation, 

how do these relate to the defined deformation events of the Isan Orogeny? 

(3) What were the combinations of far field stresses and pore pressures that led 

to fault reactivation and new fault development during D3, and 

(4) How did all of the above combine to result in the presently observed distribu-

tion and styles of epigenetic copper mineralization formed during strike-slip faulting?

The aims of this analysis are to try to understand better whether there is a firm 

basis for simply utilizing the known orientations of faults (of any timing) to predict the 
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location of potentially undiscovered mineralization, a technique that is commonly used 

elsewhere, particularly in predictive numerical analysis of fault arrays (Holyland and 

Ojala, 1997; Mair et al., 2000; McLellan and Oliver, 200�).  McLellan and Oliver (200�) 

for example, successfully predicted the location of the majority of epigenetic Cu±Au de-

posits and prospects in the Eastern Fold Belt of the Mount Isa Block by assuming that 

the presently observed fault architecture could be used as a template for a numerical 

simulation, and only applying small strains to this fault array in order to make their pre-

dictions.  However, although details of the fault evolution were considered in part, this 

style of analysis places little emphasis on the locations of earlier structures and also 

of early mineralization not related to the late-Isan faulting, several examples of which 

are recognised in the Eastern Fold Belt (Oliver et al., 200�).  It may be that the specific 

locations of mineral deposits in this MGFZ and elsewhere in the Mount Isa Block relate 

to the protracted geometric evolution in a systematic way, rather than simply being on 

any fault of any previous age, reactivated or precipitated during the latest deformation 

event.  Furthermore, our analysis may assist with the possible distinction between earlier 

mineralization whose present distribution reflects 100m- to km-scale redistribution above 

(or near) the sites of former syngenetic or diagenetic mineralization (related to rift faults), 

and late tectonic deposits localized on faults and apparently not dependent on any ear-

lier ore accumulations.

4.3 Summary of Regional Geology relevant to Mineralization

The regional geology is not described in detail here (see Chapter 3 for description 

of the regional geology and Figure 3.2).  The Mt Isa Block has undergone a complex pro-

tracted deformation and metamorphic history related to cycles of extension and shorten-

ing from 1�00 to 1500 Ma (Derrick, 19�2; Blake, 19�7; Etheridge et al., 19�7; Blake and 
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Stewart, 1992).  Below I focus on aspects of the faulting history pertinent to understand-

ing the geometric and kinematic history that led to localization of copper deposits along 

and around faults.  There are several main stages of interest:

(1) EARLY: Rifting, basin formation and sedimentation, in particular the Leich-

hardt (ca. 1�00 to ca. 1740 Ma), the Calvert (ca. 1730 to ca. 1670 Ma), and the Isa (ca. 

1670 to 1575 Ma) Superbasins, all of which are still variably preserved to some extent 

in the Leichhardt River Fault Trough (LRFT) of the Mount Isa Block including the MGFZ 

(Figure 2.2) (Neumann et al., 2006; Gibson et al., 200�).

(2) MID: Three main deformational events during the Isan Orogeny (D1, D2, D3) 

in the western Mount Isa Block.  There is no universally accepted model for post deposi-

tional deformation within the Mt Isa Block, or the WFB (Derrick, 19�2; Bell, 19�3; Blake, 

19�7; Bell, 1991; Blake and Stewart, 1992; Nijman et al., 1992a; Nijman et al., 1992b; 

Stewart, 1992; O’Dea and Lister, 1995).  According to the 1: 250,000 and 1: 100,000 

scale maps it is interpreted that the original rift geometry is preserved and that the base-

ment structures played an important part during the rifting process as well as in the post-

depositional deformation of the region.  The main deformational event (D2) during the 

Isan Orogeny and the peak of metamorphism has been suggested to have taken place 

at ca. 1595 to 15�0 Ma (Rubenach et al., 200�) and appears to have been an Inlier wide 

E-W shortening event (Figure 3.2).  Slightly later in the deformational history, an ENE 

shortening (D3) event occurred, at approximately 1550 Ma (Bell, 19�3; Rubenach et al., 

200�), and was interpreted to have been responsible for the reactivation of many major 

D2 structures.
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(3) LATE: Recent work by Miller (2007) at the Mount Isa Copper deposit has also 

indicated that the σ1 orientation responsible for brecciation and Cu mineralisation was 

likely to have been in the NW quadrant (Figure 3.2) with a shallow plunge (Keys, 200�).  

This event formed hydrothermal and/or tectonic breccias in many locations, which com-

monly host Cu deposits across the Mount Isa Block (Keys, 200�).  Evidence for a brittle 

deformation event that post-dates the brittle-ductile D3 event is also proposed in this 

study.  D4 deformation, the absolute timing of which is not well constrained in the West-

ern fold belt, resulted primarily in strike-slip reactivation of major steep-dipping faults, the 

formation of new faults (including those with sinistral strike-slip displacement on north-

south striking faults), and brecciation and mineralization (Figure 3.2).  Although the tim-

ing of D4 is poorly constrained in the study area, a strong association of similar (orienta-

tion, shear sense, and fault infill) faults, breccias and late tectonic granites in the Eastern 

Succession occurred at ca. 1527 Ma (Keys, 200�; Rubenach et al., 200�).  The Ernest 

Henry orebody is characterised by some regional sodic-calcic alteration, and many small 

copper deposits were formed by fault-related fluid flow at this time in the Eastern Suc-

cession (Oliver et al., 2004; Rubenach, 2005; McLellan and Oliver, 200�; Oliver et al., 

200�).  However, recent Re-Os work has suggested that an event around 1350 Ma may 

have been important, including dates on chalcopyrite from the Mt Isa copper deposit 

(Gregory et al., 200�), and on molybdenite from the Merlin deposit near Starra (Duncan 

et al., 2009).  It is possible that D4 relates to this younger age rather then the end of the 

Isan Orogeny, although more work is required.

4.4 Analysis of Fault Timing and Orientation

Fluid flow leading to mineralization can occur on both newly formed faults, and 



Gustav S Nortje 93

Chapter 4                                                                                                MGFZ Architecture and Fault Timing

on faults that were reactivated subsequent to their initial formation (Sibson, 1977, 19�9, 

1996, 2000; Cox et al., 2001; Sibson, 2001).  Empirical or numerical analyses of fault 

arrays for the purposes of understanding fluid flow and mineralization most commonly 

take an approach that does not specifically consider the distinction between these two 

general fault categories.  For example, Ojala & Nykänen (2007) and McLellan & Oliver 

(200�) have analysed mineralized fault arrays in Finnish Lapland and the Eastern Fold 

Belt of the Mount Isa Block, respectively.  They assumed that the presently observed 

fault arrays were representative of the geometry at the time of mineralization, and that 

mineralization was thus effectively the latest event and did not occur concurrently with 

major displacements and geometric changes (Ojala and Nykänen, 2007; McLellan and 

Oliver, 200�).  In both of these studies, the veracity of this assumption is not specifically 

considered.  In the Eastern Fold Belt, Oliver et al. (200�) demonstrated that copper min-

eralization occurred over a long time period (≥ 100 m.y.).  Therefore, the assumption that 

all mineralization occurred superimposed on the post-Isan fault geometry is incorrect, 

despite a reasonably high convergence of numerically predicted zones of low differen-

tial and mean stress and the known sites of copper mineralization (Ojala and Nykänen, 

2007; McLellan and Oliver, 200�). 

In order to try to improve on these techniques, we have attempted to reconstruct 

the sequence of faulting events, the change in geometries with time, and the relative im-

portance of new versus reactivated faults at different stages in the overall evolution of the 

LRFT.  This is directed towards trying to understand whether or not the early elements of 

the rift architecture were crucial for the subsequent introduction of copper. 
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The overall approach we have taken is as follows:

Divide the MGFZ up into four sub-domains to undertake the younging analysis (Fig-

ure 4.1 and section 4.4.2);

Measure the orientation and length of all faults and classify them according to their 

orientation using a length-weighted criterion on rose diagrams where the frequency 

is multiplied by the length of the fault segment (Figure 4.2).  In Figure 4.2 the longer 

petals of the rose diagram reflect longer fault segments (e.g. in domain 1 Fort Bind-

er Fault Zone; NE-trending fault segments are typically the longest (Figure 4.2a).  

Faults were then classified into subsets based on the above criterion using letters A, 

B, C, D, E, F, G;

Use a simplistic overprinting criterion to make a preliminary interpretation of the rela-

tive timing of intersecting faults based on their geometry (Figure 4.3a, b, and c).  

Faults whose intersection angle was <30°, particularly where a possible displaced 

segment was not identified, were not included in the analysis, because these most 

likely represent fault-tip splays developed during one faulting event.  Even if they are 

not synchronous splays, their omission does not greatly affect the conclusions;

Apply the ‘younging table’ approach of (Angelier, 1991 & 1994) to define an apparent 

sequence of faulting events, and to establish clear versus vague overprinting rela-

tions.  See section 4.4.1 for a description of the method;

Assess additional geological information (field relationships including the relationship 

1.

2.

3.

4.

5.
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of unconformities and folds to faults) to modify the preliminary sequence of faulting 

events;

Identify and distinguish fault rotations and reactivations on early faults that have led 

to their reorientation (or preservation of initial orientation) along directions potentially 

suitable for mineralization.

4.4.1 Binary Chronological Matrix Analysis (Younging Analysis)

Extracting incremental stress and strain and deformation histories from final ge-

ometries is very difficult.  Standard geological analysis techniques where cross-cutting 

relationships are observed can yield vague and uncertain deformation histories, the in-

terpretation of which can be controversial and open to intense scrutiny (for example 

Bell, 19�3).  Sources of error can originate from unobserved rotations or displacements 

and the general impossibility of determining unique strain histories from a single cumu-

lative strain, and the variation of fault geometry and local kinematics at any one time, 

which may otherwise be interpreted as being the product of different events (Angelier, 

1991; Angelier, 1994; Potts and Reddy, 1999; Potts and Reddy, 2000; Forster and Lister, 

200�).

Binary chronological matrix analysis, referred to as younging analysis herein, is 

a form of combinatorial mathematics where successive permutations are carried over 

as large a dataset as possible to obtain a relative chronology (Angelier, 1991; Angelier, 

1994; Potts and Reddy, 1999; Potts and Reddy, 2000).  The datum is the order or suc-

cession of two or more geological events.  For any number of geological events there 

exist n(n – 1) relative chronologies (Angelier, 1991; Angelier, 1994; Potts and Reddy, 

6.
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1999; Potts and Reddy, 2000).  For example, for three geological events, here termed x, 

y, and z there exist a possible six relative chronologies i.e. xyz, xzy, yxz, yzx, zxy, and 

zyx (Angelier, 1991; Angelier, 1994; Potts and Reddy, 1999; Potts and Reddy, 2000).  In 

the present case, a robust analysis of this type may lead to a clear chronology of differ-

ent faults with different orientations.  However, if many or most of the faults developed 

at the same time, as a network of faults with several different orientations (e.g. the fault-

fracture network of Sibson 1996, 2001), then the chronological analysis would confirm 

mutual crosscutting relationships of differently oriented faults, because there would not 

be a clear chronology of different faults with different orientations. 

This overall approach is similar to the approach of Forster and Lister (200�) 

where tectonic sequence diagrams (TSD’s) are used on an outcrop scale to determine 

the relative sequence of events without using/ assigning a combinatorial mathematical 

framework.  Instead they approach the problem from the view point of gene splicing 

where pattern recognition is used to define the human genome.  In their approach, a tem-

poral sequence is inferred on an outcrop scale followed by selecting marker sequences 

and correlating between different TSD’s (Forster and Lister, 200�).  They also confirm 

absolute ages of events based on geochronology of a particular event, for example using 

Ar-Ar dating in the Otago schists, New Zealand.

The Angelier (1991, 1994), Potts and Reddy (1999, 2000), and Forster and Lister 

(200�) approaches are all advantageous because they remove D1 to Dn nomenclature 

from conventional structural analysis and allow a more unambiguous approach to infer 

the structural evolution of a particular region.  They also omit the difficulty that arises 

from adding or subtracting a new Dn event to a Dn succession (Angelier, 1991; Angelier, 
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1994; Potts and Reddy, 1999; Potts and Reddy, 2000; Forster and Lister, 200�).  The 

one obvious advantage of the combinatorial mathematics approach is that is forces the 

user to deal with contradictory observations whereas the TSD method does not account 

for that particular problem.

Binary Chronological Matrix Construction

For the example above, i.e. three geological events (xyz, i.e. n = 3) the six relative 

chronologies based on n(n-1) are built into a matrix so that one line and one column with 

the same rank correspond to the same event (Table 4.1).  The order of ranking is arbi-

trary because the order of events in unknown to begin with (Table 4.1) (Angelier, 1991; 

Angelier, 1994; Potts and Reddy, 1999; Potts and Reddy, 2000).

Table 4.1.  Initial arbitrary binary chronological matrix where 
the table is “read” from row (oldest) to column (youngest) e.g. 7 
observations are made where y is older than z, and one appar-
ent relationship where z is older than y. Grey shading indicates 
event x x, y y, and z z is incompatible with itself such that no 
relationships are observed between events of the same timing 
and are assigned a null value in the analysis.

Once all observations have been inserted into the matrix (Table 4.1) then the 

data can be arranged into a temporal sequence (Table 4.2).  This solution provides the 

best possible mathematical solution based on the combinatorial (factorial) approach (i.e. 

successions for n events n! and n(n – 1) (Angelier, 1991; Angelier, 1992, 1994).  How-

ever, younging relationships that are ‘less reliable’ may emerge, in which the number of 

relationships where feature x is older than feature y is only slightly greater than relation-

ships where y is older than x, yet the table must assign a position in an overall chronol-

ogy.  This may mean that a particular feature may have repeated or reactivated, or two 

completely unrelated features produce similar characteristics other than timing relation-

ships (e.g. a fracture network with several strands of different orientations but the same 

  x y z 

x  1  3  

y 2  7  

z  1   
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timing).  Thus, once an optimal solution is obtained it is advisable that other geological 

information is inserted into the matrix to obtain a better solution and one that is more 

geologically realistic.  In any case, the degree of reliability of the position in the younging 

table can be treated as an additional factor for subsequent analysis.  In this thesis all 

younging analysis plots (binary chronological matrices) were generated using CHRONO.

exe, a computer program written by Jacques Angelier (Angelier, 1992).  Because the 

data set was so extensive, i.e. 362,��0 relative chronologies were possible, it was de-

cided that a computational approach would be best, see section 4.4.2.

Table 4.2.  Revised binary chronology in which successive permutations are calculated based on the count 
of relative ages.  This output provides the best possible mathematical solution (Angelier, 1991; Angelier, 
1994).  Therefore consistent chronologies (top right half of table) are �5% while inconsistent chronologies 
are 15%; these statistics are included in the output of CHRONO.exe (Angelier, 1992).

 y x z 

y  2  7  

x 1  3  

z 1   

4.4.2 Initial orientation and younging analysis

The MGFZ region within the Western Fold Belt, Mt Isa Inlier presents an excellent 

opportunity to study and test the use of binary chronological matrix analyses or ‘young-

ing tables’.  Using existing government geological mapping (Mammoth Mines, Sheet 

675�) and field observations a binary chronological matrix is presented here (Figure 4.1 

& Table 4.1).  This matrix was used to interpret the relative and absolute chronology 

of faulting within the area.  It must be emphasized that this analysis is strictly 2-D.  It is 

2-D because most faults, in their current configuration are steeply dipping (Chapter 5), 

have apparent strike-slip offsets (Figure 3.4), and locally show evidence for strike-slip 

displacements (Chapter 5).
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Figure 4.1.  Shows the study area used for younging analysis, along with general geology, major fault zones, 
major structures (folds), major mineral deposits and prospects.  Domains 1 – 4 are indicated.  Domain 1 is 
the southern half of the MGFZ, Domain 2 is the Investigator Fault Zone, Domain 3 is the Mammoth (Gunpow-
der) Mines region and Domain 4 is the MGFZ.  Abbreviations are as follows: LHP: Lawn Hill Platform, LRFT: 
Leichhardt River Fault Trough, MEF: Mammoth Extended Fault, RCF: Redie Creek Fault, MGFZ: Mount 
Gordon Fault Zone, FBZ: Fort Binder Fault Zone, SCF: Stockyard Creek Fault.  Projection AGD 1966, zone 
54 modified from (Hutton et al., 19�5).

Domain Subdivision

The study area was subdivided into four domains, because of the different styles 

and character of fault orientations and lithological and stratigraphic patterns within the 

MGFZ.  Domain 1 (Fort Binder Fault Zone, FBZ) comprises the southern half of the 

MGFZ (Figure 4.1) and is host to seven fault sets based on orientation (Figure 4.2a).  
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The dominant rock types in the area are basalts of the Eastern Creek Volcanics, quartz-

ites of the Myally Subgroup and black shales of the McNamara Group.  Here faults typi-

cally trend NNE, NE, E-W, and ESE and are mostly subvertical.  Most faults have an 

apparent dominant strike-slip offset (Figure 4.1).  The longer fault segments within this 

domain trend NE while the shorter segments trend ENE - ESE (Figure 4.2a).

Domain 2, the Investigator Fault Zone (IFZ), occurs immediately north of domain 

1.  The Investigator Fault zone comprises E-W fault segments of the Investigator Fault 

that intersect the NNE-trending MGFZ, and also comprises seven fault sets (Figure 4.1 

and Figure 4.2b).  The dominant rock types in domain 2 are basalts from the Eastern 

Creek Volcanics, quartzites from the Myally Subgroup, black shales belonging to the 

McNamara Group, and dolerite dykes.  Fault orientation occupies the full spectrum of the 

rose diagram and faults are subvertical (Figure 4.2b).  The longest faults trend towards 

the SE and in places form dyke margins.  The shortest fault segments trend towards the 

NE.

Domain 3, the Mammoth Mines region (MM) is north of domain 2 and comprises 

six fault sets (Figure 4.1 and Figure 4.2c).  This domain is host to the Gunpowder and 

Esperanza Cu ore bodies.  This domain comprises E-W fault segments that belong to 

the Mammoth Extended Fault and Mammoth Fault as well as NNE-trending segments of 

the MGFZ.  The main rock types within the domain are the same as for domains 1 and 2 

(Figure 4.1).  Here the longest faults trend NNE while the shortest faults trend NE.

Domain 4 comprises the entire length of the Mount Gordon Fault Zone and has 

six fault sets (Figure 4.1 and Figure 4.2d).  Several different rock types host the fault 
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zones, mostly ECV’s and Myally subgroup in the west and south while the McNamaras 

Group is in the centre of the fault zone.  The eastern half of the fault zone is bounded by 

basalts from the Eastern Creek Volcanics and quartzites from the Myally Subgroup.  We 

have defined this domain as a separate domain because it contains the major structural 

break of the Mt Gordon Fault (Figure 4.1 and Chapter 2).  

Geometric Assumptions

Some simple (and probably partly false) assumptions are required initially to de-

termine the relative timing of structural development.  The relationships shown in Figure 

4.3 represent observed geometries of fault bends and intersections in the LRFT.  The 

first assumption is that each orientation of fault or fault segment potentially represents a 

separate timing of fault movement.  The likelihood of this being true for all faults on the 

map is low, particularly for some of the geometries.  The simplest geometry of a fault 

bend (Figure 4.3a), for example, could readily form at one time in one faulting event 

– here, however, we initially assign them to two separate events based on orientation.  

However, because no overprinting of one segment over the other can be determined, 

this relationship is assigned a null value in the younging table (Table 4.3), so that it can 

be discriminated (at least by exclusion) from bona fide overprinting faults.  The second 

geometry of two faults (Figure 4.3b) could also occur at one time by fault-tip branching, 

for example, but here we initially assume that the fault which terminates against another 

fault is older, even though the apparent displacement of the inferred older fault is not 

seen on the other side of the younger fault.  This relationship is assigned a positive value 

(Fault X younger than Fault Y) in the younging table but is flagged as a relationship that 

requires checking in the second phase of analysis.  Finally, for relationships in which 

apparent fault offset is observed, along with the offset of another geological marker (Fig-
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ure 4.3c), the through-going fault most likely is the youngest feature.  This relationship 

is assigned a positive value (Fault X younger than Fault Y and the geological feature) 

with confidence in the younging table.  Because of these exclusions and validity as-

sessments, analysis of these conservative assumptions has the potential to reveal false 

relationships (such as synchronous fault networks with several orientations).
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Figure 4.2.  Rose diagrams showing length-weighted orientation of the four domains within the study area.  
(a) Domain 1, Fort Binder Fault Zone (FBZ) comprising seven fault sets; (b) Domain 2, Investigator Fault 
Zone (IFZ) comprising seven fault sets; (c) Domain 3, Mammoth Mines region comprising six fault sets and, 
(d) Domain 4, Mount Gordon Fault Zone comprising six fault sets.  Letters A, B, C, D, E, F, and G define dif-
ferent fault sets belonging to each domain (and not necessarily correlating between domains).
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The younging table approach is then utilized to try to establish which fault orienta-

tions and segments are a) consistently and b) inconsistently timed relative to each other.  

For example, for two sets of faults (X and Y) with defined orientations, if the number of 

positive overprinting relationships (X younger than Y) greatly exceeds both opposite 

(negative) and null relationships, then it is likely that most faults with orientations of X 

formed later than those with orientations of Y.  If two sets of faults with nearby orienta-

tions consistently show null relationships (e.g. simple fault bends), then it is likely they 

formed at the same time.  If two sets of faults show a high diversity of positive, negative 

and null relationships then there are several possible interpretations but no clear tem-

poral overprinting relationship.  This could represent multiple fault events with similar 

orientations, complex overprinting and reactivation associated with regional stress reo-

rientation, complex conjugate or branching fault relationships for synchronous fault seg-

ments, or combinations.

Limitations and advantages of CHRONO.exe software package

The program used to undertake the younging analyses was made available free-

ly through the internet by Jacques Angelier (Angelier, 1992).  A major limitation to the 

program is that only 300 binary chronologies can be included in the analysis so large 

datasets are problematic.  The second major limitation of the program is that it can only 

deal with a maximum of nine geological events with a maximum of 362,��0 combinations 

of data (Angelier, 1992).

Advantages of using this program are that it provides a mathematical solution 

especially for moderately sized data sets such as the data presented here.  Attempting 

to undertake this analysis by hand would be time consuming and difficult to arrive at a 
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mathematical solution.

Figure 4.3.  Assumptions used to determine initial fault timing relationships, (a) a single fault bend.  Null val-
ues were assigned to fault segments with angles of <30°; (b) ‘Y’ junction where the shorter segment is older 
than the longer segment and; (c) apparent offset of either faults or bedding.

4.4.3 Modification of first interpreted temporal-spatial patterning

A diagram was then constructed in which clear and unclear temporal overprinting 

relationships are identified.  This reveals several fault orientations that appear to have 

consistent temporal relationships and for which a relative chronology can be constructed 

(Figure 4.4).  The diagram also shows several orientations for which the temporal rela-

tionships are inconsistent.  The next step involves insertion of known geological events 

into the constructed chart to try to break the fault groups into the absolute geological 

history.  We inserted Myally-Surprise Creek Formation and Myally-McNamaras Group 

unconformities, folded faults, as well as faults that offset folds and probably formed dur-

ing the Isan Orogeny.  This reveals four main clusters of fault orientation-time segments 
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(Figure 4.4).  By consideration of the additional features noted above, we can then as-

sign these fault clusters into pre-Myally, post-Myally and pre-D2, and post-D2 etc (Figure 

4.5). 

Table 4.3  Relative chronological matrix analysis tables for (a) Domain 1 (FBZ); (b) Domain 2 (IFZ); (c) 
Domain 3 (MM); and (d) Domain 4 (MGFZ).  Each table also shows the percentage of inconsistent and 
consistent chronologies at the bottom.  These tables are the output provided by CHRONO.exe (Angelier, 
1992).  Un1 = Myally-Surprise Creek unconformity, Un2 = Myally-McNamaras Group unconformity, and Fn 
= folding.
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Next, we assessed the extent to which the time-orientation relationships can be 

modified by identifying single curved faults in which fault segments of different orienta-

tion most likely formed contemporaneously.  Representative examples include the In-

vestigator Fault, the Mammoth Extended Fault, and other unnamed faults throughout the 

region, particularly in the northeast corner of the study area (Figure 4.1).  The Investiga-

tor Fault is apparently folded by the D2 event of the Isan Orogeny and truncates dolerite 
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dykes that do not extend into the Mount Isa (McNamaras) Group sediments; both these 

features are consistent with this fault being initially developed prior to the Calvert Super-

basin sequence sedimentation at 1730 - 1630 Ma (Gibson and Henson, 2005; Gibson et 

al., 200�).  By assigning differently oriented faults along the Investigator Fault the same 

timing relationships (i.e., null), we modified the chart accordingly.  The same procedure 

was applied to the other faults where they have clear relationships either with uncon-

formities or folds of known absolute timing.  For the Investigator Fault, it can also be rea-

sonably assumed that the fault was approximately linear prior to the Isan Orogeny, and 

thus several strike orientations between 110° and 070° along this fault represent fault 

segments that have rotated relative to their original position (Derrick, 19�2; O’Dea et al., 

1997; Gibson and Henson, 2005; Gibson et al., 200�).  Furthermore, for this particular 

fault, the overall symmetry of the fault trace and the folded units and unconformities on 

the eastern side of the map suggests that it was initially E-W trending.  This has also 

been suggested by other workers (Derrick, 19�2; O’Dea et al., 1997; Gibson and Hen-

son, 2005; Gibson et al., 200�).
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Figure 4.4.  (Previous page)  Initial younging analysis rose diagrams where domains 1 – 4 have been plot-
ted according to geographic location along with initial interpretation where the Myally – Surprise Creek and 
Myally – McNamaras Group unconformities have been inserted into the analysis.  Also shown is Fn that rep-
resents observed folding events (all folds are grouped together i.e. fold generation is not taken into account, 
F2 versus F4).  Early folded faults were identified geologically rather than via younging analysis approach 
– see Figure 4.�.  North is up on all rose diagrams.

Following this step, field data (slickenlines etc.) and the apparent offsets from the 

regional maps were used for each fault set in each domain to infer an apparent dominant 

displacement sense, and subordinate displacement sense if the data were inconsistent.  

From the average orientation(s) and strike-slip movement sense an inferred σ1 direction 

was also calculated, assuming standard fault reactivation criterion (see Chapter 2 for a 

detailed review of fault activation/ reactivation criterion), i.e. σ1 lies approximately 27° 

from the fault plane.  Figure 4.5 shows the inferred temporal evolution and stress field 

for each of the fault sets within the study area.  Black rose diagram segments represent 

high confidence interpretations with a consistent shear sense and grey ones represent 

opposing or uncertain shear senses.  In the latter case the timing of those particular fault 

segments may be ‘incorrect’ for that particular rose diagram, or some of the faults (ei-

ther the grey or the black) were reactivated at a later time with a reversed displacement 

sense.  The arrows on the side refer to the corresponding orientation of σ1 assuming 

strike slip movement on steep faults, and the grey shade represents the possible varia-

tion of this if the low-confidence faults are considered.  By correlation with the literature, 

we assign deformation stages on the right of Figure 4.5.  The D4 event seems to be 

consistent and represents the preferred timing of much of the copper in this belt (Miller, 

2007; Keys, 200�). 
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Figure 4.5.  (Overleaf)  Rose diagrams of fault segments showing temporal evolution of the entire fault net-
work within each domain.  Here Domains are plotted according to geographic location with one another for 
example Domain 4 (Mount Gordon Fault Zone) is plotted on the left side of the diagram (i.e. west, because it 
forms the western boundary of the study area).  The bottom row shows the orientation of all fault segments 
within each domain and the total data points (n).  The first (n) is the total amount of faults within the domain 
and the second (n) represents the faults with an apparent displacement.  The horizontal dashed lines rep-
resent inferred temporal separation between successive faulting events.  The Angelier method was used, 
along with the methods described in the text, to organize these into their age groupings based on overprint-
ing criteria and some geometric and geologic considerations.  Correlations between each domain are based 
on commonality of orientation and relative timing.  On each rose diagram plot, a dominant shear sense is 
coloured black based on the dominant shear sense obtained from mapped relations.  The arrows along 
each side of the rose diagram represent the horizontal projection of σ1 assuming there is mostly strike-slip 
movement along most faults.  These black coloured arrows represent high confidence interpretations.  Grey 
coloured arrows and σ1 projections represent a less dominant shear sense inferred from apparent mapped 
offsets.  These grey coloured arrows represent faults with opposing or uncertain shear senses (for which the 
timing may be wrong for that rose diagram).  See Figure 4.6 also.
 



Gustav S Nortje 110

Chapter 4                                                                                                MGFZ Architecture and Fault Timing



Gustav S Nortje 111

Chapter 4                                                                                                MGFZ Architecture and Fault Timing

4.4.4 Validity of initial geometric assumptions

The geometric relationships used to infer relative fault timing have variable de-

grees of reliability, as discussed previously.  In particular, the assertion that a shorter 

fault segment along a ‘Y’ junction is older than a longer segment (Figure 4.3), could 

lead to erroneous allocation of temporal position if this type of relationship is common.  

However, checking the Mammoth Mines map sheet (Sheet 675�), it is apparent that this 

relationship is uncommon on the map sheet, and there are far more numerous examples 

where more reliable displacements occur where, for example, faults offset stratigraphy 

and folds as well as older faults, or apparent displacements on the map were confirmed 

with kinematic indicators in the field.  Although the ‘Y’ junctions could represent fault 

branches with no distinct timing relationships, the displacement on one side of the fault 

(without the branch) may have been accommodated parallel to bedding and consequent-

ly it has not been mapped.  The only way to resolve this is to obtain more field data, but 

the overall analysis is not seriously compromised by this assumption (Figure 4.3) be-

cause of the infrequency of this type of ‘Y’ junction occurrence, and because it has been 

assigned a null value in the younging analysis if the angle is less than 30°.

4.5 Evolution of the MGFZ fault network

Here I attempt to describe the evolution of the region based on the binary chrono-

logical matrix analysis using Figure 4.6 and Figure 4.7.  Figures 4.6 and 4.7 display the 

evolution of the MGFZ fault network in rose diagram form (Figure 4.6) and map view 

showing a schematic evolution of the fault zone (Figure 4.7).  The evolutionary diagrams 

can be thought of as a “fault reactivation” map (Figure 4.6 and Figure 4.7).  It is apparent 

from known cross-cutting relationships and field observations that the rock units have 

been deposited, affected by early faults, then folded, and affected by later faults (Chapter 



Gustav S Nortje 112

Chapter 4                                                                                                MGFZ Architecture and Fault Timing

3, Figure 4.1 and Figure 4.5).  Folding (Fn) is likely to be related to the peak metamorphic 

event that affected the entire Mt Isa inlier, D2 (Figure 4.5 Domain 1 – 4).

Figure 4.6 and Figure 4.7 show that the first fault set that was likely to form/ reac-

tivate was a NW trending set in the Investigator Fault zone (IFZ, Domain 2) (Figure 4.6 

and Figure 4.7).  These faults are may be related to the intrusion of NNW trending dyke 

sets that occur to the south and north of the IFZ in Domain 2 (Figure 4.7b, c, and d ).  

Field evidence indicates that at least locally these dykes have been affected by the Isan 

Orogeny as shown by the preservation of regional and local fabrics.

The second set of faults to form/ reactivate are a set of NW (Domains 4 and 

3) and an E-W and ENE set of faults in Domain 1 and 2 (Figure 4.5, Figure 4.6, and 

Figure 4.7d).  The first correlatable fault set to activate/ reactivate (?) are NW trending 

faults, with an apparent sinistral shear sense with σ1 oriented ~135° - 315° in domain 

4 (MGFZ).  A similar set of faults was also reactivated in domain 3 (Mammoth Mines).  

While in domain 1 and 2 more easterly trending faults were active at this time with a left-

lateral shear sense.  Only domain 3 has a moderately different orientation for σ1 yet in 

tis domain faults also have a left-lateral shear sense.  Faults in Domains 4 and 3 have 

opposite shear senses with a subparallel σ1.  In Domains 1 and 2 the dominant shear 

sense is left-lateral with a NE-SW σ1 trend.  This set of faults is problematic but in the 

binary chronological matrix, the results indicate that they accrued displacement early in 

the deformation history.  They are unresolvable in the sense that there are different ori-

entations of σ1 and dominant shear senses.

The next set of faults to develop (reactivate) are a dominantly NE set of faults 
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with a dominant right-lateral shear sense and an WSW-ENE σ1 in Domains 4, 1, and 3 

(Figure 4.5, Figure 4.6, Figure 4.7e).

Within domains 4, 1, and 3 ENE-NE trending faults were active with a dominant 

right-lateral shear sense and a ENE trending σ1 (Figure 4.5, Figure 4.6, and Figure 4.7e).  

Domain 2 (IFZ) does not appear to have any faults active at this time and this may mean 

that the timing criterion is incorrect or that this domain was not affected by this faulting 

event and/or deformation may have been taken up by the Investigator Fault.  

Faults of the next activation or reactivation event are N-S trending faults from 

domains 2 (IFZ) and 3 (MM) (Figure 4.5, Figure 4.6, and Figure 4.7f) with a dominant 

right-lateral shear sense and NNE oriented σ1.  Interestingly the north-south faults from 

domains 4 (MGFZ) and 1 (FBZ) are only active at a much later stage in the faulting his-

tory.  This implies that at least locally, these N-S faults may have had sufficient cohesion 

not to reactivate because it is likely that some of these faults are ‘old’ basin bounding 

faults (Chapter 3).  It is also apparent that the N-S faults from domains 4 (MGFZ) and 1 

(FBZ) would be in an optimal orientation to reactivate, yet they have not (Sibson, 2001) 

(see Discussion).

In Domains 1 and 3 (FBZ and MM) ENE faults are active with a right lateral shear 

sense and a ESE-trending σ1 (Figure 4.5, Figure 4.6, and Figure 4.7g).  The final faulting 

event within the proposed D3 event are NNE trending faults with a dominant right-lateral 

shear sense and a NE trending σ1 in all domains (Figure 4.5, Figure 4.6, and Figure 

4.7).
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The next faulting event is the inferred D4 copper mineralizing event (McLellan et 

al., 2006; Miller, 2007; Keys, 200�).  In Figure 4.5, Figure 4.6, and Figure 4.7i the domi-

nant sense of shear is sinistral with σ1 trending approximately 110° - 120°, consistent 

with the findings of Keys, 200� and Miller, 2006.  See section 2.� for a review on copper 

in the Western Succession.  Only domains 4 (MGFZ) and 3 (MM) have a minor compo-

nent of right-lateral shear with SE and ENE oriented σ1 respectively (Figure 4.5, Figure 

4.6, and Figure 4.7).  

The final faulting event affected domains 4 (MGFZ), 1 (FBZ), and 2 (IFZ).  Here 

N-S trending faults were reactivated with a dominant left-lateral shear sense and a south-

easterly oriented σ1.  It is likely that these faults are being reactivated rather than being 

newly formed because there are N-S faults that are active earlier on in the temporal 

evolution of faulting (Figure 4.5, Figure 4.6, Figure 4.7).  The alternative is that these 

faults are newly formed but that implies large differential stresses (σ1 – σ3) or extremely 

high pore fluid pressures with low differential stresses so as not to intersect the frictional 

reshear envelope.

Figure 4.6 (Overleaf) Coloured rose diagrams showing temporal evolution of fault network with dominant 
trends of σ1 and shear sense displayed.  To be viewed in conjunction Figure 4.7.  North is up on all rose 
diagrams
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Figure 4.7. (Previous page) Schematic block diagram showing evolution of fault network within the study 
area.  (a)  Regional fault architecture (not to scale) and Domain subdivision; (b) geological map of the study 
area showing major normal faults and folding of the Mount Gordon Arch, a pre-Isan Orogeny feature (Der-
rick, 19�2; Gibson, 2005).  The major shortening direction during D2 (E-W) in the Isan Orogeny is also shown 
as it is likely to have folded the Investigator Fault; (c) generalised cross-section looking north showing the 
MGFZ in the west and the George-Creek-Quilalar Fault system in the east with the Mount Gordon Arch 
(Leichhardt anticline), a pre-Isan Orogeny feature (Derrick, 19�2; Gibson, 2005).  Modified from  (Derrick, 
19�2; O’Dea et al., 1997; Gibson, 2005); (d) development of NW trending faults with mostly left-lateral dis-
placement and two orientations of σ1 with two major sets of faults forming; (e) development of NE trending 
faults with mostly right-lateral displacement, (f) north-south oriented faults develop however these could 
also represent reactivated basement structures (see Chapter 2); (g) development of ENE trending faults 
through the MGFZ (domain 4) with a dominant right-lateral shear sense; (h) development of NE right-lateral 
fault system during the waning stages of D3 which would agree with interpretation of the MGF being a D3 
structure (Gibson and Henson, 2005); (i) D4 event where copper mineralisation occurred along ESE trending 
faults with a ~110° σ1 (Keys, 200�) and; (j) likely reactivation of NNW trending faults in NNW-NW oriented 
stress field as well as the possible development (reactivation?) of N-S faults within the Fort Binder fault zone 
(FBZ), domain 1.  Arrows outside boxes represent inferred orientation of stress assuming mostly strike-slip 
movement along subvertical faults.  The length of individual fault segments does not imply that those faults 
are longer but that they obey our initial assumption (Figure 4.3a-c).

4.6 Discussion

Sibson (1977, 19�9, 2001) proposed that the presence of pre-existing faults in 

rocks could substantially modify the mechanics and kinematics of propagation of young-

er faults through the rock mass.  “Old” faults potentially represent zones of low cohesion, 

damage, or soft fault infill that may be reactivated during subsequent deformation events 

if certain combinations of far field stress orientations, fluid pressures, and fault orienta-

tions are met.  The generation of new faults in previously faulted rock masses implies 

that a) the older faults develop cohesion with time, sufficient that the younger deforma-

tion does not ‘see’ the older faults (Cox et al., 2001); b) that the far-field stresses associ-

ated with the younger deformation are sufficiently misoriented relative to the earlier faults 

that reactivation is not possible; or c) that fluid pressures associated with the younger 

deformation are insufficient for reactivation along the older structures. The features ob-

served in the field along fault traces range from distinctive quartz blows up to 10 m wide 

and 1 – 200 m long (which would most likely have high cohesion during subsequent 

deformation events) to recessive valleys with poor exposure of rare fault gouge or clay-

filled breccia which may have had low cohesion during potential reactivation events.
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4.6.1 Conventional fault reactivation analyses

Fluid flow leading to mineralization can occur on both newly formed faults, and on 

faults that are reactivated subsequent to their initial formation.  Popular models of fault 

reactivation propose that, under high pore pressures, misoriented faults may move again 

due to low fault cohesion.  Using the standard criterion for reactivation along faults (see 

Chapter 2 for a detailed review of brittle failure mechanisms), a reactivation analyses 

is shown.  For the main D4 copper mineralizing event, the major principal compressive 

stress is oriented approximately 110° (McLellan et al., 2006; Miller, 2007; Keys, 200�).  

If this is the case then faults that are subparallel to this orientation should reactivate as 

dilational (tensile) breccias and faults whose orientation is between ~27° - 54° from σ1 

should be optimally oriented for shear failure (Sibson, 19�6, 1996, 2000, 2001).  Figure 

4.� shows an imposed D4 stress field on faults that are older than the D4 faults.

The far right column in Figure 4.� describes whether or not faults will reactivate 

in tension (faults lying between red lines) and shear (faults lying between blue dashed 

lines).  Faults have been labelled either as “locked faults” or “reactivated faults”, based 

not on whether there is good evidence for this behaviour, but on the theoretical orienta-

tion analysis of reactivation just described.  For locked faults to reactivate they would 

require high pore fluid pressure while optimally oriented faults should reactivate either in 

shear or tension, presumably with lower pore fluid pressures (Figure 4.�).
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Figure 4.�.  (Previous page)  Rose diagram plot of relative chronology of faulting events with an applied D4 
stress field overlayed on older fault segments.  The dominant shear sense and σ1 orientations are shown.  
Solid red lines on overlayed stereonet indicate failure in tension, while blue dashed lines indicate failure in 
shear according to conventional fault reactivation analysis techniques (Sibson, 19�5).  Text in each box indi-
cates whether or not fault set will reactivate under the applied D4 stress field i.e. lock-up, reversed movement 
sense, reactivated with same shear sense.  Far-right column indicates inferred criterion for fault reactivation 
to occur and a simplified geometry from the Mammoth Mines region.  Stars in top-right corners of boxes 
indicate deposits and prospects on particular faults.  Abbreviations as follows: BB – BigBen, BLF – Bluff, INV 
– Investigator, ESP – Esperanza, and GP – Gunpowder.

It is apparent from Figure 4.� that many of the older faults from all four domains 

should have reactivated under a D4 stress field in tension or in shear but many did not.  

Figure 4.� shows the youngest event D4 (ESE – WNW), for which the inferred stress field 

is applied to all older faults to check their potential for reactivation in tension and shear 

(Figure 4.9, Figure 4.10, and Figure 4.11).  Figure 4.9 shows late D3 faults (Figure 4.�) 

with an applied D4 stress field.  Late D3 faults host mineralization (Figure 4.9) yet they 

are all severely misoriented for reactivation which implies that they require sufficiently 

high pore fluid pressures and low cohesion to reactivate under a D4 stress field.  The 

existence of the D4 faults, however, seems to require that at some point the late D3 faults 

did not reactivate, but that new faults formed instead, implying a change either in pore 

pressure conditions or cohesion of the late D3 faults after they formed (see below).

Figure 4.9.  D4 stress field applied to late D3 faults and these faults are mineralized during D4 and are in lock 
up orientation under a D4 stress field.  These faults are likely to have had low cohesion and required high 
pore fluid pressure to reactivate in tension.  Solid red lines on overlayed stereonet indicate potential reacti-
vation by failure in tension, while blue dashed lines indicate reactivation in shear according to conventional 
fault reactivation analysis techniques (Sibson, 19�5).
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Figure 4.10 shows mid-D3 faults under the applied D4 stress regime.  While these 

faults don’t host economic grades of mineralization apart from the Mammoth Mines do-

main, these faults would also have required high pore fluid pressure to reactivate along 

with low cohesion.

Figure 4.10.  Mid-D3 faults under a D4 stress field.  These faults are in lock up orientation with little no or no 
mineralization with one exception (Gunpowder).  These faults likely had insufficient pore fluid pressure for 
reactivation on low cohesion faults.  Solid red lines on overlayed stereonet indicate reactivation potential for 
failure in tension, while blue dashed lines indicate potential failure in shear according to conventional fault 
reactivation analysis techniques (Sibson, 19�5).

Figure 4.11.  Early-D3 faults under a D4 stress field.  These faults are in a good orientation to reactivate but 
apparently did not reactivate and are cut by several younger generations of faults.  It is likely that these faults 
had high cohesion during attempted reactivation.  Solid red lines on overlayed stereonet indicate failure in 
tension, while blue dashed lines indicate failure in shear according to conventional fault reactivation analysis 
techniques (Sibson, 19�5).
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Figure 4.11 depicts early D3 faults under the applied D4 stress regime.  Interest-

ingly, these faults should have reactivated in shear and/or tension, but apparently did 

not (no shear sense reversal or tensile veins on fault).  This is likely due to these faults 

having either a high cohesion during reactivation and/or low pore fluid pressure (Figure 

4.11).

For the formation of new faults under a D4stress field (Figure 4.� and Figure 4.9) 

it is likely that high differential stresses would be needed.  The presence of young faults 

implies that the majority of the older faults would have had to have sufficiently high cohe-

sion so as not to ‘see’ the younger deformation (Cox et al., 2001), unless pore pressures 

were quite low during the younger events.  The occurrence of dilational hydrothermal 

mineralization on some young faults would appear to be evidence that high pore pres-

sures were locally attained (see Chapter 5).

4.6.2 Exploration Implications

Deposits and prospects commonly lie at the intersection between faults of differ-

ing ages and orientations; however this analysis does not specifically include the fault 

intersections for consideration.  For example Gunpowder Cu mine is located at an in-

tersection between an ENE and N-S fault (mid-D3 faults) (Figure 4.� and Figure 4.10).  

A possible model for the formation of this deposit is that the N-S fault locked up due to 

its severe mis-orientation under an applied D4 ESE stress field.  The ENE trending fault 

may have reactivated in shear mode, as suggested by field relationships and quartz tex-

tures in the fault fill (Chapter 5).  This reactivated fault may have acted as a fluid conduit 

during reactivation, providing a source of copper-bearing fluids, further facilitated by the 

fairly large size of this fault (with potential connections to diverse copper sources).  Fluid 
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pressure build up may have occurred at the fault intersection between the locked and 

reactivated faults, forming a dilatant mineralized breccia adjacent to the older locked 

fault (Figure 4.12).

Figure 4.12.  Simplified model for the formation of the Mammoth Mines (Gunpowder) and deposits/ pros-
pects in the general in the study area.  Under an applied D4 ESE stress field the old N-S fault locks while 
the ENE trending fault reactivates in shear.  The N-S fault facilitates the build up of high pore fluid pressures 
while the ENE trending fault behaves like a fluid conduit where fluid focussing occurs at the intersection of 
the two faults resulting in mineralization.

A regionally testable hypothesis is that low cohesion faults are recessive, i.e. 

predominantly N-S trending faults while faults that trend ESE – SE, E – W are likely to be 

cohesive faults and not recessive (i.e. protrude) with likely fault infill’s comprising quartz, 

brecciated quartz, and fibrous quartz.  This is further examined in Chapter 5.  Faults 

with high cohesion may have acted as barriers and compartments, so that intersections 

between them and newly formed faults provide exploration targets, not because of reac-

tivation, but because of interaction between new faults and cohesive materials defined 

either by fault precipitates or rock juxtaposition (Figure 4.13). 
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Figure 4.13.  Fault map of locked (recessive faults - blue) and reactivated (protruding faults – red) based on 
applied D4 stress field (Figure 4.�, Figure 4.9, Figure 4.10, and Figure 4.11).  Most locked faults (blue) are 
known to be recessive while some are predicted to be recessive from analysis in this thesis.  White stars 
show known mineralization and yellow stars show potential targets.
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4.7 Conclusions

The younging analysis method (binary chronological matrix analysis) has been shown 

to be a valid tool to study the evolution of a Proterozoic mineralised and faulted ter-

rain;

The assumption that a ‘shorter’ fault segment may be older than a younger ‘longer’ 

fault segment is valid at least in some cases and could be applied to other fault 

hosted terrains, particularly epithermal districts where it is often difficult to establish 

deformation history;

Within the study area, it has been shown that there have been at least six fault activa-

tion/ reactivation events;

Further evidence for D4 being the main copper mineralizing event at the Mt Isa, Mam-

moth, and Mt Kelly Cu deposits, is independently verified here for the study area;

The temporal evolution of faults within the region has shed light on whether or not old 

fault reactivation predominantly takes place on cohesionless or cohesive faults.

Faults with high cohesion may have acted as barriers and compartments, so that 

intersections between them and newly formed faults provide exploration targets, not 

because of reactivation, but because of interaction between new faults and cohesive 

materials defined either by fault precipitates or rock juxtaposition.

In Proterozoic terrains, it is important to consider whether faults may have had high 

or low cohesion at different stages in their history.  The general assumption that older 

faults generally have low cohesion is not borne out by this study; rather, the study 

points towards the need to recognise the potential for high cohesion old faults, as 

these may be places where pore pressure was forced upwards, the faults did not 

reactivate, but rather the combination of high fluid pressures and fault ‘locking’ per-

mitted brecciation and focussed fluid flow leading to mineralization. 

•

•

•

•

•

•

•
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5.1 Introduction

This chapter aims to describe the structural geology of parts of the Mt Gordon 

Fault Zone, in order to provide a framework for other chapters dealing with the temporal 

evolution, determining paleo-stress fields, and performing numerical modelling of fault-

related deformation and fluid flow.  It also aims to provide a detailed description of the 

crucial parts of the fault system with respect to fault kinematics, damage, infill character 

and overprinting.  The chapter commences with a general description of the Mount Gor-

don Fault Zone (MGFZ) and then ‘zooms-in’ to several key localities.  A brief description 

of the Investigator Fault Zone (IFZ) is given but is examined in more detail in Chapter 6, 

where the field observations are interwoven with numerical modelling results.  

Various features that are examined within this chapter are meso-scale features 

and overprinting geometries such as folds, faults, vein types, textures and orientations.  

Microscopic observations of fault infill types are made to establish a link between the 

map scale and micro-scale relationships of mapped individual fault segments.  Data from 

this chapter is used in subsequent chapters (Chapter 6 and Chapter 7).  For example 

slickenline data are used to constrain the orientation of the stress field at the time of fault-

ing using the Multiple Inverse Method (Chapter 2) and that data is also used in numerical 

modelling approaches (Chapter 6).  The results also tie in with the Chapter 4, which dealt 

with overall evolution and overprinting within the fault zone.

5.2 Methods

As outlined in Chapter 2 and section 4.3.1 there has been quite extensive previ-

ous mapping and field studies of the broader region (WFB), in part by exploration and 

mining companies (van Dijk, 1991; Connors, 1992; Anonymous, 1994; Connors, 1997; 
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Crossing, 2004a, b; Keys, 200�).  Where appropriate this work is summarised and data 

collected in those studies is used in conjunction with information from this study.

5.2.1 Field Mapping

This fieldwork was used to gather new data and to validate or refute previously 

collected data and interpretations.  In areas of considerable prior work, the following 

process was followed:

Establish the amount and level of detail of previous work;

Collate previous work and data and fit into the context of this study;

Validate data at randomly selected points;

If data quality is good then use the previous data as a base and proceed to select 

accessible faults and surrounds for more detailed work. For example, the Crossing 

(2004) geological map of Gunpowder (Mammoth) Mines region was used as a base 

map (see sect. 5.4).

For the most part faults that were mapped in detail were selected because of 

their proximity to known copper deposits and prospects as well as their inferred controls 

and association with known mineralization, e.g. Mammoth Extended Fault, Gunpowder 

(Mammoth Mines) region, section 5.4.4.  Area selection was also made on the basis of 

proximity to the Mount Gordon Fault and the most accessible area is the Fort Binder 

Fault Zone (section 4.6).  Mapping adjacent to and surrounding fault zones was typi-

cally undertaken first at a scale of 1:5000, then digitised and put into a GIS (MapInfo 

•

•

•

•



Gustav S Nortje 129

Chapter 5                                                                           Structural Geology of selected parts of the MGFZ

Professional 9.5).  Fault zones were then mapped in more detail and an appropriate 

scale was selected for mapping.  Detailed fault maps range from 1:100 – 1:500 scale 

and typically include detailed sketches documenting fault infill types, alteration type, and 

structural features along faults and within faults.  Fault-slip data was rated according to 

a confidence scale where A = shear sense indicators reliable and shear sense easily 

determined e.g. stepped slickenfibres; B = shear sense indicators semi-reliable i.e. touch 

is uncertain; and C = unable to determine shear sense from fault surface.

Faults were classified in the field based on their composition and general tex-

tural type (e.g. fibrous quartz, massive quartz, gouge, and breccia).  To confirm aspects 

of the fault infill characterization selected petrographic descriptions were undertaken.  

Cathodoluminescence, quartz trace element chemistry, fluid inclusions and stable iso-

topes were not included in the scope of the project but would make very suitable topics 

for further work.

5.2.2 Petrographic Analysis

Selected samples were described petrographically in order to obtain a parage-

netic sequence of quartz types and to understand the relationships to the meso-scale 

observations.  The relative timing of growth, deformation and recrystallization of different 

phases of quartz can potentially link in with the regional chronological analysis presented 

in Chapter 4.  The petrography was not done on every part of all fault zones, rather the 

sample selection was made based on specific questions arising from the chronological 

analysis.

For example, the Tailings Dam Fault Zone (TDF) trends ~070° therefore under 
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an applied D4 stress field (with s1 directed ~110°), or even late D3 stress field (NNW),  

the fault should not obviously dilate (Figure 4.5 and Figure 5.1).  However, there is the 

possibility that early-formed quartz may have been affected by these later deformations 

(e.g. stylolites, deformation bands), and evidence of reactivation or lack thereof, for ex-

ample, could take the form of new shear bands developed in pre-existing quartz, or new 

tensile veinlets overprinting the earlier fault fill, respectively.  The petrographic examina-

tion therefore attempted to determine what microscopic overprinting was potentially a 

signal of reactivation during further deformations identified by the chronological analysis 

(Chapter 4).

D4 stress field

late D3 stress field

Tailings
Dam Fault
(TDF)



Figure 5.1.  Schematic sketch showing Tailings Dam Fault geometry as applied to petrographic analysis.  
Fault fill mostly comprises massive quartz in a series of right lateral extension veins (Figure 5.1�a) which 
was not likely to have formed during late D3 (Figure 4.5), but it may have dilated or sheared during D4  (Figure 
4.5).  The different possibilities may be resolvable by microscopic observations.

Fault fills mostly comprise different types of quartz (Table 5.1).  In this study fault 

infills are described in terms of paragenetic sequence diagrams with type of fault fill on 

the Y-axis and relative timing on the X-axis (e.g. Figure 5.15).
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Table 5.1.  Fault fill types and description from samples described under microscope.  Figure 5.15, Figure 
5.17, Figure 5.19, Figure 5.21, Figure 5.32, and Figure 5.34 are described showing paragenetic sequence 
diagrams of cross-cutting relationships of fault infill.  Some of these features also overlap with one another.

Fault Fill Type Description

Host rock (R) Host rock i.e. quartzite, basalt, sandstone etc

Cataclasite (Cat)
Brecciated fault rock comprising different source
fragments e.g. host rock fragments, vein fragments.
Also comprises microcrystalline quartz

Quartz 1 (Q1)
Coarse grained euhedral – subhedral, slightly internally
deformed quartz crystals. Straight and serrated grain
boundaries, local foam texture

Quartz 2 (Q2)
Medium grained euhedral to subhedral grains, smooth to
curved grain boundaries, local foam textures occur
within veins and mostly cross-cuts Q1

Quartz 2a (Q2a)
Fine grained quartz veins that appear as late
extensional veins, vein infill typically grows from margins
to centre.

Quartz 3 (Q3) Fine grained quartz infill, mostly occurring as veins with
irregular grain boundaries

Fibrous Quartz (Qfb) Quartz fibres of varying shape and size

Stylolites (Sty.) Microfractures with typical zigzag pattern of stylolites

Jigsaw breccia Clasts of varying composition and size, angular in shape
with clasts being able to be assembled back together

Hematite stained fractures
(Hmtite fract.)

Fractures with no discernable displacement with
hematite (FeO staining) infill or staining along fractures

Chlorite fractures Fractures with no discernable displacement with chlorite
(± sericite/ illite?) infill

Cavity infill Euhedral comb quartz, likely to be a late stage event
infilling cavities

Micro-faults Faults that offset veins or other markers

5.3 Mount Gordon Fault Zone

The most accessible part of the MGFZ is along the Mount Isa to Gunpowder 

Rd, north of Mt Isa.  The Mount Gordon Fault Zone (MGFZ) comprises a ~ 150 km long 

zone of anastamosing mainly NNE-trending major faults, but in two notable locations 

(Mammoth and Investigator fault zones), curvilinear steep east-trending faults intersect 

the main fault zone (Figure 5.2).  The most brecciated and mineralized segments in this 

district occur along the Mammoth Fault where it bends from an ENE trend northwards to 
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connect to the ENE trending Mammoth Extended Fault (Figure 5.2).

The Mount Gordon Fault (MGF) is a steep easterly dipping structure that sepa-

rates McNamaras Group (Mt Isa Group equivalents) from the Eastern Creek volcanics 

and Myally Subgroup (Figure 2.1, Figure 2.2, Figure 2.3, Figure 2.4, Figure 2.5 and Fig-

ure 5.2).  Previous workers have documented stratigraphic thickness changes into the 

structure (Southgate et al., 2000); in particular the Eastern Creek Volcanics at the south-

ern end of the MGF along the western margin of the Mount Gordon Arch (also known as 

the Leichhardt anticline).

The MGFZ/ MGF is a prominent structure that stretches for some ≥ 150 km (Fig-

ure 2.1).  It is likely that the structure merges with the Twenty-Nine Mile Fault Zone and 

continues southward towards Mt Isa where it may form part of the Mt Isa fault system, 

host to world class epigenetic copper mineralization.  The MGF/MGFZ forms a promi-

nent geophysical lineament (Figure 2.3) and features in regional datasets where mag-

netic and gravity data have been combined to model “worms”, the geophysical signal of 

steep gradients (Murphy et al., 200�).  In this study it is proposed that the MGF/MGFZ 

represents an old (1�00 Ma?) reactivated basement structure, based on its strong geo-

physical response, a long history of reactivation (Chapter 4), and evidence that during its 

early stages it acted as a growth fault (Murphy et al., 200�).

5.3.1 Previous work in the MGFZ

Connors (1992) conducted a study of the MGFZ for Hunter Resources on their 

exploration permit.  This study included geological mapping, sampling and geochemical 

analysis of fault breccias and gossans, and an interpretation of the structural geology 
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of the area.  In her study she divided the area up into southern and northern regions 

based on Hunter Resources exploration permit licences.  Data pertaining to this study is 

mostly from her Southern region (study area of this study - Figure 5.2).  In the Southern 

region Connors (1992) found, with the exception of the Esperanza and Bluff faults, pre-

dominantly brittle structures, including quartz veins, dilational breccias, and silicification 

associated with E-W, N-S, and NE-SW oriented faults, (Connors, 1992) (Figure 5.2 and 

Figure 5.5).

van Dijk (1991) adopted Bell’s (19�3) model for the MGFZ, and sections 3.4 and 

3.4.1 decribe the Bell (19�3) model of the formation of the MGFZ and van Dijk (1991) 

model for mineralization within the region, respectively.

Figure 5.2.  (Overleaf)  Study area showing major faults within the area, MGFZ: Mount Gordon Fault Zone, 
MEF: Mammoth Extended Fault, IF: Investigator Fault; BF: Bluff Fault, FBZ: Fort Binder Fault Zone; and 
SCF: Stockyard Creek Fault.  Numbers in black boxes indicate major Cu deposits and prospects: 5: Mam-
moth Cu Mine, 6: Esperanza Cu deposit, 7: Investigator Cu prospect, �: Bluff Cu prospect.  There are also 
numerous other Cu prospects scattered throughout the district.  Adapted from (Hutton et al., 19�5)).
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Figure 5.3.  Lower hemisphere equal area stereonets showing (a) poles to bedding, data from study area 
(Figure 5.2) with a Kamb contour overlay; (b) poles to foliation from study area with a 1% area contour over-
lay (see text for explanation); (c) poles to measured faults from study area with area Kamb contour overlay; 
and (d) length weighted rose-diagram of all faults from study area (Figure 5.2 and Chapter 4).  Data from 
Hutton et al, (19�5), Connors (1992), Crossing (2004), and this study.  (a) – (c) Plotted using StereoWin 1.2 
(Allmendinger, 2002b), (d) plotted with excel macro-script provided by Associate Professor Tom Blenkin-
sop.

5.3.2 Mount Gordon Fault Zone

Figure 5.3a shows bedding data for the entire study area collected during this 

study and previous work (Hutton et al., 19�5; Connors, 1992).  Bedding typically strikes 

NNE and dips moderate to steeply.  Bedding is most likely to have been affected by the 

peak metamorphic folding event during east-west shortening, i.e. D2.  There are two foli-

ation trends (Figure 5.3b), with the dominant NNE trend most likely related to the main D2 

east-west shortening event that affected the entire Mt Isa inlier.  A second, less important 
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trend (Figure 5.3b) indicates an E-W trending foliation with a steep to moderate dip and 

may be related to D1 during the Isan Orogeny (N-S shortening).  There are other minor 

trends on Figure 5.3b which may be related to partial overprinting of S1 by D2, D3 or D4 

during the late stages of the Isan Orogeny (ENE-WSW and ESE-WNW shortening), and/ 

or deformation that occurred post-Isan orogeny (O’Dea et al., 1996; O’Dea et al., 1997).  

Figure 5.3c shows a length weighted rose diagram of all faults within the study area 

(Figure 5.2), and the longest faults are N to NNE trending.  There appears to be nine 

dominant fault orientations with a complex history of faulting (Chapter 4).  The dominant 

foliation, many beds, and NNE-faults are typically subparallel, suggesting a component 

of bedding and foliation parallel slip occurred during faulting.

Figure 5.4.  (Overleaf)  Map of Figure 5.2 showing locations of cross-section locations and Figures shown 
later in text.  Cross-section lines start at A-A’, B-B’, C-C’, D-D’; E-E’, and finishes at F-F’.
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Mount Gordon Fault Zone

The Mt Gordon fault juxtaposes the McNamara Group to the west and the older 

Haslingden Group to the east, forming a major structural break along the western margin 

of the Leichhardt River fault trough (Figure 2.1, Figure 5.2, Figure 5.6, Figure 5.7, Figure 

5.�, Figure 5.9, and Figure 5.10).  The dip of the fault is inferred to be near vertical as the 

fault trace is not affected by topography, and measurements taken in this study indicate 

that the MGF dips ~�5° towards the east.  The fault system varies from a single fault to 

several anastomosing faults which commonly display dextral offset up to several km.  

There is also a substantial component of east-block-up displacement defined by appar-

ent stratigraphic offsets (Figure 5.2, Figure 5.6, Figure 5.7, Figure 5.�, Figure 5.9, and 

Figure 5.10).  

Towards the Fort Binder Fault Zone (FBZ) there are a series of poorly exposed 

NE-striking, dextral faults labelled Faults C, D, E and G (Figure 5.5).  This is the labelling 

scheme adopted by Connors (1992).  Fault C juxtaposes lower McNamara Group to the 

west against the Myally Group to the east and may form the continuation of the Stock-

yard Creek Fault.  A dextral sense of movement on this steep fault is inferred from axial 

planes of steep NNW-striking kinks developed in the siltstones west of the fault (Figure 

5.5) (Connors, 1992).

A NNW-trending fold of Torpedo Creek Quartzite and Gunpowder Creek Forma-

tion is juxtaposed against the Gunpowder Creek Formation by Fault D (Figure 5.5).  Both 

these units belong to the McNamaras Group.  The folding deformation is mostly concen-

trated in the Gunpowder Creek Formation siltstones, but quartz veins are also common 
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in the quartzites (Connors, 1992).  The siltstones are overprinted by a ~30 - 40 m wide 

silicified zone which is in turn overprinted by fractures and local gouge/breccia zones.  

An anastomosing fabric within the silicified siltstones is overprinted by a kink fold with a 

steep axial plane and dextral sense of rotation (Connors, 1992).

Figure 5.5.  Map of local fault architecture within the MGFZ.  For location see Figure 5.4.  Adapted from 
(Connors, 1992).

The NE-striking Fault E juxtaposes ECVs and basal Myally Subgroup to the north 

with lower McNamara Group to the south.  Several metres of gouge/breccia comprising 

quartz vein fragments in a matrix of quartz and/or fine gouge material define the fault 

(Figure 5.5).  Adjacent to the fault, 1-2 cm wide quartz veins, many fibrous, are abun-

dant.  Sub-horizontal veins are common, but steep veins also occur subparallel and per-

pendicular to the fault (see sect. 4.6 for a description of fibrous veins).  Local hematitic 
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breccias are common in cm-scale veins, and hematite veins and Fe-staining occur with 

the quartz veins.  Within the Myally quartzites north of the fault, quartz matrix-supported 

dilational breccias are developed.  Brittle fractures define weakly developed shear bands 

indicating dextral movements in the siltstones (Connors, 1992).

Gunpowder Creek formation is present on both sides of Fault G.  This fault is 

difficult to trace but is associated with quartz veining, silicification and minor hematite 

veining (Connors, 1992).

These faults (C, D, E, G, and BF) appear to merge together and feed into the 

Stockyard Creek fault, indicating that dextral displacement is taken up on the Stockyard 

Creek fault.  It appears that at least several km of movement is transferred to the Stock-

yard Creek fault, but the total amount is unknown (Connors, 1992).

Stockyard Creek Fault

The Stockyard Creek Fault forms a major part of the MGFZ and appears to have 

accommodated much lateral movement along it.  On the 1:100,000 scale Mammoth 

map sheet (Hutton et al., 19�5), the Esperanza-Stockyard Creek-Bluff fault system is 

depicted as a single structure (Figure 5.2).  Connors (1992) however, found older duc-

tile fabrics on the Esperanza (± Bluff) sections of the fault which are not present along 

the central Stockyard Creek Fault.  Also, the central Stockyard Creek fault juxtaposes 

Paradise Creek or Gunpowder Creek Fm with younger McNamara Group units whilst the 

Esperanza and Bluff sections juxtapose ECVs over lower McNamara group units (Figure 

5.5, Figure 5.6, Figure 5.7, Figure 5.�, Figure 5.9, and Figure 5.10).  Citing this evidence, 

Connors (1992) interprets the Stockyard Creek fault to have localized along or near the 
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older Esperanza and Bluff faults, cutting out parts of these structures.  This is likely to 

represent reactivation along an older pre-existing basement discontinuity.

From its consistent trend across topography, the dip of the Stockyard Creek fault 

is inferred to be steep (Figure 5.5, Figure 5.6, Figure 5.7, Figure 5.�, Figure 5.9, and 

Figure 5.10).  Adjacent to the fault, polished surfaces and fracture cleavages dip steeply 

towards the east to steeply towards the west.  Along the fault, E-W oriented fractures and 

intensely fractured silicified rocks are common.  Within silicified zones, late slickensides 

are generally gently to moderately N-plunging.  West block to the north and down move-

ment is indicated by steps on slickensides (Connors, 1992).

Exposure along the fault varies from no outcrop to zones of intense silicifica-

tion 2 – 10m wide.  Locally, silicification and quartz veining are overprinted by zones of 

gouge/breccia.  Within the Torpedo Creek Quartzite near the cut-off of the Esperanza 

Fault, a zone including three stages of intense quartz veining and dilational brecciation 

is developed, but no hematite is present.  There is no evidence for a fault jog therefore 

the competency contrast between these rocks and siltstones of the Paradise Creek and 

Gunpowder Creek formations is considered to be the cause of the preferential develop-

ment of dilational breccias in this quartzite unit.  Further south along the section west 

of the Investigator fault, silicification and dilational breccias are also present (Connors, 

1992).

Previous map patterns suggest that the movement on the fault was west block up. 

By contrast Connors (1992) interpreted the fault to be a young with the opposite sense 

of movement.  Connors (1992) suggested that the west block would have been uplifted 
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during early movement on the Esperanza-Bluff system, so west-block down movement 

would have been required on the Stockyard Creek fault to bring the lower McNamara 

units to their present level.  The presence of a series of dextral, NE-striking faults ap-

parently merging with the Stockyard Creek fault ~2.5 km north of the Bluff prospect sug-

gests that movement on the fault included a component of dextral strike-slip movement 

(Connors, 1992).  This combination of movements on the Stockyard Creek fault is simi-

lar to the Mount Gordon fault, which led Connors (1992) to depict the Stockyard Creek 

fault on cross sections as having a steep dip to the east and a similar interpretation is 

favoured in this study.

Cross-Sections

A series of cross-sections were plotted from Gunpowder (Mammoth) mines south-

wards along the MGFZ (Figure 5.4, Figure 5.6, Figure 5.7, Figure 5.�, Figure 5.9, and 

Figure 5.10).  The data plotted in all geological sections is sourced from data collected in 

this study, Connors (1992) and data displayed on the Mammoth Mines map sheet (Sheet 

675�).  All data is from surface outcrop mapping.  The purpose of these cross sections 

was to a) examine the longer-term fault evolution to evaluate the extent to which ele-

ments of the rift architecture (as represented by faults) were important for subsequent 

development of late-tectonic copper mineralization.  This is important because this ques-

tion was not adequately addressed by the binary chronological matrix analysis (Chapter 

4) and (b) to contribute to the development of 3-D models.  Cross-section A-A’ is dis-

cussed in section 5.4.  All sections are looking north and are plotted without legends so 

as to enhance figure quality.  The lithologies depicted in all cross-sections are the same 

as the legend used in Figure 5.2.  Many of the faults display apparent dip-slip offsets in 

section view, which are a complex function of dip-slip displacement components, angular 
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relationships between bedding and faults giving apparent dip-slip offsets (but with no real 

dip-slip displacement), and real dip-slip faults with subsequent reactivation as strike-slip 

faults.  There are many good lines of evidence indicating predominant strike-slip move-

ment, or reactivation, on many faults in the district (see Chapters 4, 5, and 6).

Cross-Section B – B’ 

Cross-section B – B’ is approximately 6.6 km south of the Gunpowder (Mam-

moth) mines (Figure 5.4 and Figure 5.6).  Along the western side of the MGF, bedding is 

shallowly dipping towards the east, and bedding is steeply dipping towards the east, but 

has been folded as seen by a shallowly plunging antiform and synform which terminate 

against the Stockyard Creek Fault (SCF).  At this location the SCF has a major zone 

of brecciation – see section above (Stockyard Creek Fault) for a description.  This fault 

has a large apparent normal offset associated with it, offsetting the McNamaras and My-

ally subgroups by at least ~1.5 km.  In the hangingwall of the SCF the Myally subgroup 

shows a marked thickness change suggesting that this was a normal fault active dur-

ing deposition of the Myally subgroup i.e. it may have been a growth fault (Figure 5.6).  

There are also a series of late shallowly plunging slickenfibres indicating right-lateral 

movement along this structure.

Cross-Section C – C’

Cross-section C – C’ is approximately ~2 km north of the Investigator Fault Zone 

(Figure 5.4 and Figure 5.7).  Data collected from this study indicates a north-south trend-

ing synform in the western block of the MGF with a shallow northerly plunge (35→001).  
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In the western block of the SCF, a steep westerly dipping fault occurs, which is a subsidi-

ary fault to the MGF and SCF, with an inferred reverse offset along it.  It is likely that this 

fault joins the MGF at depth.  A westerly dip is inferred from data collected by Connors 

(1992).  Between this fault and the SCF, there is a synform-antiform couple (Figure 5.7).  

In the western block of the SCF, bedding is steeper and thicker than in cross-section B-

B’ (Figure 5.6).

Figure 5.6.  (Overleaf)  Cross-section B-B’ looking north.  Notice brecciation zone along Stockyard Creek 
Fault (SCF) and thickness changes in McNamaras and Myally subgroups.  Dashed lines indicate bedding 
traces.  MGF: Mount Gordon Fault Zone.  Projection AGD’66, zone 54.  Modified from (Connors, 1992).
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Figure 5.7.  (Previous page) Cross-section C – C’ looking north.  Dashed lines indicate bedding traces.  Ab-
breviations: MGF: Mount Gordon Fault, SCF: Stockyard Creek Fault.  Projection AGD’66, zone 54.

Cross-Section D – D’

Cross-section D – D’ is ~1.5 km south of the Investigator Fault Zone (Figure 5.4 

and Figure 5.�).  There is a southward continuation of the synform on the western side of 

the MGF.  Here there is a marked contrast in deformation within the eastern block of the 

MGF with a synform – antiform – antiform sequence faulted against an apparent westerly 

dipping fault.  There is a marked change in thickness across this fault in the McNamaras 

Group which suggests that this fault may have been active during deposition of this 

group (Figure 5.�).  To the east of this fault, there are several easterly dipping faults with 

synforms within the fault blocks.

Figure 5.�.  (Overleaf) Cross-section D – D’ looking north.  See text for discussion.  Abbreviations: MGF: 
Mount Gordon Fault Zone and SCF: Stockyard Creek Fault.  Map projection AGD’66, zone 54.
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Cross-Section E – E’

Cross-section E – E’ is ~6.3 km south of the Investigator Fault Zone (Figure 5.4 

and Figure 5.9).  Bedding to the east of the MGF is steeply dipping towards the west.  

There is a synform – antiform couple in the western block of an apparent (?) reverse 

fault that may be the southward continuation of faults shown in Figure 5.�.  There are 

several faulted blocks with apparent normal and reverse fault offsets.  Marked thickness 

changes in the Myally and McNamaras Groups that suggest that these faults were ac-

tive during the deposition of these units (Figure 5.9).  In the eastern block of the SCF an 

apparent westerly dipping fault and the Bluff fault occur, and the Bluff fault may (specula-

tively) be a folded fault.  There is a dramatic thickness change across the Bluff fault in the 

McNamaras Group suggesting that it was active during the deposition of the McNamaras 

Group (Figure 5.9).  Map relations and field data (slickenfibres) suggest late strike-slip 

movement along most of the mapped faults (Connors, 1992).

Figure 5.9.  (Overleaf)  Cross-section E – E’ looking north.  See text for discussion.  Dashed lines indicate 
bedding traces.  Map projection AGD’66, zone 54.  Abbreviations: MGF: Mount Gordon Fault, SCF: Stock-
yard Creek Fault, and BF: Bluff Fault.  Modified from (Connors, 1992)
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Cross-Section F – F’

Cross-section F – F’ is ~2 km south of the Fort Binder Fault Zone (Figure 5.4 and 

Figure 5.10).  Bedding is moderately dipping towards the west on the western side of 

the MGF.  On the eastern side of the MGF, bedding is steeply dipping towards the east 

and is moderately folded into two synforms followed by an antiform.  One synform is ap-

parently missing, and is likely to have been faulted up or down-section by the SCF.  In 

the eastern block of the SCF there is an antiform – synform couple (Figure 5.10).  There 

are thickness changes across the SCF in the Myally and McNamaras Groups, indica-

tive of the fault being active during the deposition of these groups.  There are numerous 

fault blocks with apparent normal and reverse offsets along with a down-faulted block of 

exposed McNamaras Group rocks.  Towards the east of cross-section E – E’ there are 

several normal faults with an apparent sinistral offset.  These faults may represent initial 

rift faults that have been reactivated during D2 – D4 (Figure 5.2 and Figure 5.10).

Figure 5.10.  (Overleaf) Cross-section F – F’ looking north.  See text for discussion.  Abbreviations: MGF: 
Mount Gordon Fault Zone and SCF: Stockyard Creek Fault.  Map projection AGD’66, zone 54.  Based on 
data collected during this study and taken from (Hutton et al., 19�5; Connors, 1992).
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5.3.3 Summary

The MGFZ is system of anastamosing NNE trending steeply dipping (near sub-

vertical) faults.  The MGF separates the Lawn Hill Platform from the Leichhardt River 

Fault Trough.  Faults that are subparallel to the MGF have likely been reactivated nu-

merous times.  These faults mostly offset regional unconformities and regional folds sug-

gesting the analysis in Chapter 4 is valid.  There are very few locations where clear kin-

ematic indicators of dip-slip movement can be found and previous workers have also not 

found clear evidence for dip-slip movement indicators.  However, stratigraphic evidence 

suggests that some of these faults were likely to have been growth faults; e.g. Investiga-

tor Fault (Figure 3.6).  The majority of faults now appear to have strike-slip offsets (e.g. 

MGF, Mammoth Extended Fault, and Investigator Fault) and displacement, suggesting 

strike-slip reactivation after the initial phase of growth faulting.

5.4 Gunpowder (Mammoth Mines)

This section concentrates on describing the geology around the Mammoth Mines 

region (Figure 5.11).  There has been much previous work undertaken within the region, 

therefore this study concentrated on aspects pertinent to major faults around the Mam-

moth and Esperanza Mines.  A brief overview and synthesis of previous work is provided 

followed by a description of the mapped areas.  The base map used was modified from 

(Crossing, 2004a).  Field measurements and observations made by Crossing (2004) 

were validated and substantially added to during field work undertaken during this study.  

Insets in Figure 5.11 show the location of outcropping faults mapped in detail here.
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5.4.1 Geology of the Mammoth Mines (Gunpowder) region

The area is dissected by major NNE to N-S trending faults that separate the 

Eastern Creek Volcanics and Myally Subgroup from McNamaras Group rocks.  The 

Myally Subgroup is unconformably overlain by the Surprise Creek Formation.  A series 

of hematite altered dolerite dykes intrude the Myally Subgroup in the eastern half of the 

map area (Figure 5.11).

Bedding typically strikes NNE with variable dips but mostly relatively steep (≥55°) 

(Figure 5.12a), while measured faults tend to have a more widespread strike distribution 

and are for the most part steeply dipping (Figure 5.12b) (Richardson and Moy, 199�; 

Crossing, 2004a).  The NNE trending faults have variable dips towards the ESE and 

WNW (Figure 5.11), and are mostly steep, but are generally subparallel to bedding and 

cross-cut the stratigraphy at low angles.  The E-W trending faults are subvertical and cut 

the stratigraphy at high angles (Figure 5.11).  Different faults or segments are character-

ised by different styles of fault fill throughout the mapped area.  The Wedgetail Fault in 

the NW part of the map has a predominantly brittle expression (veins, fractures, breccia) 

while the Esperanza South Fault has a ductile expression (shear bands) (Figure 5.11 and 

Figure 5.13).  The NE-to E-W trending faults typically also have a brittle expression. 

Cross-Section A – A’

Cross-section A – A’ is plotted through the Mammoth Mines region from the MGF 

in the west to the east of the Gunpowder Cu mine (Figure 5.4, Figure 5.11, and Figure 

5.13).  The ECVs, Myally Subgroup and McNamaras Group have been folded into an 

apparent synformal structure between the MGF and easterly faults (Figure 5.13).  The 



Gustav S Nortje 155

Chapter 5                                                                           Structural Geology of selected parts of the MGFZ

Myally Subgroup has been locally overturned in the western block of the Wedgetail Fault 

(WDTF) and its true thickness is unknown.  In the eastern block of the Wedgetail Fault 

there is an exposed block of ECVs and Myally Subgroup that is juxtaposed against Mc-

Namara Group rocks in the western block of the Esperanza South Fault (Figure 5.13).  

The McNamara Group rocks have been moderately folded into an antiformal structure 

(van Dijk, 1991; Crossing, 2004a).  The Mammoth Extended Fault juxtaposes the folded 

McNamara Group rocks in the western block against the Surprise Creek Formation, 

which are unconformably overlain by the Myally Subgroup rocks, mainly the Whitworth 

Quartzite (Figure 5.11).  The Mammoth Mine (Gunpowder Cu deposit) occurs at the in-

tersection of the Mammoth Fault and the Portal Fault (see section 5.4.2).

5.4.2 Local Alteration

Alteration within the area is complex due to deep oxidation profiles and in some 

cases laterisation.  Specific details of alteration are elaborated upon further in sections 

5.4.6 – 5.4.9.  Here a brief overview is given.  There are 5 main types of alteration 

present throughout the study area (adapted from Crossing, 2004):

(1) Hematitic alteration

Intense hematitic alteration is found not only at the Gunpowder region but also 

throughout the entire region (study area).  It occurs over a scale of tens of metres shown 

by alteration of dolerite sills, alteration haloes around faults and alteration with brecciated 

quartzites, particularly around the Gunpowder deposit (Figure 5.11).  Strong hematitic 

alteration is also apparent in thin-section, mostly occurring in late stage fault infill’s.

(2) Quartz-Chlorite-Hematite breccias

This kind of alteration is typically associated with faults and occurs within quartz-
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ite units e.g. Whitworth Quartzite above the Mammoth Mine underground workings (Fig-

ure 5.11).  Typically quartz-chlorite breccias occur as 1 – 2 cm wide veins that vary in 

length from 10 cm to 1 – 2 m.  The quartz typically occurs as vein infill while the chlorite 

occurs along slickensided fracture surfaces with pervasive hematite.

(3) Iron-Oxide alteration

This type of alteration also typically follows major faults and is likely to be associ-

ated with weathering of sulphides in the vicinity of these faults.  In the Gunpowder area 

the Esperanza Formation (McNamara Group) hosts this form of alteration.  These zones 

can be on the order of isolated 1 – 2 m wide pockets or occur as narrow zones along the 

length of faults where they may be 1 – 2 m wide and 15 – 20 m long.

(4) Malachite Staining

Occurrences of malachite were found along areas of the Mammoth Extended 

Faults and the Tailings Dam Fault.  It is likely that these occurrences are related to deep 

weathering along these structures where supergene copper has accumulated.  They 

may also be related to primary Cu mineralization at depth.  Malachite staining typically 

occurs as small isolated zones on the order of ≤ 5 – 10 cm across and ≤ 5 – 10 cm in 

length.

5.4.3 Mammoth & Esperanza Copper Orebodies

For detailed descriptions of the geology of the Mammoth Cu Mine and te Espe-

ranza Cu mine see Chapter 6.  This section contains a brief statement about previous 

work on deposits but this is explored in more detail in Chapter 6.

Figure 5.11.  (Overleaf)  Map of the Gunpowder area showing major geological units and structures as well 
as the location of the Mammoth and Esperanza Cu deposits.  Insets show the detailed fault mapping loca-
tions used in this study.  The location of cross-section line A – A’ is also shown.  Data is from this study and 
Crossing (2004).  Modified from (Crossing, 2004a).
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Figure 5.12.  (a) All bedding data from Gunpowder region (Figure 5.11) with a Kamb contour overlay; and 
(b) all faults from the Gunpowder region with a 1% area contour overlay.  Data from this study and Crossing, 
(2004a).  Plotted using StereoWin 1.2.2 (Allmendinger, 2002a).

Previous work at Mammoth (Gunpowder Cu) Mines

There has been a significant amount of previous work on the controls on miner-

alization at Mammoth and Esperanza Cu mines.  Early workers concluded that minerali-

zation was structurally controlled resulting from strike-slip faults associated with miner-

alization and competent sandstone units (Mitchell and Moore, 1975).  Scott and Taylor 

(1977) and Scott (19�6) studied the geochemistry of the Mammoth orebodies.  They 

mostly concentrated on trace element analyses of mineralized samples and altered sam-

ples.  They mainly focussed their efforts on furthering exploration using As, Mo, Sb and 

TI contents of hydrothermal pyrite to assess whether or not significant amounts of Cu 

mineralization are present in near mine exploration programs (Scott and Taylor, 1977; 

Scott, 19�6).  Scott and Taylor (19�2) proposed, using XRF techniques, that the ECVs 

were the main source of copper for the Mammoth and Esperanza deposits.  

More recently there has been controversy surrounding the structural controls on 
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copper mineralization at the Mammoth Mine.  Askew (1992) proposed ENE-WSW com-

pression during a D3 mineralizing event.  This would have resulted in a dextral reverse 

sense of movement along the Mammoth and Mammoth Extended Faults (Askew, 1992).  

ERA Maptec (1994) proposed late N-S extension (D3) along Mammoth and Mammoth Ex-

tended Faults, prior to late movements on the Portal Fault while σ1 was thought to plunge 

steeply to the south (~60°) (Anonymous, 1994).  Northeast – southwest transpression 

during D4 was proposed by Connors (1997).  According to this model copper deposi-

tion occurred during D4 sinistral reverse movement on the Mammoth and Mammoth 

Extended Faults (Connors, 1997).  The geology and inferred stress fields at the time of 

mineralization at the Mammoth Mine are revisited and discussed in Chapter 6.

Figure 5.13.  Cross-Section A –A’ plotted through the Mammoth Mines region (Gunpowder Cu Mine) looking 
NNE.  Map projection AGD’66 zone 54.  Based on (van Dijk, 1991; Anonymous, 1994) and data collected 
in this study.  The location of the Mammoth Mine (Gunpowder Cu deposit) is also shown.  Abbreviations 
are MGF: Mount Gordon Fault, WDTF: Wedgetail Fault, ESPF: Esperanza Fault, MEX: Mammoth Extended 
Fault, MF: Mammoth Fault, PF: Portal Fault.
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5.4.4 Mapping of Detailed Areas in the Mammoth (Gunpowder) Cu Mine Area

This next section describes the geology of the selected (accessible) fault zones 

in the Mammoth Mines region.  See Figure 5.11 for mapped/ figure locations.

5.4.5 Wedgetail Fault (WDTF)

The WDTF is located in the northwest corner of the map area (Figure 5.11).  The 

WDTF dips moderately to the west (Figure 5.13 and Figure 5.14).  It is apparent from 

Figure 5.14a that the WDTF juxtaposes the McNamara Group rocks in its western block 

from Myally Subgroup rocks in its eastern block.  The regional fault and timing analysis 

(Chapter 4) suggests the WDTF belongs to the latest D3 fault set (Figure 4.5) with a NNW 

σ1.

Figure 5.14.  (Overleaf)  Geology of the Wedgetail Fault (WDTF) area.  (a) geological map of the WDTF area 
(and sample locations) based on Crossing (2004); (b) photo looking north of fault fill along this segment of 
the WDTF area, note sledge hammer for scale; (c) close up of fault fill in this segment of the WDTF compris-
ing fine grained quartz with minor hematitic staining and hairline fractures subparallel to the fault; (d) close 
up of fault fill, brecciated quartz overprinted by epithermal style boiling textures, where quartz overprints 
calcite; (e) photo looking north of quartz vein along this segment of the WDTF; (f) close up of the quartz vein 
in photo (e), note brecciated texture and with angular to subangular 1-2 cm quartz clasts and more hematitic 
rich infill between clasts; (g) fault zone map of inset labelled (g) on (a) with brecciated fault infill mostly com-
prising brecciated quartz and grey “chert” like fault infill surrounded by hematite-silica alteration in its western 
block with chlorite-hematite-silicification alteration zone adjacent to a hematite-chlorite alteration zone.  At 
sample location WDTF � there is a chlorite breccia pod; (h) photo of fault fill at southern end of mapped ex-
posure of fault fill where fault fill comprises central grey microcrystalline quartz infill (core) surrounded by a 
brecciated and milled quartz rich infill comprising angular fragments.  Note schematic sketch showing central 
fine grained quartz rich core surrounded by brecciated quartz rich fill; (i) close up of chloritic breccia pod at 
sample locality WDTF � comprising angular jigsaw 2-3 cm clasts; (j) poles to bedding within the WDTF area 
and bedding typically trends NNE and SE with variable dips; (k) poles to fault segments from (g) indicating 
overall NNE trend of the WDTF; (l) great circles and poles showing the movement directions of faults with 
arrows plotted at poles to faults (tangent lineation diagram) showing direction of footwall movement; and (m) 
beachball plot from using right dihedra method with σ1 somewhere in the northern-southern quadrant and 
σ3 in the east-west quadrant, plotted using FaultKinWin for Windows (Allmendinger, 2001).  All stereonets 
are equal area lower hemisphere.  See inset on Figure 5.11 for location.
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There are also three NE to NNE trending fault strands that intersect the WDTF at 

a low angle in plan view and have an apparent right-lateral shear sense displacing the 

Myally-Surprise Creek and Surprise Creek-McNamara unconformities that dip moder-

ately to the NE (Figure 5.14a).  Interestingly these three fault strands appear to be reces-

sive and are very poorly exposed, raising questions about their slip mode and cohesion, 

relative to faults with abundant quartz infill (see Chapter 7).

Bedding in the WDTF typically trends towards the NNE, subparallel to the WDTF 

and also to the SE-NW (Figure 5.14a).  Subparallel to the bedding on the western side 

of the WDTF are the Myally-Surprise Creek and Myally-McNamara unconformities, giv-

ing an apparent right-lateral shear sense on the WDTF.  Poles to fault segments (Figure 

5.14k) from Figure 5.14a & g indicate that the fault is steeply dipping and trends towards 

the NNE.  There are only four striated faults within this sub-area (Figure 5.14a & l).  Fig-

ure 5.14l shows the orientation and slip-sense of faults within the area along with poles 

to fault planes showing the direction of movement of footwalls.  Using the right-dihedra 

method, σ1 lies within the north quadrant and σ3 lies within the eastern quadrant.

The WDTF is somewhat recessive and is poorly exposed along much of its length; 

however it is exposed in places (Figure 5.14a, b, c, d, e, and f).  Fault fill types typically 

range from microcrystalline quartz to brecciated ‘jigsaw-fit’ fault fill.  The fault fill typically 

has a hematitic groundmass.  Figure 5.14b is a photo looking north of two different fault 

types along the WDTF within 20 m of one another, indicative of the variable nature of 

faulting that has occurred along this structure.  The first type of fault fill is a microcrystal-

line quartz hematitic rich fault infill with hairline fracture subparallel to the overall fault ori-
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entation (Figure 5.14c).  The second type of fault fill is brown coloured fine grained quartz 

rich fault fill with epithermal type textures, mainly quartz overprinting calcite, indicating 

boiling within the fault zone (Figure 5.14d).  This part of the fault segment is overprinted 

by a late silicification event that has covered much of the exposed part of the WDTF.  

Further south, the fault infill changes in nature to white fine grained jigsaw-fit clasts with 

hairline fractures at right angles to the general trend of the WDTF.  A significant feature 

of this fault infill is that it has hematitic rich groundmass (Figure 5.14e & f).

Figure 5.14g shows a close up of the longest exposed fault infill along the WDTF.  

The WDTF was mapped at a scale of 1:100 and the length of the exposed infill is ap-

proximately 55 m.  The fault infill typically comprises fine grained brecciated quartz that is 

grey in colour and comprises angular (jigsaw) fragments, 1 – 2 cm in size.  At the south-

ern end of the exposed fault (Figure 5.14g & h) its infill comprises brecciated and milled 

fine grained quartz that surrounds a microcrystalline central quartz rich core.

Paragenesis of the Wedgetail Fault Zone (WDTF)

Figure 5.14(a) and (g) show the samples selected for study within the WDTF.  

Samples WDTF 2, WDTF 3, WDTF 4, WDTF 5, WDTF 9, WDTF 10, and WDTF 14 were 

studied and their relationships are shown on Figure 5.15.  In thin-section, all samples 

from the WDTF appear to be brecciated with predominant quartz clasts and similar cata-

clastic matrix textures.  In addition, there was a later epithermal quartz-forming event, the 

absolute timing of which is unknown.
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Figure 5.15. (Previous page) Paragenetic sequence plots and photomicrographs of fault infill types belong-
ing to the WDTF.  (a) Q2 cross-cutting Q1in cross-polarised light ;field of view is 2.4 mm; (b) Q2a cross-cut-
ting Q1 cut by a late hematite fracture in cross-polarised light, field of view 2.4 mm; (c) cataclasite cross-cut-
ting Q2 in cross-polarised light, field of view 4.6 mm; (d) cataclasite cross-cutting Q2 in cross-polarised light, 
field of view 2.4 mm and plane polarised light photomicrograph of fault breccia, field of view 4.6 mm; (e) lithic 
fragment cut by Q2 in cross-polarised light, field of view 4.6 mm; (f) Q1 and cataclasite cross-cutting Q2 and 
both are cross-cut by a hematite fracture in cross-polarised light, field of view 4.6 mm; (g) Q1 cross-cutting 
folded Q2 vein in cross-polarised light, field of view 4.6 mm.
Summary

The WDTF is poorly exposed along much of its length however where it is ex-

posed it comprises fine grained brecciated quartz, hematitic rich massive quartz and 

later boiling textures indicative of epithermal styled mineralization (quartz overprinting 

calcite).  The WDTF occurs within the Mammoth Mines domain 3 (Chapter 4) and is a 

late D3 fault.  This fault likely would have been locked under an applied D4 stress field.  

However, the dominant orientation of σ1 during late D3 time was approximately NNW 

consistent with observed shear sense indicators, implying that this fault may have dilated 

during late D3 as shown by the occurrence of “jigsaw” fault breccias and late stage epi-

thermal boiling textures.

5.4.6 Esperanza South Fault (ESPSF)

The exposed part of the ESPSF is located approximately 600 m southwest of the 

Esperanza Cu mine.  Here, the ESPSF has a NNE trend and a predominantly ductile 

expression and belongs to the latest D3 fault set (Figure 4.5) within the Mammoth Mines 

Domain (Chapter 4).  By implication this fault should have locked under a D4 stress field 

and should have required high pore fluid pressures and/ or low cohesion to reactivate 

under an applied D4 stress field.  The ESPSF dips approximately �0° towards the west 

and juxtaposes McNamara Group rocks in its eastern block against intensely sheared 

and foliated ECVs in its western block suggesting a reverse component of movement at 

some stage of its evolution (Figure 5.11 and Figure 5.13).  The ESPSF is likely to be the 
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northward continuation of the Stockyard Creek Fault (SCF) plotted in cross-sections B-

B’, C-C’, D-D’, E-E’, and F-F’ (Figure 5.2, Figure 5.4, Figure 5.6, Figure 5.7, Figure 5.�, 

Figure 5.9, and Figure 5.10).  This is speculative at best and there does not appear to 

be agreement in previous work (Connors, 1992; Anonymous, 1994; Connors, 1997).  It 

also apparent that the offsets across the SCF vary, with apparent reverse offsets in the 

south (cross-sections E-E’ and F-F’) while in the north there is an apparent normal offset 

(cross-sections B-B’, C-C’, D-D’).  This may be due to the protracted history of the region 

and is a likely reflection of variable reactivation or simply apparent offsets on cross-sec-

tions of variably dipping or previously folded units.

The ESPSF has a dominantly ductile expression (Figure 5.11 and Figure 5.16), 

and mostly comprises intensely sheared basalts of the Eastern Creek Volcanics.  These 

basalts are hematitically altered along with minor amounts of chloritic alteration.  Figure 

5.16 shows a map and cross-section of the ESPSF.  The fault zone itself is approximate-

ly 2.5 m wide and comprises quartz rich cataclastic fill with a moderate northerly plunging 

intersection lineation between the s and c planes implying oblique strike-slip movement 

along this fault (Figure 5.16d).  Adjacent to the fault zone, within the ECVs, the foliation 

is steeply dipping with a SE and NE trend.  Measured axial planes and axial traces all 

trend towards the NNE and are subvertical.  Several vein sets are subparallel to the axial 

planes (traces) as well as cutting it at low angles.
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Figure 5.16.  (Overleaf)  Geological map of the Esperanza South Fault zone.  This figure is separated into 
two parts, a map view and a cross-section separated by a dashed line.  (a) sketch and photograph of a 
steeply dipping vein set and associated drag folds(?).  Vein dips towards the east has an apparent normal 
offset.  There is a SE and NE trend for the foliation while axial planes strike N-S; (b) sketch and photo of an 
easterly dipping fault set with both normal and reverse apparent offset as indicated by drag folds.  The folia-
tion has a variable orientation but is steeply dipping, while the axial planes are subvertical with a NE trend.; 
(c) kink bands (?) with a SE and NE trending foliation, and steep NE trending axial traces.; (d) sketch and 
photo (section view) of the Esperanza Fault zone with fault infill.  Fault infill comprises quartz rich angular 
fragments (cataclasite?) and a fine grained microcrystalline quartz rich hematitically altered groundmass.  
Measured s-c fabrics indicate apparent oblique-slip movement, left lateral and west-block-down, determined 
from the shear sense and moderately north-plunging intersection lineation between the s and c plane.  See 
inset on Figure 5.11 for location.
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Paragenesis of the Esperanza South Fault Zone (ESPSF)

Samples obtained from the ESPSF were ESPS 3, ESPS 9, and ESPS 10.  ESPS 

10 is located on Figure 5.16.  ESPS 3 and ESPS 9 were collected approximately 200 m 

south of Figure 5.16 from an exposed ridge that is interpreted to be the southern exten-

sion of the ESFSF.

Figure 5.17.  Paragenetic sequence plots of the ESPSF.  (a) foliated hematitic rich foliated fault infill cross-
cut by euhedral medium grained quartz infilling cavities in cross-polarised light, field of view 2.4 mm.  (b) 
Photomicrographs of foliated cataclasite bands alternating with radial quartz (zoisite ± chlorite replacement) 
in plane and cross-polarised light, field of view 4.6 mm.  (c) Photomicrograph of foliated quartzite west of the 
ESPSF (Figure 5.16) in cross-polarised light, field of view 4.6 mm.
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In ESPS 3 there appears to be a single cataclastic event overprinted by a late 

stage shallow level cavity infilling event.  Within sample ESPS 9 there are multiple bands 

of fine grained cataclasite with bands of radial quartz with what is likely to be minor 

chloritic replacement (zoisite?).  These radial bands of quartz have been sheared and 

“broken” off in places.  The alternating bands of cataclasite are overprinted by late stage 

euhedral – subhedral quartz that appears to have been deposited in open cavities similar 

to ESPS 9.  Sample ESPS 10, from the hangingwall of the fault shows a foliation within 

exposed ECV quartzite.

Summary

The ESPSF trends NNE and the younging analysis indicates it belongs to the late 

D3 fault set within the Mammoth Mines domain (Chapter 4).  The exposed part of the fault 

has a ductile expression.  Because of its orientation, this fault most likely would have had 

to have elevated pore fluid pressures to reactivate under a D4 stress field (Chapter 4 and 

Chapter 7).  This fault is mostly recessive and therefore may also have had low cohesion 

during reactivation during D4 – see Chapter 7 as shown by the formation of mostly reces-

sive cataclasites that are overprinted by late stage cavity infilling with cavities comprised 

of euhedral quartz and minor amounts of chlorite replacement.  This late chlorite replace-

ment is seen elsewhere throughout the region e.g. Chlorite breccia (section 5.4.9), in the 

Fort Binder Fault Zone (section 5.5), and the Investigator Fault zone (Chapter 6).

5.4.7 Tailings Dam Fault (TDF)

The TDF is a subvertical northwest trending fault that juxtaposes Myally Subgroup 

against Surprise Creek Formation with an apparent right-lateral displacement (Figure 5.2 

and Figure 5.1�).  The TDF mostly comprises massive quartz infill along much of its 
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length, with a series of extension veins that are the surface expression of the fault.  It 

falls within the Mammoth Mines Domain and is a mid-D3 fault similar to the Mammoth 

Extended Fault (Figure 4.5).  The fault terminates in the McNamara Group in the east 

and terminates in Myally Subgroup quartzites in the west but it may also intersect a NW 

trending fault that offsets the Mammoth Extended Fault (Figure 5.2).

Veins lying close (<2-3 m) to the principal slip surface of the fault have lengths 

ranging from 15 m to 25 m and are on average 2 – 3 m wide (e.g. locations TDF7, 9, 

and 10, Figure 5.1�).  These main veins are intersected by a series of narrower, sheeted 

(rather than en echelon) quartz veins (e.g. location TDF�) and these veins intersect the 

main vein array at a high angle and dip steeply towards the south or north with a WNW to 

NW strike (Figure 5.1�).  It appears that these sheeted veins cross-cut the main fault ar-

ray however due to large amounts of rubble this was difficult to ascertain (Figure 5.1�k).  

These sheeted veins comprise mostly fine grained “massive” quartz and have lengths 

ranging from 1 – 5 m and are generally 20 – 30 cm wide.  The calculated intersection 

of these sheeted veins with the fault-subparallel veins has a steep northerly plunge.  At 

the most western end of the series of fault-subparallel veins (TDF1) there is an en ech-

elon vein array with a brecciated quartz infill (cataclasite?), that is curved, with the same 

shear sense to the main fault. This may mean early veining and later more ductile shear-

ing occurred in the same overall faulting phase, or could represent later reactivation of 

this fault with the same shear sense as during earlier veining and cataclasis.

The TDF occurs along a dilational bend as shown by the formation of massive 

quartz veins.  Based on the orientation of these veins, σ1 should be oriented approxi-

mately E – W.  This can be inferred from the observed geometry but is also confirmed 
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by the younging analysis (Figure 4.5) where σ1 is ~ E–W, with this fault having a right-

lateral shear sense.  As shown in Figure 5.1� there appears to be tensile veins oriented 

at approximately SE to ESE that either formed due to reactivation on the master fault or 

overprint the main quartz vein array.  They intersect the main fault array at angles rang-

ing from 5�° - �2°.  The vein branches along the main vein array also appear to intersect 

the main vein array at angles of between 60° - �0° which raises two possibilities; 1) that 

the dilational bend (jog) in the fault formed in response to the D4 (ESE-shortening) event 

rather than with σ1 oriented E – W, or 2) that there was low differential stress, high fluid 

pressure, and stress ‘flips’ between σ2 and σ3 during faulting, allowing two high-angle 

vein sets to form simultaneously in D3 (see Chapter 7)

Figure 5.1�.  (Overleaf)  Geological map of the Tailings Dam Fault.  (a) Lower hemisphere equal area 
stereonet showing bedding and cleavage (S2?) that would result in shallow northerly plunging fold axes; (b) 
stereonet showing plot of striated fault with a normal shear sense while arrow shows direction of footwall 
movement; and (d) – (h) show plots of poles to veins in black with vein intersections shown in grey; (i) ster-
eonet of all veins (black) and poles to veins (grey); (j) sketch of en echelon vein array with the same shear 
sense as the main fault (TDF), but implying first veining and then more ductile deformation.  See Figure 5.11 
for location.
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Typically alteration along the TDF mostly comprises hematite staining of frac-

tures and hematite alteration of an N-S trending dyke on southern side of the TDF (Fig-

ure 5.1�).

Paragenesis of the Tailings Dam Fault Zone (TDF)

Samples collected for petrographic analysis from the TDF are TDF1, TDF 2, TDF 

7, TDF 9A, TDF 9B, and TDF 10 (Figure 5.1�).  Fault fill within the TDF macroscopically 

mostly comprises massive quartz and brecciated quartz (Figure 5.19a – f).  Sample TDF 

1 comprises brecciated fragments of Surprise Creek Formation (sandstone).  Fragments 

appear to be rounded in shape set within a fine grained hematitic rich matrix.  TDF 2 

is from the contact between the Myally Subgroup (Whitworth Quartzite) and a doleritic 

dyke.  The quartzite is weakly altered with late fragments of replacement chlorite.  There 

are late stylolites that overprint the different generations of quartz.  TDF 7 comprises 

massive quartz of varying grain size which is brecciated on a microscale (Figure 5.19c).  

TDF 9A and 9B are similar to TDF 7 and all three samples are cut by late stage hematitic 

rich fractures.  TDF 10 is brecciated fault infill with jigsaw characteristics within a fine 

grained hematitic matrix.

Figure 5.19. (Overleaf) Paragenetic sequence plots of fault infill from the TDF.  (a) Brecciated fragments of 
Surprise Creek Formation shown in the photomicrograph in plane polarised light, field of view is 4.6 mm.  (b) 
Plane polarised photomicrograph of Q2 and Q3 cross-cut by stylolites, field of view is 4.6 mm.  (c) Photomi-
crograph of Q2 cross-cutting Q1 cut by a late hematite fracture, field of view is 4.6 mm.  (d) Q1 cutting Q2 
with coeval Q2a cut by stylolites overprinted by Q2a.  Both photomicrographs field of view is 4.6 mm.  (e) 
Repeated episodes of Q1 overprinted by Q2 and Q2a cross-cut by lat hematite fractures, photomicrograph 
is in cross-polarised light and field of view is 4.6 mm.  (f) Brecciated clasts of Q1, Q2, and Q2a, note jigsaw 
nature of breccia and field of view is 4.6 mm in both photomicrographs.
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Summary

The TDF is a mid-D3 fault with an inferred right-lateral displacement (Figure 4.5 

and Figure 5.1�).  The main vein array likely formed in response to E – W shortening 

while the vein branches and intersecting tensile vein array either formed in response to 

the D4 (ESE-shortening) stress event or complexity during D3 (see below).   At the ends 

of the main vein array along the TDF there are jigsaw breccias, probably hydrothermal 

and possibly also D4 in timing, and within the fault there is massive quartz (euhedral 

– subhedral coarse grained quartz overprinting sub-anhedral quartz fine grained quartz).  

The two types of quartz in the main part of the fault, and their relative timing, suggest a 

sequence of quartz precipitation, recrystallization to a fine grainsize (and possibly some 

cataclasis), and finally a stage of coarse quartz growth, which potentially relates to D4 

reactivation along the fault.  The occurrence of hematitic breccias at the ends of the fault 

bend, but their absence in the main part of the fault bend, may relate to fluid expulsion 

during faulting, with some variation in fluid pressure or the local stress changes during 

faulting causing expulsion of iron-rich fluids in the same locations and quartz precipita-

tion elsewhere.

5.4.8 Mammoth Extended Fault (MEX)

The MEX is a steep southerly dipping E-W fault that for the most part juxtaposes 

ECVs in the south against the Myally Subgroup in the north.  It has an apparent right-

lateral offset, as indicated by map relations (Figure 5.11)  The MEX belongs to the same 

fault set as the TDF in the Mammoth Mines Domain (Figure 4.5).  The MEX fault zone was 

mapped at a scale of 1:100 along its exposed length (Figure 5.20), and is approximately 

3 m wide and is comprised of various fault fill types along much of its length.  The host 

rocks here are moderately to strongly altered (relative to other mapped faults) with two 
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main types of alteration present.  Pervasive chlorite alteration is dominant within ECVs 

and the Myally Subgroup quartzite (Figure 5.20).  There are also isolated pods of intense 

brecciation within the ECVs and quartzites comprising intense chloritic brecciation, silici-

fication and a hematitic ironstone breccia.  The dominant type of breccia present appears 

to be of a hydrothermal type, with jigsaw fit clasts of altered basalt and quartzites in a fine 

grained quartz rich matrix.  Clasts are typically 1-2 cm in size.  In the Myally Subgroup 

quartzites there is moderate hematite alteration that occurs as red staining throughout 

the rock mass as well as on fractures with some isolated pods of chlorite altered zones.  

The fault infill itself comprises fine grained banded quartz interlayered with fine bands of 

chloritic altered quartz.

Figure 5.20.  (Overleaf)  Geological map of the Mammoth Extended Fault zone showing fault zone extent, 
alteration surrounding the fault zone and various types of fault infill within the MEX. See also Figure 5.11.
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At sample location MEX 6 the fault fill comprises angular fragments of quartz in a 

fine grained quartz rich hematite altered matrix (Figure 5.20).  Fault infill at sample loca-

tion MEX 12 is vastly different with comb quartz surrounding jigsaw fit clasts of quartzite 

(Figure 5.20).  Throughout much of the fault itself there are late hematite coated fractures 

that are subparallel to the fault (Figure 5.20).

Paragenesis of the Mammoth Extended Fault Zone (MEX)

Selected samples were chosen to study and evaluate the Mammoth different 

types of fault infill within the Mammoth Extended Fault Zone.  Samples that were de-

scribed are: MEX 2, MEX 3, MEX 4, MEX 5, MEX 6, MEX12, and MEX 13 (Figure 5.20 

and Figure 5.21).  Different types of quartz were identified and a paragenetic sequence 

obtained for each sample.

The MEX 2 sample is from within the fault zone and contains coarse grained 

euhedral quartz (Q2) that appears to overprint fine grained subhedral quartz (Q1) which 

is crosscut by stylolites (Figure 5.21a).  MEX 3 is also from within the fault zone and 

comprises fine grained cataclasite with quartz vein fragments cross-cut by folded coarse 

grained quartz (Q3) veins (Figure 5.21b), implying a component of shortening acted 

across the fault at some stage during or after formation of this quartz.  MEX 4 comprises 

fragments of cataclasite within a coarse grained quartz rich fault fill.  MEX 5 is from the 

contact between the fault zone and an ECV quartzite that is unaltered apart from some 

minor sericite (illite) infill between grains.  Within the fault there is a quartz vein that cross-

cuts coarser grained fault infill (Figure 5.21d).  MEX 6, from immediately adjacent to the 

fault zone, comprises coarse grained quartz fibres overprinted by finer grained quartz 

that are cross-cut by stylolites (Figure 5.21e).  MEX 12, from the most easterly mapped 
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part of the MEX, macroscopically comprises angular fragments of medium gained (1 cm) 

comb quartz overprinted by fine grained and massive quartz (Figure 5.20) with angular 

fragments of quartzite belonging to the Myally Subgroup.  MEX 13 comprises lithic frag-

ments within quartz rich matrix.  This matrix comprises finer grained quartz (Q3) over-

printing coarse grained quartz (Q2) (Figure 5.21g).

Figure 5.21. (Overleaf) Paragenetic sequence plots for the Mammoth Extended Fault Zone.  (a) Q2 cross-
cuts Q1 both of which are cross-cut by stylolites, photomicrograph shows Q2 overprinting Q1 in cross-polar-
ised light, field of view is 4.6 mm.  (b) Fragments of Whitworth Quartzite and Q1 occur within the cataclasite 
which is cut by Q2, Q3, and stylolites.  Photomicrograph is of Q3 folded vein cross-cutting cataclasite in 
cross-polarised light, field of view is 4.6 mm.  (c) Fragments of cataclasite surrounded by Q2 and Q3 which 
are cut by stylolites.  Photomicrograph of cataclasite fragment in cross-polarised light, field of view is 4.6 
mm. (d) Q2 and Q2a quartz within the Whitworth Quartzite that have been offset by micro-faults that are cut 
by stylolites.  Photomicrograph showing unaltered Whitworth Quartzite and Q2a vein in cross-polarised light, 
field of view is 4.6 mm.  (e) Fibrous quartz veins overprinted by Q3 cross-cut by stylolites.  Photomicrograph 
of fibrous quartz veins and Q2 in cross-polarised light, field of view is 2.3 mm.  (f) Fragments of Whitworth 
Quartzite occur within the fault fill with Q2a overprinting Q3 and Q2 cross-cut by stylolites.  Photomicrograph 
showing Q3 cross-cutting Q2 in cross-polarised light, field of view is 2.3 mm.  (g) Q3 overprinting Q2.  Pho-
tomicrograph is of Q3 overprinting Q2 in cross-polarised light, field of view is 4.6 mm.
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Summary

Within the Mammoth Extended Fault Zone there appears to be several phases of 

fault infill and a protracted history of veining, cataclastic brecciation and recrystallization. 

Folded early quartz veins that themselves overprint a phase of cataclastic quartz suggest 

the fault may have had some early Isan Orogeny movement, although it is difficult to cor-

relate this fold with any particular regional ductile deformation and it may have developed 

during brittle-ductile deformation associated with fault movement.  Mesoscopic evidence 

suggests that hydrothermal (jigsaw) brecciation has occurred, brecciating pre-existing 

original rock and quartz infill, and this may represent a stage of fault reactivation.  Shal-

low level epithermal style quartz textures (e.g. comb quartz) are present, overprinting 

most other features, and these may represent post-Isan overprinting and further reacti-

vation.  Finally, the relative abundance of alteration around this fault zone is consistent 

with its proximal position to Mammoth Mine, and indicates that at least one stage of the 

vein features described above is related to mineralization. 

5.4.9 Chlorite Breccia (CHB)

The chlorite breccia locality is approximately 250 m southwest of the Mammoth 

Cu Mine.  The CHB was mapped using a chain and compass technique at a scale of 

1:100.  The CHB is located along an ESE trending left-lateral fault that is within the Mam-

moth Mines Domain (Chapter 4) and is probably an early D3 fault (Figure 4.5).

Here the Whitworth Quartzite is extensively brecciated with jigsaw fit angular 

clasts, ranging in size from 1 to 5 cm in size.  In some clasts relict bedding can be meas-

ured and generally trends NNW and dips steeply to the west (Figure 5.22).  The jigsaw 

breccia indicates that this brecciation event took place under high pore fluid conditions 
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and that there was not a large amount of displacement associated with this (or subse-

quent) event.  There are numerous striated faults and fractures of multiple orientations 

that cross-cut the CHB and have chloritic coatings on the fault surfaces.

Figure 5.22.  (Overleaf)  Geological map of the CHB.  (a) Chain and compass map of the CHB from 0 m 
(southeast corner) to 100 m (northwest corner) plotted with structural data.  Also shown are lower hemi-
sphere equal area stereonets showing striated faults with slip lineation and shear sense.  Also shown on (a) 
is a sketch of apparent s-c planes with a confidence rating of C.  Inferred slip vectors are shallowly plunging 
towards the WNW and ESE.  (b) (i) lower hemisphere equal area stereonet showing measured bedding from 
clasts, (ii) lower hemisphere equal area stereonet showing fracture planes cross-cutting CHB, (iii) tangent 
lineation diagram showing footwall movement directions, predominantly to the south and north, and (iv) 
fault plane solution obtained from fault slip data with σ1 in the mid-east quadrant and σ3 in the north or south 
quadrants.  Plotted using FaultKinWin 1.2.2 (Allmendinger, 2001).  Map projection AGD’66, zone 54.  See 
inset on (Figure 5.11) for location.
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Cross-cutting faults typically trend towards the ENE and NE with reverse, normal 

and strike-slip shear senses (Figure 5.22a and b).  Sigma 1 is inferred to be somewhere 

within the mid-east quadrant and σ3 somewhere within the north-south quadrant (see 

Chapter 6 for further analysis).  Also shown in Figure 5.22a are s-c planes which have 

been rated with a confidence rating of C.  Inferred slip vectors trend shallowly towards 

the WNW and ESE, subparallel to measured striations from the underground workings 

of the Mammoth Cu Mine (Keys, 200�).

Figure 5.23 shows a photomicrograph of the CHB.  Note the rounded and angular 

nature of the breccia fragments and chlorite alteration within the matrix.

Figure 5.23.  Photomicrograph of the CHB in plane polarised light.  Note rounded and angular shape of 
breccia fragments which are from the Whitworth Quartzite.  Also note chloritic alteration on left half of photo, 
field of view is 4.6 mm.
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Summary

The Chlorite breccia is likely a late stage feature of the region.  It mostly com-

prises fragments of brecciated Myally Subgroup (Whitworth Quartzite) that is cut by a 

series of oblique and strike-slip faults.

5.5 Fort Binder Fault Zone (FBZ)

The FBZ is located on the eastern margin of the MGFZ, approximately 25 km 

SSW of the Mammoth Mines region (Gunpowder Mine) (Figure 5.4).  This locality was 

chosen because it is easily accessible and has good exposure (Figure 5.4).  Segments 

of the FBZ belong to the FBZ Domain (Domain 1 and Figure 4.5) and are of early D3 

age and D4 age (Chapter 4 and Figure 4.5).  The area of interest lies east of the Mount 

Gordon fault, and the FBZ splays off the MGF to the south of the specific mapped area.  

Here the MGF dips steeply to the east and bends from a NNE orientation in the south-

west corner of the map (Figure 5.24) to a N-S orientation and back to a NNE trend in the 

northern part of the map.  The MGF separates McNamara Group from the ECVs that 

are overlain by the Myally Subgroup and unconformably overlain by McNamara Group 

sediments in the east (Figure 5.24).  Bedding typically trends towards the NNE (locally 

N) and is steeply dipping (Figure 5.24 and Figure 5.25a).  There is a steep NNE trend-

ing foliation (S2) with an associated mineral elongation lineation (L2).  This lineation likely 

represents “stretched” amygdules within the ECVs (Figure 5.26).  

Apart from the MGF, faults have a variable trend throughout the FBZ with a range 

of movement directions (Figure 5.25c), and these faults were active after D2 (and its re-

lated foliation).  Assuming no post-faulting rotation, a right-dihedra plot indicates that σ1 

lies somewhere within the shallow N-S trending quadrant while σ3 lies somewhere within 
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a steep N-S quadrant (Figure 5.25d), as supported by the timing of this group of faults in 

the younging analysis (Chapter 4).  Fibrous quartz veins also dominate the area, more 

so than at Gunpowder Mines region and the Investigator Fault Zone.  Typically, fibrous 

veins have a NNE-NE trend with some shallow and some steeply dipping veins (Figure 

5.25e).  There is no evidence for curved fibres on the outcrop scale.  Fibrous veins on 

Figure 5.25e (coloured red) are veins where a high (A) confidence level was placed in 

the measurement of the orientation of the fibres.  Black coloured planes were assigned 

a low confidence level (C); i.e. it is likely that the rake in the plane of the vein does not 

reflect the true orientation of the fibre.  To find the true orientation of the fibre an appar-

ent lineation construction was undertaken on a stereonet as follows: plot surfaces and 

apparent rakes of fibres, i.e. for each surface plane, plot the pole and apparent rake of 

fibre and define a plane between the apparent rake of the fibre and the pole and where 

these planes intersect defines the true orientation of the fibre (Figure 5.27b).
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Figure 5.24.  Geological map of the FBZ showing data collected in this study.  Diamonds indicate detailed 
localities referred to in text.
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Figure 5.25 (Overleaf) Lower hemisphere equal area stereonets showing (a) poles to bedding where bed-
ding typically trends NNE and is steeply dipping; (b) poles to foliation and associated elongation lineation 
where foliation is typically subparallel to bedding with a steep elongation lineation; (c) tangent lineation 
diagram showing poles to faults with measured striations showing the footwall movement directions; (d) 
right-dihedra plot of faults in (c) indicting σ1 in eastern quadrant and σ3 somewhere in the central quadrant.  
Plotted using FaultKinWin 1.2.2 (Allmendinger, 2001).  (e) Fibrous veins (great circles) and measured fibre 
direction shown in red.  Planes shown in black show orientations of measured fibrous veins and an apparent 
fibre direction was measured however a true fibre direction was calculated (Figure 5.27a-c) and; (f) poles to 
all veins measured in the FBZ.

Figure 5.26.  L2 mineral elongation lineation within the ECVs in the FBZ shown by dashed white line.  Photo 
looking SE.
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Figure 5.27.  (Previous page) (a) Fibrous veins and measured fibre direction shown in red.  Planes shown in 
black show orientations of measured fibrous veins and an apparent fibre direction was measured however a 
true fibre direction was calculated; (b) apparent lineation construction method and; (c) calculated extension 
directions for fibrous quartz veins.

Locality 1

This locality is in the southwest end of the mapping area labelled locality 1 (Fig-

ure 5.24).  Here ECVs are conformably (?) overlain by the Myally Subgroup, however 

there is a highly hematitically altered shale unit that hosts the fault (Figure 5.2�a).  Bed-

ding and cleavage are subparallel to one another (Figure 5.2�bi, ii).

The exposed length of the section of fault fill is approximately 25 m and varies 

from 1 – 4 m in width.  Fault fill comprises metre-scale massive quartz, smaller massive 

quartz veins, “sheeted” brecciated quartz veins, and fibrous quartz veins, and brecciated 

quartz veins.  The massive quartz dominates much of the infill exposed along this seg-

ment of the fault.  The smaller massive quartz veins comprise white fine grained “mas-

sive” quartz (Figure 5.2�c & d).  These veins are generally 1 cm wide and up to 15 cm 

long.  They are relatively shallow dipping structures within a subvertical fault segment.  

Brecciated quartz veins are 1 – 2 cm wide and range in length from 5 cm to 20 cm (Fig-

ure 5.2�c).  They mostly comprise fine grained brecciated quartz.  The brecciated quartz 

veins have a “sheet” like appearance.  Fibrous quartz veins are typically 2 – 5 cm wide 

and range in length from 5 cm to ≤1.2 m (Figure 5.28c & d).  Quartz fibres typically grow 

along the length of the vein.  Brecciated quartz veins comprise fragments of fault infill.  

These veins are up to 10 cm wide and approximately 30 cm long.  Clasts within the brec-

ciated quartz veins are 5 – 10 cm in size and are angular and form �0-100% of the vein 

with microcrystalline brown quartz forming the matrix (Figure 5.2�d).
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It is apparent from Figure 5.2�c & d that the massive quartz comprising much 

of the exposed fault segment is overprinted by brecciated quartz veins that have been 

overprinted by flat lying massive quartz veins.  Fibrous vein growth has overprinted both 

the brecciated and flat quartz veins (Figure 5.2�c & d).

The brecciated quartz veins appear to be tensile in nature, based on their geom-

etry and composition.  This implies high pore fluid pressures, low σ3 and low differential 

stresses at the time of their formation.  It is likely that σ1 was oriented subparallel to the 

vein with σ3 at right angles to the veins.  Sigma 1 was approximately SE – NW while σ3 

was likely NE – SW.  The massive quartz veins could be inferred to be tensile or exten-

sional shear veins.  This is an inference as there are no reliable kinematic indicators on 

them.  Fibres in the fibrous quartz veins typically grow at right angles to the vein walls 

and yield moderately to steeply plunging extension directions towards the west and NW.  

This is inferred from the Figure 5.2�c & d.

Figure 5.2�.  Overleaf (a) Geological map of locality 1 showing ECVs in contact (faulted contact?) with a vari-
ably hematite altered shale.  This shale hosts the expression of a NE trending fault of the MGFZ that mostly 
comprises massive quartz and is variably brecciated throughout.  All stereonets are lower hemisphere equal 
area projections.  (b) i) orientation of bedding which is subparallel to bedding in Figure 5.25a, (ii) foliation 
typically trends towards the NNE with a steep NW dip subparallel to bedding with a subsidiary ENE trend, 
(iii) fractures that occur within the fault itself at approximately at right angles to the fault strike SE with a steep 
SW dip.  (c) Field sketch (side view) (i) and photograph (ii) looking towards the SE of different kinds of fault 
fill within this fault.  Fault fill comprises steeply dipping breccia veins that are cross-cut by massive quartz 
veins which in turn are cross-cut by fibrous quartz veins sown by inset with A → B → C → D, (iii) breccia 
veins (A) trend toward the NW and are steeply dipping, (iv) massive quartz veins (B) also trend towards the 
NW but have shallower dip, (v) while fibrous veins trend towards the N, NE, and ENE wit variable dips.  (d) 
Field sketch (side view) (i) and (ii) photograph of variable fault fill along the fault where massive quartz (A) 
comprises much of the fault fill in this location is cut by steeply dipping breccia veins (B) which are in turn cut 
by a shallower dipping set of breccia veins (C) that are cut by fibrous quartz veins (D) that are cut by mas-
sive quartz veins (E), (iii) steep and shallow dipping breccia vein sets, (iv) moderately dipping NNE trending 
fibrous quartz veins, and (v) steeply dipping northerly trending massive quartz veins.
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Locality 2

Locality 2 is approximately 300 m north of locality 1, and comprises a N to NNE 

trending fault segment with mostly massive quartz infill.  The fault segment is approxi-

mately 2.2 m high and 6 m long in one segment and 9 m long on the northern segment 

(Figure 5.29b and c).  The fault segment is cross-cut by massive quartz veins that are 

30 cm long and 2 cm wide.  Chlorite breccia veins also cross-cut the main fault segment.  

The chlorite breccia veins are 10 cm long and ≤1 cm wide.

There are several discrete slip surfaces showing dip-slip slickenfibres with pre-

dominantly west side up movement (Figure 5.29).  In order to obtain a reduced stress 

tensor, fault slip data was inverted using SLICK.BAS from Ramsay and Lisle (2000) (see 

Chapter 2 for an explanation).  For dominant west side up motion along the fault, σ1 is 

oriented (51→067), σ2 (18→181), and σ3 (33→283) with a Φ of 0.3 (Figure 5.29d).  This 

stress field is most compatible with late D3 (Figure 4.5).
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Figure 5.29.  (a) Geological map of Locality 2 showing trace of exposed fault and associated minor struc-
tures along the fault as well as structures within the fault itself; (b) photo showing penetrative quartz fibre 
lineation throughout the fault; (c) looking north along fault; (d) stress inversion using SLICK.BAS (Ramsay 
and Lisle, 2000) (see Ch. 5 for explanation) and; (e) lower hemisphere equal area stereonet showing trends 
of fault in blue and fabrics within the fault in black.  Also shown is the horizontal projection of σ1 calculated 
from SLICK.BAS (see Chapter 2).
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Locality 2 comprises massive quartz which has been cross-cut by massive quartz 

veins.  Fault-slip data indicate that σ1 was oriented NE during late D3 deformation (Figure 

4.5).  This fault may have formed in tension with low cohesion or it is older and the cohe-

sion has changed through time along this structure (see section 4.6.1).

Locality 3

Locality 3 is approximately 400 m north of locality 3.  Here the ECVs are overlain 

by the Myally Subgroup quartzites with steeply dipping bedding typically trending NNE 

(Figure 5.30a and b).  Two types of fault expression occur here, a ductile fault with an 

intensely sheared fabric that is penetrative along much of its length and appears to be 

subparallel to the regional cleavage (Figure 5.30a & b, Figure 5.25b).  A massive quartz 

vein is subparallel to this ductile fabric.  A second type of fault expression, almost or-

thogonal to the ductile fabric, is a series of massive and brecciated quartz veins.  These 

veins trend SE and are steeply dipping, typically 1-3 m wide, and range in length from 

5 – 45 m (Figure 5.30a).  Vein infill comprises brecciated massive quartz with angular 

clasts ranging in size from 1 – 5 cm.  These clasts lie within a fine grained brown quartz 

matrix (Figure 5.31a, b, and c).  Figure 5.30 also shows a lower hemisphere equal area 

stereonet where steeply dipping fibrous quartz veins (blue) are plotted and occur orthog-

onal to local bedding.  These veins appear to be purely extensional with a subhorizontal 

SW trending extension direction.  Sigma 1 is inferred to be subparallel to veins, oriented 

approximately ESE.

Several of the more massive quartz veins are cross-cut by fibrous quartz veins 

and chlorite breccia veins (Figure 5.31 d and e).  Late stage hematite stained fractures 

cross-cut the larger major vein sets (Figure 5.30) as shown by the grey coloured great 
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circles on lower hemisphere equal area stereonets in Figure 5.30.

Faults and veins in this location belong to different aged faults relative to the 

younging analysis.  The ENE trending ductile shear zone appears to be a late D3 fault 

that did not strongly reactivate during D4 (Chapter 4, Chapter 7, and Figure 4.�).  How-

ever, this ductile shear zone is cross-cut by a series of D4 aged tensile veins that were 

likely to have had high pore fluid pressures at the time of their formation.

Figure 5.30.  (Overleaf).  (a) Geological map of the Locality 3 showing ECVs overlain by Myally Subgroup 
which is cross-cut by a ductile fault cut by several brecciated quartz veins.  Lower hemisphere equal area 
stereonets shown next to veins with red great circles are the orientation of vein margins, grey great circles 
are fractures within the veins and blue great circles are fibrous quartz veins; (b), (c), and (d) are lower 
hemisphere equal area stereonets showing the orientation of bedding, cleavage, and fibrous quartz veins 
respectively.
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Figure 5.31.  Photos of fault fill at Locality 3, FBZ.  (a) Photo looking southwest of brecciated fault fill, note 
hammer for scale; (b) and (c) close up of fault fill comprising white angular brecciated (jigsaw) clasts of mas-
sive quartz surrounded in a fine grained matrix of brown microcrystalline quartz.  (d)  Subhorizontal fibrous 
quartz vein with subvertical fibres overprinted by massive quartz and; (e) chlorite-breccia vein cross-cut by 
subvertical quartz fibrous vein which is in turn overprinted by massive quartz.
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Paragenesis of the Fort Binder Fault Zone (FBZ)

Samples collected from the FBZ for petrographic study were FB 3, FB 4, FB 5 

FB �, FB 10, and FB 11.  Samples FB 3, FB 4, FB 5, FB 10, and F 11 come from locality 

1 (Figure 5.2�) while FB � is from locality 3.  FB 3 comprises fine grained quartz veins 

overprinted by coarser grained quartz veins.  Fibrous quartz veins have been overprinted 

by late stage euhedral medium – coarse grained quartz occurring within cavity infills (Fig-

ure 5.32a).  FB 4 comprises brecciated coarse grained angular quartz fragments within 

a hematitic matrix while FB 5 comprises fibrous quartz veins that overprint finer grained 

subhedral quartz (Figure 5.32 b and c).  FB � shows a fine grained quartz vein overprint-

ing coarser grained quartz from locality 4 (Figure 5.32).  FB10 shows coarse grained 

euhedral quartz and fibrous quartz veins cross-cut by stylolites while FB 11 shows a foli-

ated cataclasite cross-cut by a quartz vein (Figure 5.32e and f).

Figure 5.32.  (Overleaf) Paragenetic plots for the Fort Binder Fault Zone (FBZ).  (a) Fibrous quartz cross-cut-
ting Q2a, Q2, and Q1.  Photomicrograph in cross-polarised light of Q2 and Qfb cross-cut by a late hematitic 
fracture, field of view is 1.15 mm.  (b) Q2 fragments that have been overprinted by Q1 and have been brec-
ciated and cut by hematite fractures.  Photomicrograph shows Q2 fragments in a hematite vein in plane 
polarised light, field of view is 4.6 mm.  (c) Coeval Q2 and Q1 cross-cut by fibrous quartz veins that have 
overprinted by Q3 and cut by chlorite rich fractures (Figure 5.31e).  Photomicrograph of Q1, Q2 and Qfb in 
cross-polarised light, field of view is 4.6 mm.  (d) Q1 veinlet cross-cutting Q2 and Q3.  Photomicrograph in 
cross-polarised light, field of view is 4.6 mm.  (e) Q2 cross-cutting Qfb cross-cut by stylolites.  Both photomi-
crographs are in cross-polarised light and field of view is 4.6 mm.  (f) Recrystallised quartz fibres cross-cut 
by Qfb and Q2.  Photomicrograph is in cross-polarised light, field of view is 4.6 mm.
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Summary

The overall evolution from NE-trending vein fill with abundant fibrous veins, to 

WNW-trending tensile veins with massive and brecciated quartz, suggests a major 

change in the stress field operating in this zone, best demonstrated by the relationships 

at Locality 3.  Furthermore, the presence of the WNW-trending tensile veins requires a 

relatively low differential stress and a high fluid pressure at this time, with s1 oriented ap-

proximately horizontally at ~ 110° and s3 at ~ 020°, i.e. regional D4 (Chapter 4).  That new 

veins have formed in this orientation, rather than reactivation of the existing NE-trending 

fault, suggests the NE-trending fault developed high cohesion prior to the shift to the D4 

stress field (see Chapter 7).

5.6 Investigator Fault Zone (IFZ)

* A brief description of the Investigator Fault Zone is provided here.  The IFZ is 

addressed in more detail in Chapter 6.  Ideas contained within this section were co-de-

veloped and written with Damien Keys (PhD awarded 2009) and is used with his per-

mission.  G.S.N collected all field data on successive field excursions.  G.S.N produced 

geological maps and photographs while D. Keys gathered regional exploration data.

The Investigator area covers a complex north-trending package of Haslingden 

Group and McNamara Group strata within the Mount Gordon Fault Zone, strongly faulted 

by the north- to NNE-trending Mount Gordon Fault, Esperanza Fault and related splays 

(Figure 5.33).

The Investigator Fault Zone comprises three main east-west striking faults; the 

South Investigator Fault, Mid Investigator Fault and North Investigator Fault.  These 
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faults merge into one in the east of the field area (Figure 5.33).

The Investigator faults terminate to the west on the N-S to NNE-SSW striking 

Stockyard Creek Fault and the Esperanza Fault.  The Esperanza Fault and related splays 

cut a north-trending syncline of lower McNamara Group strata, cored by the Esperanza 

Formation.  These faults form part of the greater Mt Gordon Fault Zone and continue 

through to Mt Gordon in the north (Figure 5.33).  Another NNE-SSW splay of these fault 

zones, the Prospect Fault, terminates on the South Investigator Fault (Figure 5.2).

Stratigraphically it is similar to the Mt Gordon Mines area, in that the Bigie For-

mation, Fiery Creek Volcanics and Quilalar Formation are not exposed in the area. Un-

like Mt Gordon, the Surprise Creek Formation is not present in the Investigator area, 

so the Torpedo Creek Quartzite (basal McNamara Group) rests with a slight angular 

unconformity on the Whitworth Quartzite (upper Myally Subgroup) (Figure 5.33).  In the 

northeast of the Investigator area, the east-trending Investigator Fault juxtaposes the 

lower McNamara Group and Myally Subgroup (to the south) against the ECV and Myally 

Subgroup (to the north).  The 100,000 scale Mammoth Mines Sheet (Hutton et al., 19�5) 

shows that the Investigator Fault terminates just east of the Esperanza Fault.  However, 

unpublished detailed mapping by Anaconda (19�3) shows that the Investigator Fault 

swings sharply southward to become a north-trending fault lying parallel to, and a few 

hundred metres east of, the Esperanza Fault (Eggers, 19�3).  

Aeromagnetic images show a sliver of ECV extending northwards immediately 

west of the Esperanza Fault.  The images also show other bodies of ECV at shallow 

depth beneath Myally Subgroup within the Eastern Creek EPMA (Maiden, 1999).
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5.6.1 Exploration History

Exploration at Investigator has previously targeted Mt Isa-style, black shale-host-

ed, silica-dolomite alteration type copper deposits.  For this reason the bulk of the his-

torical drilling has been within the Paradise Creek Formation near the Stockyard Creek 

Fault (Figure 5.33).

During 1969-74, Carpentaria Exploration Company drilled five diamond holes 

(total 1105 m) to test the Prospect Fault, south of the South Investigator Fault. Holes 

intersected minor copper close to the fault plane - up to 0.3% Cu in Hole #1 and 0.64% 

Cu in Hole #3.  Rock descriptions in the drill logs identify silica-dolomite alteration associ-

ated with the mineralisation.  This alteration and mineralisation was not followed up with 

further drilling.  Four-hundred and fifty-two rock chip samples were reported on, however 

the report is in poor condition and results were unable to be plotted.

During 19�0-�2, Anaconda carried out detailed mapping between the Investiga-

tor and Bluff prospect (5 km to the south of the Investigator Prospect).  The Bluff prospect 

contains a small resource of 75,000 t at 0.9% Cu, hosted by sheared and brecciated 

Whitworth Quartzite of the Myally Subgroup, in fault contact with the Paradise Creek 

Formation.  With this in mind, Anaconda drill tested the Whitworth – Paradise Creek 

contact in the south of the Investigator Area.  Four diamond holes (total 2661 m) and 14 

percussion drilling (total 1 974 m) intersected up to 0.15% Cu and up to 0.1�% Co near 

the Investigator Prospect.  Minor chalcopyrite was present in quartz-carbonate veinlets 

and disseminated in siltstone.
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Paragenesis of the IFZ

Figure 5.33 shows samples used for petrographic analysis for the Investigator 

Fault Zone.  Figure 5.34 shows the sample paragenetic sequence and photomicro-

graphs.  Sample INV 3 shows a fault breccia along the IFZ.  Note jigsaw-fit style clasts 

of quartzite within a fine grained hematitic matrix (Figure 5.34a).  All other samples from 

the IFZ show different fault breccias comprising angular fragments of massive quartz in 

a brown hematite-quartz matrix, that have been overprinted by stylolites (Figure 5.34, c, 

d, and e).
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Figure 5.34.  Paragenetic sequence plots of the Investigator Fault Zone.  (a)i) Photomicrographs of fault 
breccia (cataclasite) with a field of view of 4.6 mm and (ii) close up of fault breccia with field of view 2.4 mm 
in plane polarised light.  (b) Q1 vein cross-cutting Q2 and photomicrograph is in cross-polarised light, field of 
view 4.6 mm.  (c) Contact of Whitworth Quartzite and fault fill (Q2), photomicrograph in cross-polarised light 
with a field of view of 4.6 mm.  (d) Cataclasite cross-cutting Q2, photomicrograph is in plane polarised light, 
field of view is 4.6 mm.  (e) Stylolites cross-cut Q3, Q2a and Q2.  Photomicrograph shows Q3 cross-cutting 
Q2 in cross-polarised light and field of view is 2.4 mm.
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Summary

The Investigator Fault Zone comprises different types of fault fill and likely relate 

to reactivation during a D4 deformation event (see Chapter 7).

5.7 Summary

While most faults show some evidence of strike slip displacements, some faults pre-

serve elements of earlier dip- or oblique-slip movement.  In several locations evi-

dence from map relationships and observations of quartz infill reflect multiple orienta-

tions of the controlling stress field, most consistent with partial reactivation of the fault 

array at different times.  In particular, stratigraphic relationships across the Mammoth 

Extended and Investigator Faults require a dip-slip component, most likely normal 

growth faulting, during basin formation, but all of the observed meso-scale features 

of the fault are consistent with strike-slip movement.

There is uncertainty in the timing of Cu mineralization relative to differently oriented 

faults.  Numerous workers have advocated that different stress fields were responsi-

ble for mineralization at Mammoth.  For example Askew, 1992 proposed ENE-WSW 

compression during a D3 mineralizing event.  ERA Maptec (1994) proposed late N-S 

extension (D3) along Mammoth and Mammoth Extended Faults, prior to late move-

ments on the Portal Fault while σ1 was thought to plunge steeply to the south (~60°) 

(Anonymous, 1994).  Northeast – southwest transpression during D4 was proposed 

by Connors (1997).  Overprinting or reactivation on pre-existing faults makes it diffi-

cult to determine whether the original fault, and/or its subsequent reactivation, mobi-

lized or remobilized copper, and this chapter aimed to describe several key localities 

with a view to determining the history of veining and inferred reactivation evolution 

•

•
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on representative fault types.

The faults mapped in this study all have different relative ages according to the 

younging analysis, and field relationships also indicate that some have a protracted 

history.  The Wedgetail Fault is a late D3 fault along with the Esperanza South Fault 

which hosts mineralization (Chapter 4).  The Tailings Dam Fault is a mid-aged D3 

fault where the orientation of the major principal compressive stress appears to be 

consistent between field data and the younging analysis (Chapter 4).  The Mammoth 

Extended Fault is also a mid to late aged D3 fault.  Faults within the Fort Binder Fault 

zone are mid to late D3 in age while tensile veins at Fort Binder are D4 in age.  Faults 

within the Investigator Fault Zone are early and late D3 in age.

Part of this chapter aimed to resolve whether or not multiple generations of quartz 

are a reflection of changes in the orientation of the stress field or whether they reflect 

complexity during specific faulting events.  Evidence for this is variable throughout 

the study area.  At the Wedgetail Fault it appears that there has been a single cata-

clastic event.  However at the Fort Binder Fault zone there is evidence for multiple 

generations of quartz recrystallization reflecting different orientations of the far field 

stresses during successive faulting events.

It appears that faults of different relative age have different types of fault infill associ-

ated with them.  D3 aged faults (e.g. Fort Binder Fault zone) have fibres overprinting 

multiple generations of brecciate and massive quartz veins.  Faults that are D4 in age 

(e.g. Mammoth Extended Fault) typically comprise cataclasites and brecciation with 

late stage jigsaw brecciation and massive quartz overprints.

•

•

•
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These features indicate that there have been several changes in orientation of the 

major principal compressive stress at selected localities.  At some localities there is 

evidence suggesting high pore fluid pressures were present at the time of faulting 

while at other locations there is evidence to suggest that in some faults had a high 

cohesion at the time of faulting and show no evidence for reactivation. 

•



CHAPTER 6

Regional Prospectivity Analysis &
Discrete Element Modelling
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6.1 Overview

Work in this Chapter was undertaken collaboratively with Damien Keys (PhD 

awarded 2009).  His contributions are stated where appropriate.

This Chapter uses a range of tools designed to assess copper prospectivity on 

the Mount Gordon Fault Zone array.  Complex fault arrays are not always fully amena-

ble to stress inversion techniques and binary chronological techniques, for the reasons 

discussed in Chapters 2 and 4.  The aim of this section is to evaluate the usefulness 

of other quantitative and semi-quantitative approaches to aid mineral exploration in the 

region and to test results from these earlier chapters.  Firstly, slip tendency analysis is 

applied to all faults within the region to assess the potential for fault reactivation.  This is 

followed by a simple yet effective prospectivity analysis to the study area.  The prospec-

tivity analysis considers fault architecture and orientation, fault intersections, proximity to 

source rocks and fluids, and far-field tectonic stresses.  Following the prospectivity anal-

ysis, 2-dimensional Universal Discrete Element Modelling (UDEC) is applied to certain 

parts of the study area.  The aim of this analysis is to utilize and test the D4 stress field 

and other stress fields, in combination with fairly comprehensive mechanical properties 

of faults, fluids and rocks to computationally simulate the location of zones of anomalous 

stress and fluid pressures that may correlate with potentially undiscovered mineraliza-

tion.  An overview of the method and background is provided followed by a description 

of the model geometry, properties and assumptions.  Model results are presented and 

discussed.

6.2 Slip Tendency Analyses

For a detailed description of the slip tendency method, see Chapter 2.  A brief 
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overview is provided here for the reader.  Slip tendency (Ts) is defined as the ratio of 

shear stress (τ) to normal stress (σn) on a fault plane for a given stress state (Morris et 

al., 1996; Lisle and Srivastava, 2004).  It is defined as Ts = τ/σn which is normalised by 

its maximum value so that T’s = τ/ (σn*tanθ) where θ is the angle of internal friction given 

by the frictional sliding law, where τ = σn*tanθ, and where the coefficient of friction (μ) is 

defined by μ = tanθ (Morris et al., 1996; Lisle and Srivastava, 2004).

Slip tendency is a 3D method, independent of pore fluid pressure and cohesion 

and other fault properties, dependant largely on the relative values of the stress ratio (Φ) 

and the orientation of the principle stresses. It can be thought of as the angle of internal 

friction required for fault reactivation (Morris et al., 1996; Lisle and Srivastava, 2004).  In 

this study slip tendency analysis was applied to the entire area (i.e. assessing all fault 

orientations), but is not likely to account for the stress complications at fault intersections.  

Table 6.1 shows the variables applied to all faults in the study area.  The stress field 

orientation chosen is the D4 stress field (Chapter 4 and section 6.4).  As slip tendency 

approaches its maximum value (1) it means that faults are more likely to slip under the 

prescribed stress field (Table 6.1).

Table 6.1.  Variables applied in slip tendency analysis.  The orientation of the stress field is expressed as a 
bearing and plunge (e.g. 12→112), Φ is the relative values of stress ratio.  For Φ = 0.1 σ1 > σ2 ≈ σ3, for Φ = 
0.5 σ1 > σ2 > σ3, and for Φ = 0.9 σ3 < σ2 ≈ σ1.  

In this analysis, faults were assumed to be vertical, and most are indeed sub-

vertical (Chapter 5).  Figure 6.1, Figure 6.2, and Figure 6.3 show plots of slip tendency 

(section 2.7.2) applied to the study area.  Also plotted are the corresponding classified 

rose diagrams.  The rose diagrams were classified according to values of slip tendency 

1 2 3 °
12→112 71→244 15→025 0.1, 0.5, 0.9 30
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with values between 0 – 0.4 unlikely to slip, 0.4 – 0.� may slip, and 0.� – 1 will slip.  It is 

apparent from Figure 6.1, Figure 6.2, and Figure 6.3 that NNE (±N-S) faults are poorly 

oriented for slip while ENE and SE trending faults are optimally oriented for slip.

Figure 6.1.  (Overleaf)  Slip tendency plot of Φ = 0.1, where σ1 > σ2 ≈ σ3.  Red areas indicate where faults 
may slip.  Note however that the kriging method used by the plotting program provided values in areas where 
there were no faults, so please ignore regions where there are no faults e.g. central southern part of map.    
White stars show known deposits and prospects (MM = Mammoth Mines, INV = Investigator, BLF = Bluff, 
and FBZ = Fort Binder Fault Zone).  This value of Φ = 0.1 produces a fairly poor correlation between areas 
of high slip tendency and known mineralization.  Map projection AGD ’�4, zone 54.  Inset shows a classified 
rose diagram of faults with blue faults in a poor orientation to slip and red faults being in optimal orientation 
for slip, plotted using GeoOrient 9.4.3 (Holcombe, 2009).
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Figure 6.2.  Slip tendency plot of Φ = 0.5, where σ1 > σ2 > σ3.  Other symbols and patterns same as for Figure 
6.1, including the kriging problem for areas of no faults.
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Figure 6.3.  (Previous page)  Slip tendency plot of Φ = 0.9, where σ3 < σ2 = σ1.  Other variables and symbols 
as for Figures 6.1 and 6.2. 
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While slip tendency does not take into account fault intersections the observation 

that ENE trending faults and NNE (±N-S) faults are in optimal and non-optimal orienta-

tion for slip under an applied D4 confirms observations made in Chapter 4.  This has 

exploration implications because slip tendency analyses could be used to target fault 

intersections and certain orientations of faults.

When evaluated objectively the results are not at all impressive but deposits and 

prospects seem to be localised along gradients between high and low values of slip 

tendency.  These vague and negative (?) results justify further prospectivity and discrete 

element modelling techniques to be undertaken.

6.3 Regional Prospectivity Analysis

The previous section demonstrates that orientation alone does not give a particu-

larly good match with known deposits even if the possible variation in Φ is incorporated.  

Prospectivity analyses are potentially more useful in that they consider a wider range 

of variables, and are easy and quick to construct, potentially aiding explorationists in 

targeting and successful exploration of mineral deposits.  This section provides a brief 

overview of prospectivity analyses in the Mt Isa Inlier followed by the prospectivity analy-

sis undertaken in this study (section 6.2.1).  There are many different approaches to this 

type of analysis, for example weights of evidence (GIS), fractal analysis, and integration 

of geophysical variables.  Prospectivity analyses generally aim to test to the spatial re-

lationship of mineralization to a range of potential geological controls on mineralization.  

For example, if exploring for intrusion related gold then proximity to granites may be an 

important factor in controlling the locus on mineralization. 
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Prospectivity analyses in the Mt Isa inlier have mostly been undertaken within 

the Eastern Fold Belt (Mustard et al., 2005), although Feltrin (200�) conducted a re-

gional analysis north of the study area looking for Pb-Zn mineralization, in the Lawn Hill 

Platform around Century deposit (Feltrin, 200�).  Mustard et al. (2005) assessed the 

relative importance of variables such as hostrock, stream sediment geochemistry, faults, 

geophysics (magnetics and gravity), and proximity to mafic and felsic intrusions, against 

a training data comprising 567 Cu occurrences within the EFB.  Mustard et al. (2005) 

found that proximity to Cu-Au in stream sediment geochemistry was the most important 

variable for Iron-Oxide-Copper-Gold (IOCG) mineralization within the EFB.  This was 

closely followed by proximity to the Corella Formation-Soldiers Cap Group contact, aero-

magnetic highs, fault bends and so on.  Their work also found that ESE-WNW shortening 

(D4) shortening was the likely orientation of the far-field tectonic stress responsible for Cu 

mineralization (Mustard et al., 2005).

In the WFB, there has not been a detailed study of prospectivity analyses for 

copper.  Ford and Blenkinsop (2007) showed that there is a strong correlation between 

fault bends and fault intersections with known copper mineralization within the WFB and 

the EFB (Ford and Blenkinsop, 2007).  Their approach mostly concerned fractal analysis 

techniques that were not employed here.

6.3.1 Prospectivity in the Mammoth Mines Region

Here a simple technique that assesses different variables relating to Cu minerali-

zation within the study area is presented.  The prospectivity analysis asks simple ques-

tions and answers are weighted accordingly where regions with a high rank are the most 

prospective and areas with a low rank are the least prospective.  The procedure was 
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modified from unpublished JCU-EGRU short course training notes to masters students 

provided by Dr Andrew Allibone in 2001-2.

Prospectivity Analysis Assumptions

Here the assumptions and weighting factors are presented.  The analysis initially 

assumes a range of relative importance for particular variables, as discussed below, and 

then these relative importances are varied to test for goodness of fit to known deposits 

and prospects.  Fault segments were assigned cumulative prospectivity numbers, and 

the segments were the same as those used in Chapter 4, although fault intersections 

were also assigned numbers (typically 3 numbers surrounding the intersection of two 

faults).  The initial parameters and assumptions chosen and their relative weightings 

were:

1. There has been a uniform fluid source responsible for Cu mineralization 

and in this case it is likely to be the ECVs, commonly regarded as a source for copper at 

Mt Isa (Scott and Taylor, 1977; Scott and Taylor, 19�2; Heinrich et al., 1991; Heinrich et 

al., 1995; Gregory et al., 200�).  Anecdotal statements from explorers in the MGFZ area 

favoured ECV proximity (Ken Maiden and Steve Oxenburgh, pers. comm., 2005-6).  A 

value of 2 was assigned if a fault was directly connected to (cut) the ECVs, 1 if not.

2. Using map patterns, fault connectivity is then considered, by applying 

elements of percolation theory (e.g. Cox, 1999) in which differently arranged faults have 

different importance depending on their degree of connectivity to a master fault (Figure 

6.4, Table 6.2, and Table 6.3).  The Mount Gordon Fault itself can be regarded as a 

‘spine’ or ‘backbone’ in which it is inferred that master faults constrain the bulk of the 
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fluid flow due to their greater depth and length penetration (Figure 6.4).  A connectivity 

score of 1 to 4 was assigned, based on how well connected a particular fault was to the 

Mount Gordon Fault or similarly large spine structures.  A rating of 3 would be the large 

faults themselves, 4 would be dangling faults immediately connected to the spine, and 1 

would be a fault that was isolated from any other fault in map view.  Orientation is partly 

incorporated in this connectivity appraisal even though it is also treated separately (be-

low), because the connectivity is potentially lowered if a particular fault is connected to 

the spine only by an intermediary fault that is oriented at a very high angle to the applied 

maximum compressive stress.  Likewise the connectivity and potential for mineralization 

is maximized, not along the master fault (which might be failing in compressional shear), 

but within fault zones immediately connected to the spine and in a tensile orientation. 

This degree of parameter dependence is not statistically desirable but has some basis in 

percolation theory, so is used here. 

Figure 6.4.  Percolation theory approach as it pertains to a fault network (Cox, 1999; Cox, 1999).  There is a 
backbone (master) fault that is connected to dangling faults and isolated faults occur by themselves (Table 
6.2).
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Table 6.2.  Description of fault characteristics for percolation theory approach (Cox and Knackstedt, 1999) as 
applied to this prospectivity analysis (Figure 6.4).  Weighting factors are also given in the far right column.

Fault Characteristic Description/ Comments Rating

Isolated 1

2

3

3

4

Connected, distal, poor orientation
of connecting fault

Spine, master fault

Connected, proximal, good orientation
of connecting faults

Connected, distal, good orientation
of connecting fault

3. Mohr – Coulomb failure is assumed, and the D4 stress field is used,  where 

faults form at ~30° to σ1 and the orientation of σ1 is approximately 112° (Chapters 4 and 

5).  Fault orientation is weighted out of 5, where if the fault is optimal oriented for failure in 

tension then it is given the highest rating (5/5), if oriented for shear (3/5) and if in lock-up 

orientation it is weighted (0/5).  Note that this assumption may ‘unfairly penalise’ poorly 

oriented faults, which may potentially be good fluid flow conduits or mineralization sites 

if fluid pressures are forced upwards and reactivation occurs (Chapters 4 and 5).

4. Fault intersections are considered and fault segments were assessed as 

bring proximal or not proximal to an intersection.  Fault intersections are likely to be 

particularly permeable vertical conduits in a strike slip array (e.g. Sibson 19�6) and are 

weighted out of 2, where 2/2 there is a fault intersection and 0/2 no fault intersection 

(Table 6.3).
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Table 6.3.  Example of final data table obtained from prospectivity analysis.  This is the data used to produce 
contoured prospectivity plots, A. Allibone pers comm., 2005.  The relative importance of the different factors 
was initially somewhat arbitrary, for example, there was no clear basis for deciding upon the relative impor-
tance of fault intersections versus fault orientation in the first analysis. Subsequent sensitivity testing refined 
the relative weightings (see below).

Easting Northing Connectivity
(/4)

Orientation
(/5)

Fault
Int.
(/2)

Connected to
ECV’s (/2)

TOTAL
(/13)

324550 7795320 3/4 5/5 2/2 2/2 12/13

The prospectivity analysis output provides a visual output of the different geologi-

cal variables being analysed with respect to Cu mineralization.  These outputs should be 

taken into the field and field validated/ checked for anomalies (Figure 6.5).

There is a poor correlation between known prospects and areas of higher pro-

spectivity (Figure 6.5).  The Mammoth Mines deposits do not correlate well, most likely 

because the deposit sits at the intersection between an ENE trending and a N-S fault 

(Chapter 4) and these faults are not optimally oriented for shear or tensile failure. A 

similar poor result was found when using the slip tendency analysis.  The Investigator 

Fault Zone is prospective but not at the Investigator Prospect because it also sits at the 

intersection of non-optimally oriented faults.  The northern extremities of the IFZ are 

highlighted and should be explored and field validated (Figure 6.5).

The fault network at the FBZ is also moderately prospective as well as the faults 

at Bluff and south of Bluff.  These faults are all in an optimal orientation and are con-

nected to source rocks and a master fault (Figure 6.5).

The area marked “validate” on Figure 6.5 is an example of where a prospectiv-

ity styled approach can be misleading because while the fault appears to have the right 
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characteristics it is mostly hosted within ECV’s and therefore may not host economic 

grades of mineralization given Mammoth Cu deposit is hosted in quartzites.

Validate

MM

IFZ

FBZ

BLF
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Figure 6.5.  (Previous page) Prospectivity output from the initial prospectivity analysis.  Red areas indicate 
areas of high prospectivity while blue areas indicate zones of low (decreased) prospectivity.  Known pros-
pects are shown in white stars.  Plotted in MapInfo Professional version 9.5.  Map projection AGD’1966, 
zone 54.  MM = Mammoth Mines, IFZ = Investigator Fault Zone, and FBZ = Fort Binder Fault Zone.

6.3.2 Fault Intersections

Fault intersections appear to be important not only from a fault activation per-

spective but also a mineralization perspective (Chapters 4 & 7).  To test this concept in 

the prospectivity analysis, the intersection parameter was given a potential maximum 

value of 4, putting it on equal footing with connectivity and orientation. If an intersection 

was present, 4 was assigned; if absent, 0.  The parameter of connectivity to the ECVs 

was also omitted as it is not particularly clear that the locally exposed ECVs provided 

copper to the exposed fault system.  The result is shown in Figure 6.6).

By increasing the importance of fault intersections relative to fault orientation and 

connectivity, there appears to be a better visual correlation between known mineraliza-

tion e.g. Mammoth Mines (MM) and predicted zones of mineralization (Figure 6.6).  It 

has already been established that fault intersections are important from a mineralization 

perspective (Chapter 4).  By changing the rating scale of fault intersections more areas 

of increased prospectivity appear, while some are enhanced.  Approximately 6 km due 

SE of the FBZ there are a series of E-W trending faults that intersect N-S trending faults 

whose prospectivity is enhanced because of the extra importance placed on fault inter-

sections.  Immediately north of Mammoth Mines, an area that shows poor prospectivity 

in Figure 6.5 is now increased because of several fault intersections that occur within the 

area (Figure 6.6).
Figure 6.6.  (Overleaf)  Prospectivity output from the second prospectivity analysis.  Red areas indicate 
areas of high prospectivity while blue areas indicate zones of low (decreased) prospectivity.  In this output 
fault intersections were assigned greater weighting (4 = intersection and 0 = no intersection) and connectiv-
ity to ECVs was omitted as a parameter.  Known prospects are shown in white stars.  Plotted in MapInfo 
Professional version 9.5.  Map projection AGD’1966, zone 54.  MM = Mammoth Mines, IFZ = Investigator 
Fault Zone, and FBZ = Fort Binder Fault Zone.
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6.3.3 Fault Connectivity

In Figure 6.7 connectivity ratings were changed so that connected, but distal and 

well oriented faults were changed from 3 to a rating of 2 (Table 6.2).  By decreasing the 

importance of fault connectivity similar prospective areas are highlighted but are not as 

well defined as in Figure 6.6.  Known mineralization appears to be on gradients between 

areas of high prospectivity (red) and areas of low prospectivity (blue) (Figure 6.7).  For 

example at Mammoth Mines and Investigator deposits and prospects are localised along 

these gradients.  The coincidence of mineralization occurring along gradients may be 

1) an artefact of contouring, 2) that fault connectivity is overemphasized in the original 

analysis (Figure 6.5), or 3) that there is a mechanical and/or pore pressure reason for the 

occurrence along gradients (see Chapter 7).  Figure 6.7 appears to be a somewhat more 

conservative output than Figure 6.5 and Figure 6.6 in the sense that areas of enhanced 

prospectivity in Figure 6.5 and Figure 6.6 are lessened.  It is thus not clear whether the 

lowering of the connectivity parameter is well justified.

Figure 6.7.  (Overleaf) Prospectivity output from the third prospectivity analysis.  Red areas indicate areas 
of high prospectivity while blue areas indicate zones of low (decreased) prospectivity.  In this output fault 
intersections were assigned greater weighting (4 = intersection and 0 = no intersection) and connectivity to 
ECVs was omitted.  Also fault connectivity values were altered so that category 3 values (Table 6.2) were 
changed to category 2, see (Table 6.2 and section 6.2.1).  Known prospects are shown in white stars.  Plot-
ted in MapInfo Professional version 9.5.  Map projection AGD’1966, zone 54.  MM = Mammoth Mines, IFZ = 
Investigator Fault Zone, and FBZ = Fort Binder Fault Zone.
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Summary

Prospectivity analyses are useful tools in exploration and can provide positive and 

negative results.  Prospectivity results need to be field validated and checked against 

and collated with other forms of data e.g. geophysical datasets.  It is evident that from 

this analysis there are many different variables that can be added to or omitted from the 

prospectivity analysis.  Fault intersections appear to have played an important part in the 

mineralization process and are important targets for exploration.  When less importance 

is placed on fault connectivity but fault intersections are weighted the same, then ar-

eas of higher prospectivity broadly correlate with known areas of mineralization but also 

highlight potentially new areas for exploration/ targeting. The analysis also brings out 

the possibility that gradients in the chosen parameters are important, the significance of 

which is discussed further (Chapter 7). 

6.4 Discrete Element Modelling

6.4.1 Introduction

Numerical process modelling in the geosciences (as opposed to spatial modelling 

that builds 2D or 3D geometrical models) aims to conceptually and quantitatively under-

stand different physical processes that occur within the earth.  The advent of rapid com-

puting power has allowed numerical modelling, as applied to geosciences, to develop 

quickly and simulate physical, thermal and fluid processes rapidly.  Numerical modelling 

provides a quick, effective tool to understand natural phenomena, although outcomes 

can range from very generic to quite specific, depending on the inputs and intent of the 

modelling.  Results from discrete element modeling are in sections 6.5.6 and 6.6.2.

In this study discrete element modelling is applied to the study area – as shown 
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in Chapter 5, Figure 5.2.  Numerical methods that consider fluid flow in and along fault 

zones and/or rock contacts during brittle deformation are the focus of this study.  Many 

other types of numerical analysis consider continuous elastic-plastic deformation through 

porous media, with or without thermal effects on fluids (e.g. Ord and Oliver, 1997; McLel-

lan et al., 2005; Oliver et al., 2006), or fluid flow primarily influenced by thermal structure 

and fluid properties (e.g. Garven et al., 2001 and Matthai et al., 2004).  Reactive trans-

port models that consider volume changes and fluid flow influenced by mineral reactions 

also are not considered here.

Typically numerical models, when applied to the geosciences or in this case the 

behaviour of deformation, can be divided into two categories, continuous and discon-

tinuous deformation (Zhang and Sanderson, 2002).  Continuum models typically repre-

sent porous media flow based on continuum mechanics and are generally solved in two 

ways.  Firstly the finite difference (differential) approach is where the behaviour of an 

infinitesimally small element of the continuum is analysed resulting in a system of gov-

erning differential equations.  Secondly, the finite element approach (integral) is where 

physical principles are applied to the entire domain through the formulation of governing 

integral equations e.g. conservation of mass and energy (Zhang and Sanderson, 2002).  

The discontinuous approach typically models the behaviour of interfaces or contacts 

between discrete bodies and two types of mechanical behaviour must be accounted 

for: (1) behaviour of discontinuities; and (2) behaviour of the solid material (Cundall, 

19�0; ITASCA, 2000; Zhang and Sanderson, 2002).  The distinct element method (e.g. 

Universal Discrete Element Code (UDEC)) uses a time marching scheme to solve equa-

tions of motion and the rock mass is represented as a group of discrete blocks and the 
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fractures are treated as interfaces between the discrete blocks (Cundall, 19�0; ITASCA, 

2000; Zhang and Sanderson, 2002).  The blocks of material and contacts or interfaces 

between those materials can be assigned deformable and/or rigid properties.

The brittle upper part of the earth’s crust can be broadly described as a system of 

blocks of rock that are separated by fractures, faults, and shear zones that may be po-

tentially filled with fluids (Zhang and Sanderson, 2002).  These systems are typically dis-

continuous and highly complicated due to their past geological history and are likely to be 

inhomogeneous and anisotropic (Zhang and Sanderson, 2002).  Fractures are extremely 

important because they have the potential to guide mineralizing fluids and may provide 

vertical and horizontal permeability for various types of fluids that migrate through the 

earth’s crust (Pollard and Aydin, 19��).  Principles of the development of fracture sys-

tems with respect to mineralizing systems are relatively well understood (Cox et al., 

2001; Sibson, 2001; Cox, 2005); however fracture systems that host economic grades of 

mineralization are typically complex and difficult to analyse from first principles.

The aims of these computational analyses are thus to predict the location of po-

tentially undiscovered mineralization that formed by the interaction of fluids and faults or 

other discontinuities by analysis of the distribution of stress and strain resulting from an 

applied force commensurate with regional deformation (Holyland and Ojala, 1997; Mair 

et al., 2000; McLellan and Oliver, 200�).

6.4.2 UDEC Overview

UDEC is a two dimensional numerical modelling program that is based on the 

distinct element method for discontinuum modelling (Cundall, 19�0; ITASCA, 2000).  
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The code enables a numerical simulation of the response of discontinuous media (joint-

ed and fractured rock mass) that is subject to either static or dynamic loading (Cundall, 

19�0; ITASCA, 2000).

The models are comprised of discrete blocks with the interfaces (joints, faults, 

lithological contacts) between blocks represented as boundary conditions that can ac-

commodate large displacements and rotations.  The discrete blocks are subdivided into 

a finite difference mesh and each element within the mesh behaves according to a pre-

scribed linear or non-linear stress/strain law.  The relative motion of the discontinuities is 

also governed by a linear or non-linear force displacement relationship for movement in 

both the normal and shear directions (Cundall, 19�0; ITASCA, 2000).  UDEC has sev-

eral built-in constitutive behaviour models for discrete blocks and discontinuities (ITAS-

CA, 2000).  Material properties such as density, bulk modulus, shear modulus, tensile 

strength and cohesion of the rock are assigned to the individual blocks along with the 

inferred orientations and magnitudes of far-field stresses at the time of interest (e.g. Ho-

lyland et al; 1997; Mair et al, 2000; and McLellan and Oliver, 200� (ITASCA, 2000)).

UDEC calculates force and displacement according to Newton’s laws of motion.  

As the force depends on displacement, the force/displacement calculation is done over 

one time instant (McLellan, 2004).  This explicit time-stepping algorithm does not limit 

displacements or rotations for either the matrix or discontinuities (Holyland and Ojala, 

1997).  Another significant feature of UDEC is the coupling of the mechanical deforma-

tion and hydraulic behaviour (Zhang and Sanderson, 2002).  Fluid pressure at block 

boundaries exerts a force which contributes to the deformation of the block (Zhang and 
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Sanderson, 2002).

6.4.3 Mechanical Principles of UDEC

The stress component perpendicular to a surface is known as normal stress (σn) 

and a stress component that is parallel to a surface is known as shear stress (τ) (Figure 

6.�a) (Hobbs et al., 1976; Twiss and Moore, 1992).  In a 2-dimensional stress space 

the normal stresses are considered as σxx and σyy, and shear stresses as σxy and σyx 

(Figure 6.�b).  In order to prescribe a 2-dimensional state of stress in UDEC, three inde-

pendent components, σxx, σxy and σyy, must be specified.  Within any column of rock 

the vertical stress acting upon it increases approximately linearly with depth.  Assuming 

a constant density of the column of rock, and knowing the depth or height of the column 

of rock we can calculate the vertical stress acting upon the point of interest using:

σv = ρgh

where σv is the vertical stress (MPa), ρ is the rock density (kg/m3), g is accelera-

tion due to gravity (9.� ms-1) and h is the depth or height of the column of rock overbur-

den (m).  For fault geometries modelled in plan view, σv can be considered as the mean 

stress component (σ2).  As there are normal stresses acting on horizontal planes in the 

earth we also need to consider normal stresses acting on the vertical planes.  These 

horizontal normal stress components (σxx and σyy) are typically tectonic forces such as 

deviatoric stress, and this usually results from disequilibrium where:

σxx ≠ σzz ≠ σyy.

When all three stresses are in equilibrium (approximately equal, e.g. stable con-
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tinental crust) the balance between this and the weight of the overburden is known as a 

lithostatic state of stress (Sibson, 2001).  When tectonic stresses are present, the hori-

zontal force Fc acting on a section of rock at depth is made up of both the lithostatic part 

and a tectonic part: 

σxx = ρcgh + Δσxx

Figure 6.� (a) Shear stress and normal stress acting on a plane (Hobbs et al., 1976; Twiss and Moore, 
1992); (b) block diagram illustrating 2-dimensional stress space i.e. UDEC.

Constitutive Models

Constitutive models are a mathematical description of how a rock will respond 

to an applied stress.  Widely used constitutive models include: (1) the Cam-clay model 

- used to represent soft materials such as clay when the influence of volume change on 

bulk property and the resistance to shear need to be considered; (2) the Drucker-Prager 

model – to model soft materials such as clay or soil with low friction angles; and (3) the 

Mohr-Coulomb model – which is the most conventional model used to represent shear 

failure in consolidated soils and rock. 

The Mohr-Coulomb constitutive model with non-associated plasticity is regarded 

as a reasonable representation of the rheology of middle to upper crustal rocks (Vermeer 

and de Borst, 19�4; Ord and Oliver, 1997).  This is the constitutive model used in the 

elastic-plastic coupled deformation models in this study.
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6.4.4 Stress Mapping in UDEC and Implications for Ore field Modelling

Stress mapping examines the variations in the distribution of stress and strain 

through a heterogeneous terrain on imposition of a regional stress field (Holyland and 

Ojala, 1997; Jiang et al., 1997).  When stress is applied to a heterogeneous model, it 

develops an inhomogeneous stress field, the components of which vary with rheologi-

cal properties and geometry (Holyland and Ojala, 1997; Zhang and Sanderson, 2002).  

The modelling considers only elastic and plastic stresses and strains, and not, for in-

stance, deformation dilatancy due to viscous strains (Holyland and Ojala, 1997; Zhang 

and Sanderson, 2002). 

Ore deposition depths in the western Mt Isa inlier relevant to the Mammoth Mines 

region have been calculated from fluid inclusion and mineral geothermo-barometry, with 

typical values between 5 km and 7 km paleodepth, which provides good estimates of 

mean stress for modelling purposes (Heinrich et al., 19�9; Clarke, 2003; Matthai et al., 

2004).

Holyland and Ojala (1997) proposed that stress mapping could be used as a 

basis for prediction of hydrothermal fluid flow and mineralization based on the following 

assumptions: (1) Low minimum principal (σ3) stress indicates proximity to failure and 

therefore possible deformation-enhanced permeability (this is more important in model-

ling of high crustal level deformation); (2) At depths of more than a few kilometres fluid 

pressure is buffered to be close to lithostatic pressure and the control on fluid pressure 

is mean stress; (3) Variations in mean stress result in variations in fluid pressure; and 

(4) Fluid flow is both upwards and laterally (or even down) towards zones of low mean 
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stress.

Holyland and Ojala (1997) suggest that structurally controlled mineralization late 

in the tectonic history of a terrain coupled with evidence for fluid overpressuring, ena-

bles the prediction of zones of failure from areas of low mean or minor principal stress, 

provided that the orientation of the far-field stress can be determined or a reasonable 

orientation assumed.  The assumption thus used is that the present geometry of a terrain 

is a reasonable proxy for the last stages of deformation.  If it can be demonstrated that 

the mineralization was late in the deformation history, then this assumption may be valid 

to a first approximation.

Given the proposed conditions of Holyland and Ojala (1997), this should enable 

a stress analysis relating to late tectonic faulting and ore genesis.  As the locations of 

the deposits are known in relation to the fault geometries and lithological units, distinct 

element modelling can be used to test orientations of far-field stress.  Far-field stress 

orientations that produce areas of low mean stress (σm) or low minimum principal (σ3) 

stress in the locations of the known copper deposits, can be considered viable options 

for the far-field stress orientation responsible for their formation (Figure 6.9).

Failure may be initiated by: (1) an increase in σ1 or a decrease in σ3, in either 

case increasing the differential stress (σ1 - σ3); (2) increasing the fluid pressure and 

hence reducing the applied stresses and moving the Mohr circle to the left; and (3) by 

decreasing σ3 and hence decreasing mean and increasing differential stresses (Figure 

6.9).  See Chapter 2 for a detailed review on failure mechanisms.



Gustav S Nortje 239

Chapter 6                                                        Regional Prospectivity Analysis & Discrete Element Modelling

n

13

d = 1 - 3

2θ

(ϕ)Friction angle

PfF

2T

m

Figure 6.9 Plot of τ (shear stress) versus σn (normal stress) with Mohr-Coulomb failure criterion and three 
failure modes (red = extensional failure, blue = extensional shear failure, and green = compressional shear 
failure).  σ1 and σ3 are labelled along with ∆σ (differential stress (σ1 – σ3)) and σm (mean stress).  The angle 
2θ the defines angles between σ1 and the fault plane and reading value off the Mohr circle one can measure 
pore fluid pressure that is required for failure to occur (PfF) indicate by grey dashed line.  The shape of the 
failure envelope is determined by the tensile strength of the rock (T), the friction angle (ϕ), and cohesion.

2-D Limitation of UDEC

The models are based on two-dimensional data and are limited because the 

distribution of stress on a map plane may not reflect the real “pattern” of stress distribu-

tion (Holyland and Ojala, 1997).  3DEC is the three-dimensional equivalent of UDEC but 

it is very difficult to produce complex geometric models that run efficiently. However, a 

two-dimensional study of this region is an appropriate approach because most deposits 

within the area are structurally controlled and have a close association with strike-slip 

faults (see Chapter 3 and 4); and hence it is assumed that these faults have acted as the 

main pathways for mineralising fluids.  Many faults within the area are steeply dipping 

and exhibit strike-slip kinematics (Chapters 4 & 5), hence the main modelling interest 

is on lateral block displacement.  It has also been shown that two-dimensional models 

can approximate real time deformation field and stress distributions around faults (Hu et 

al., 1996).  Hu et al. (1996) showed that a two-dimensional model of active deformation 

within Southern Taiwan approximated the apparent principal stress orientations and that 

the active plate velocity rates were nearly equivalent (Hu et al., 1996).  Model results, 
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while not an exact match, showed broad correlation with real-time geodetic data (Hu et 

al., 1996).  

Models were run to equilibrium by examining the relationship between unbal-

anced forces and displacements.  For a static analysis, a model is in exact equilibrium if 

the unbalanced force or net nodal force vector at each block centroid or grid point is zero.  

The maximum nodal force vector is also referred to as the “unbalanced” or “out-of-bal-

ance” force (ITASCA, 2000).  The unbalanced force will never exactly reach zero for a 

numerical analysis, and the model is considered to be in equilibrium when the maximum 

unbalanced force is small compared to the representative forces in the problem.

6.5 Mammoth Mines UDEC modelling

*In this section field data was collected by myself and a minor amount collected 

by Damien Keys.  Fault-slip analyses were undertaken by me in collaboration with Dam-

ien Keys.  Numerical modelling (UDEC) was undertaken by Damien Keys.  This section 

was originally co-written in 2008 (G.N 40%, D.K 60%) and is further edited and modified 

in this version.

6.5.1 Geological Setting

The Esperanza Mine is located at the intersection of the north-south trending Es-

peranza Fault and the ENE trending Mammoth and Mammoth Extended Faults (Figure 

2.2).  It is hosted in the mid-Proterozoic Esperanza Formation, a series of well bedded 

to locally massive, black carbonaceous to locally grey or grey-green, weakly dolomitic 

siltstone and shale (Richardson and Moy, 199�).  The Esperanza deposit has a signifi-

cant supergene component in which copper species include digenite, djurleite, covellite 

and chalcocite (Richardson and Moy, 199�).  The deeper hypogene component of the 
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Esperanza ore system is dominated by chalcopyrite (Richardson and Moy, 199�).

The Mammoth Mine is located approximately 1.5 kilometres east of the Esperanza 

Mine (Figure 6.11).  It is hosted by the Palaeoproterozoic Whitworth Quartzite, a buff to 

pale brown, thickly bedded, medium to coarse feldspathic quartzite (Hutton et al., 19�5; 

Hutton and Wilson, 19�5).  The Whitworth Quartzite dips to the west between 60º and 

�0º, striking roughly north-south in the mine area.  The most significant mineralization is 

located in the intersection of the north-south striking Portal Fault and the east-northeast 

trending Mammoth Fault.  This mineralization is hosted by several discrete orebodies 

(Figure 6.12) in dilational veins and breccias.  The mineralization comprises a range of 

copper species, dominantly chalcopyrite, bornite, and chalcocite.  The Whitworth Quartz-

ite is unconformably overlain by the Surprise Creek Formation.  The unconformity strikes 

north-south but dips at approximately 50º to the west, giving an angular discordance of 

20º to 30º between units above and below (Clarke, 2003).  The position of these two 

structurally controlled orebodies relative to the stratigraphy is shown in Figure 6.13.

A chlorite and hematite alteration suite is found proximal to both of the deposits.  

A large chloritic breccia crops out south of the Mammoth Mine, on Micks Fault to the west 

of the Portal Fault intersection.  No copper mineralization is associated with this breccia.  

At depth in the Mammoth Mine, the hematite alteration is associated with large faults 

(e.g. Mammoth and Mammoth Extended Faults) and has a clayey texture.  The chlorite 

alteration at depth is usually confined to fault fills, however, in places in the footwall of D 

Lens, the chlorite alteration is pervasive.
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Figure 6.11.  (Adapted from Richardson and Moy, 199�).  The Esperanza deposit occurs at the intersection 
of the Mammoth, Mammoth Extended and Esperanza Faults.  The orebody sits below a laminated and brec-
ciated chert supergene cap (white) and the deposit contains a large hematitic halo.

Figure 6.12.  A plan view schematic diagram of the various Mammoth Mine orebodies (red) and their relative 
positions and orientations (adapted from Tear, 2005).  The sub-grade breccias (pink) are encapsulated in 
a chlorite alteration halo (green) and the ENE striking faults commonly contain an earthy hematite altera-
tion (brown).  Both chlorite and earthy hematite are also present within ore zone faulting.  To the east of the 
Portal Fault, the Whitworth Quartzite is relatively unbrecciated and unmineralised
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Figure 6.13.  The Mt Gordon mine area stratigraphic column (adapted from Moore and Stoakes, 1975; Ri-
chardson and Moy, 19��).  The column includes age dates (Neumann et al., 2006), lithological descriptions 
and unit thicknesses within the Esperanza and Mammoth Mine areas (Moore and Stoakes, 1975; Richard-
son and Moy, 199�).

6.5.3 Structural Mapping of the Mammoth Mine

Methodology

Access was prohibited to the walls of the Esperanza open cut; the underground 

Mammoth Mine provided the best exposure to the mineralised breccias for structural 

mapping. 

The Mammoth Mine was a large mine that is currently closed.  As the bulk of the 

orebody had already been mined, it was logistically difficult to access much of the mine.  

This in turn made identifying key areas to map a major problem.  The Mammoth Mine 

has an extensive set of wire frames of major structures and breccia styles that have been 

mapped in drill core and via systematic underground drive mapping by company geolo-
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gists (Figure 6.14).

Figure 6.14.  Example of company geologist level plan mapping.  The 4�25 RL level mapping completed by 
Aditya Birla geologists (2005).

Orientations of faulting and intense brecciation were re-interpreted from the com-

pany level plan mapping in an attempt to constrain meso-scale controls on mineraliza-

tion. 

The level mapping conducted in this study focused on recording fault orientations 

and striations, extension vein orientations and relative timing between faulting, veining 

and mineralization.  The structural data collected was analysed and subsequently com-

pared to structural data collected by Clarke (2003) and Richardson (2000).  Fault-stria-

tion pair data was also obtained from the ERA Maptec (Anonymous, 1994) report, level 

plan mapping and Clarke (2003). 

Fault orientation and fault striation pairs were compiled for use in stress inver-

sion.  The Multiple Inverse Method (Chapter 2 and Yamaji, 2000) was used to determine 

which of the fault-striation pairs formed in the same deformational event.  Conventional 

stress inversion, P and T dihedra method (Angelier, 19�4), was then conducted on the 
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consistent fault striation pairs.  The P and T dihedra method is able to constrain the ori-

entations of the principal stresses but is unable to deliver a ratio of these stresses.  The 

fault-striation pair analysis was further validated using SLICK.BAS (Ramsay and Lisle, 

2000), a stress inversion program, that is also able to provide a best fit ratio of principal 

stress tensors (Chapter 2).

 Mammoth Mine Faulting

The ENE striking Mammoth and Mammoth Extended Faults, together with the 

NS striking Portal Fault are the dominant structural features within the Mammoth Mine.  

They are continuous through to surface, are found in close proximity to mineralization, 

have fills of earthy hematite and consequently have produced a range of geotechnical 

issues in the underground mine. 

There are however other orientations of faults, some of which have an associa-

tion with mineralization, that have often been neglected in previous studies.  Prior to the 

collection of any data in this study, company geologist mapping was interrogated for fault 

orientation, characteristics and any relevant kinematic data (summarised in Table 6.4).

Table 6.4.  Fault characteristics compiled from level plan mapping (mapped by company geologists).  Move-
ment sense of the faults is determined by company geologists during underground mapping.

Fault
Strike

Fault Dip Movement
Sense

Fault
Spacing

(m)

Associated
Alteration

Example

070-080 Steeply south Dextral-
reverse

~ 50 m Mineralization,
earthy hematite

Mammoth,

Mam Extended, 2LHW
Faut

120-130 Steeply south Sinistral ~ 20 m Mineralization,
earthy hematite,

chlorite

Micks Fault

170-190 Steeply west
or east

Reverse ~ 50 m Mineralization,
earthy hematite

Portal Fault

220-230 Steeply west ? ~ 20 m Hematite, chlorite faults in 2 Lens HW.
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Mammoth Fault and similarly oriented faulting

Several striations identified on the Mammoth and Mammoth Extended Fault sur-

faces (Figure 6.15a and b) pitch at low angles (~15° E) supporting dominantly strike-slip 

movement on these E-W to ENE-WSW oriented faults.  Clarke (2003) identified these 

striations as being consistent with eastward movement of the north block (dextral sense) 

and this is supported by steps on slickenlines observed during this study.  Clarke (2003) 

also observed a second set of steeper, east plunging striations on these faults that were 

overprinted by the shallower (~15° E) set of striations.  A sense of movement could not 

be obtained off the steeper, older striations.

The later stage, shallow, dextral movement on the Mammoth and Mammoth Ex-

tended Faults is inferred to be related to mineralization.  Fault plane solution plots (Figure 

6.15c) for the Mammoth Fault are consistent with a dextral-reverse sense of movement 

on the Mammoth and Mammoth Extended Faults.
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(a)

(b) (c)

Figure 6.15.  (a) Looking north onto the FW of a Mammoth Fault parallel in the 4745 W1ext.  The striations 
(parallel to the dashed line) step ~15° up to the west giving a right-lateral reverse sense of movement.  The 
fault contains an earthy hematite fill and in this location is within the 2 Lens orebody.  (b) Stereographic 
projection of fault and striation data for Mammoth Fault and associated smaller parallel faults (data col-
lected by Nortje and Keys, this study, and collated with data from Clarke, 2003).  The great circles reflect 
the orientation of the fault plane and the arrows indicate the direction of hangingwall transport.  (c) Fault 
plane solution plot for the data presented in (b).  The darker shaded areas reflect areas in tension with the 
white representing areas in pressure.  Hence the triangle reflects an approximate position of σ3 based on 
this data and the circle being the approximate position of σ1.  The dark arrows indicate the footwall transport 
direction.  Equal area stereonet projection used, north is up on all stereonets.  Plotted with FaultKinWin 1.2.2 
(Allmendinger, 2001).

130º Striking Fault Set

Micks Fault is the largest example of the 130° striking fault set in the Mammoth 

Mine and displaces the 2 Lens orebody to the south.  Micks Fault strikes northwest, 

between 120°-130° (Figure 2.11a) and dips subvertically.  Smaller faults of this orienta-

tion are frequently seen in the underground mapping data from all Mammoth orebodies.  

These faults typically dip steeply to the northeast and are intimately associated with min-
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eralization in the Mammoth Mine.  Ore bearing breccias commonly form parallel and in 

close proximity to the 130° faults.  Their influence on mineralization has not been previ-

ously documented.  The 130° striking fault set is also associated with fault fills of chlorite 

and lesser hematite, particularly in the hangingwall and footwall of the deposit and are 

consistently mapped by company geologists as having an apparent sinistral sense of 

displacement.  Within the mine these faults have preserved shallow slickenlines.

Figure 6.16.  (a) Stereographic projection of fault and striation data for the 130° striking fault set (data col-
lected by Keys, this study, and collated with data from Clarke, 2003).  The great circles reflect the orientation 
of the fault plane and the arrows indicate the direction of hangingwall transport.  (b) Fault plane solution plot 
for the data presented in (a).  The darker shaded areas reflect areas in tension with the white representing 
areas in pressure.  Hence the triangle reflects an approximate position of σ3 based on this data and the 
circle being the approximate position of σ1.  The dark arrows indicate the footwall transport direction.  Equal 
area stereonet projection used, north is up on all stereonets.  Plotted with FaultKinWin 1.2.2 (Allmendinger, 
2001).

Portal Fault Set

Because the bulk of the Mammoth Mine mineralization is localised in the Portal 

Fault-Mammoth Fault intersection, the Portal Fault has long been considered an impor-

tant ore localising feature (Askew, 1992; Connors, 1992; Anonymous, 1994; Connors, 

1997).  The Portal Fault itself varies in strike between about 160° to 1�0° and dips west 

at approximately 70° (Figure 6.17).  It crops out at surface, where it has little surface 

(a) (b)
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expression.  Both steep and shallow striations are commonly found on the Portal Fault.  

The ERA Maptec (Anonymous, 1994) mapping campaign focussed almost exclusively 

on the steep southerly plunging set of striations.  They invoked a reverse sense of move-

ment on the Portal Fault due to S and C fabric relationships.  A shallower set of stria-

tions was recorded by Clarke (2003), level plan mapping (company geologists) and in 

this study.  Clarke (2003) also preferred a reverse sense of movement (west block up) 

on the Portal Fault.  The Portal Fault contains an earthy hematite fill and has an obvious 

proximal relationship to mineralization.

Figure 6.17.  (a) Stereographic projection of fault and striation data for the Portal Fault set (data collected by 
Keys, this study, and collated with data from Clarke, 2003).  The great circles reflect the orientation of the 
fault plane and the arrows indicate the direction of hangingwall transport.  (b) Fault plane solution plot for the 
data presented in (a).  The darker shaded areas reflect areas in tension with the white representing areas in 
pressure.  Hence the triangle reflects an approximate position of σ3 based on this data and the circle being 
the approximate position of σ1.  The dark arrows indicate the footwall transport direction.  Equal area ster-
eonet projection used, north is up on all stereonets.  Plotted with FaultKinWin 1.2.2 (Allmendinger, 2001).

North East Striking Fault Set

The north east striking fault set is the least common orientation of faulting in the 

Mammoth Mine.  These faults commonly dip steeply to the east or west.  This set of 

faults is best developed in the hanging wall (south) of 2 Lens, D Lens and E Lens (Figure 

6.1�).  In this hangingwall position the north east faulting can occur as regularly as 1 fault 

(a) (b)



Gustav S Nortje 250

Chapter 6                                                        Regional Prospectivity Analysis & Discrete Element Modelling

per 5 metres.  This amount of faulting is never seen within the breccia hosted orebodies.  

This could be attributed to 

the NE faulting being earlier than brecciation and obliterated through the breccia 

process

the NE faulting occurring after mineralization and terminating on the rheologically 

softer copper sulphide body

The NE faulting also contains a set of striations, commonly plunging between 15º 

and 40º to the SE.

1.

2.

Unbrecciated

Ore breccia

Figure 6.1�.  The 2 Lens orebody on 47�5 RL showing the intensity of NE to NNE striking faulting in the 
hangingwall quartzites (yellow).  This intense NE striking faulting is not observed in the ore zone (reds and 
pinks).  The green colour of the fault traces indicates the presence of chlorite on or in those fractures.
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Stress inversion of Mammoth Faults

The measurement locations of the Clarke (2003) fault-striation data pairs are un-

known.  Although the data are spatially poorly constrained, they are useful in determining 

potential shortening orientations.  In order to determine whether the striated faults were 

active under the same stress field, the Multiple Inverse Method (Yamaji, 2000) of stress 

inversion was adopted (Chapter 2).

Multiple Inverse Method (MIM) stress inversion was conducted for all fault stria-

tion pairs recorded.  Of these pairs, the data from the Mammoth parallel faulting (shallow 

striations), Portal Fault parallel faulting and 130º oriented faulting were related to each 

other.  The NE striking faults however are considered unrelated.  The orientation of σ1 

was 8º towards 116º (Figure 6.19a) with σ3 being oriented 14º to 024º (Figure 6.19c).  

There was not enough data to constrain any orientations of σ1, σ2 or σ3 for the NE striking 

fault set.  Although it is a valuable tool for discriminating separate stresses from hetero-

geneous data, the MIM relies on a degree of user input and is therefore open to some 

conjecture over the validity of inversion results.  Alternate stress inversion techniques 

were employed to clarify any ambiguity over the orientations of the principal stresses 

and their ratios.

The P and T dihedra for the faults deemed to be related by the MIM were plot-

ted to confirm an approximate orientation for σ1 (Angelier, 1979, 19�4).  Orife and Lisle 

(2006) stated that stress estimates based on less than eight faults should be treated with 

grave suspicion.  The total data utilised for these stress analyses numbered 16.  The 

preferred orientation of σ1 from the P and T dihedra plots was horizontal toward 127º 
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(Figure 6.20).  Hence σ3 was oriented horizontally toward 037º.  This technique does not 

however provide a ratio of the principal stress tensors (phi value).

115 .9     7 .6
23 .9     14 .8
0 .4

(a)

n = 16

(b) (c)
s1 s3

Figure 6.19.  Paleostress analysis using the Multiple Inverse Method (a) Stereonet of all fault and striation 
pairs.  The blue triangle represents a best fit σ1 with the blue star representing σ3 (Yamaji, 2000).  (b) Out-
put showing the preferred σ1 orientations from Multiple Inverse Method Software (Yamaji et al, 2000).  The 
“tadpoles” show stress inversion solutions for different possible phi values.  The position of the head of a 
tadpole symbol indicates a σ1 orientation.  The clusters indicate that all fault and striation pairs inputted can 
be attributed to the same stress event and that the σ1 orientation of that stress event was shallow and ESE-
WNW.  (c) Output showing the preferred σ3 orientations from Multiple Inverse Method Software (Yamaji et 
al, 2000).  In this instance “tadpole” head reflects a σ3 orientation and the tails reflect the azimuth and plunge 
of the σ1 orientation.
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Figure 6.20.  P solution grid for fault striation data proven valid in the Multiple Inverse Method inversion 
(see Figure 6.19a).  Kamb contours for the P dihedra grid show an approximated best fit σ1 orientation of 
horizontal toward 127º.

Based on the similarity to the results of the other stress inversion techniques 

(Multiple Inverse Method and P and T dihedra) the preferred σ1 orientation from SLICK.

BAS (Chapter 2) was 12º to 118º, σ2 was 71º to 244º and σ3 was 15º to 025º.  A phi (Φ) 

value of 0.3 was determined (Figure 6.21). 

The Multiple Inverse Method relies somewhat on the user’s interpretation of the 

best fit to the data and the P and T dihedra don’t produce a phi value.  The Slick value is 

derived by computing best fit stress tensors to the mapped data.  Thus the Slick outputs 

are deemed to be the most reliable of the stress inversions conducted.  In any case the 

three methods produce similar results (Figure 6.21 and Table 6.5).
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Figure 6.21.  Slick (Ramsay and Lisle, 2000) output file.  Two best fit stress tensor orientations are produced 
because no fault slip movement sense is used as input.  Recalling that phi as calculated by Slick (Ramsay 
and Lisle, 2000), and it differs from the phi calculated by Angelier (19�9) (see Chapter 2) then the orientation 
of Tensor 1 would give σ1 of 118º (here shown as σ3).  Tensor 1 enclosed in the rectanglar box is seen to 
best fit the recorded data, and is a good match with the other methods.

Table 6.5.  A summary of stress inversion outputs from each of the inversion methods used.

Stress
Inversion
Technique

Papers 1
plunge

1
azimuth

2
plunge

2
azimuth

3
plunge

3
azimuth Phi

Multiple Inverse
Method Yamaji, 2000 8 116 24 014 0.4

P and T
Dihedra

Angelier,
1984 0 126 90 - 0 036 -

Slick Ramsay and
Lisle, 2000 12 118 71 244 15 025 0.3
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6.5.4 Summary of underground mapping study

Late deformational, dextral strike-slip movement on the Mammoth and Mammoth 

Extended Faults, as indicated by low angle striations (Figure 6.15), appears to be related 

to the copper mineralising event at Mammoth. 

Using several methods, it is apparent that the bulk of the mineralization was 

emplaced during horizontal shortening with σ1 oriented shallow towards 116º.  This is 

different from the proposed orientations of σ1 from previous authors (Askew, 1992; Con-

nors, 1997; Richardson, 2000).  Stress inversion completed on faulting active during 

mineralization in the Mammoth Mine, shows a sub-horizontal orientation for both σ1 and 

σ3.  This contrasts with the model of ERA Maptec in which a moderately north plunging 

σ3 orientation was proposed.  The stress inversion and fault plane solution also ruled out 

the proposed σ1 orientations of Askew (1992) and Connors (1997).  The Connors (1997) 

proposed NE – SW shortening orientation does not account for the “unfavourably” ori-

ented 130º breccias.

6.5.5 UDEC Modelling at Mammoth Mines

Underground mapping (Richardson, 2000; Clark, 2003; this study) provided 

much of the background data for the inputs made to the numerical modelling, along with 

surface mapping by Crossing (2004) and in this thesis (Chapter 5).

Mineralization is hosted in large breccia zones at both Mammoth and Esperanza.  

Breccias vary in style from weakly fractured host rock ‘crackle breccias’ (Clark, 2003) to 

other breccias comprising rounded breccia clasts in a dominantly sulphide matrix (Clark, 

2003).  Breccias can also vary in composition from chlorite and hematite dominated 
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breccias to infills dominated by chalcopyrite, bornite or chalcocite.  The chlorite-hematite 

breccias have a spatial association with mineralization and will therefore be used to vali-

date areas of the numerical model outputs, e.g. the chlorite-hematite breccia mapped at 

the intersection of the Portal Fault with Micks Fault (Crossing, 2004).

There is a spatial and temporal relationship between faulting and mineralization 

at both the Mammoth and Esperanza Mines.  Previous studies (van Dijk, 1991, Askew, 

1992; Anonymous (ERA Maptec), 1994; Connors, 1997; Richardson and Moy, 199�; 

Clark, 2003) have all constrained mineralization to be syn- or post- regional D3 (termi-

nology of Bell et al., 19��).  These studies have also demonstrated that the rock mass 

failure associated with mineralization was caused by fault slip during deformation.  The 

evidence for the rock mass failure relationship to mineralization is the presence of the 

mineralised breccias (Richardson and Moy, 199�; Clark, 2003) and mineralised exten-

sion veins (Richardson, 2000) at both the Mammoth and Esperanza deposits.  This rock 

mass failure occurs concurrently in the Gunpowder Creek Formation (Esperanza Mine) 

and the Whitworth Quartzite (Mammoth Mine). 

There is also evidence for multiple modes of failure within each deposit.  The 

dominance of large jigsaw breccias near the Portal Fault-Mammoth Fault intersection 

within the Mammoth Mine is indicative of tensile failure.  For these breccia styles to occur 

areas of low minor principal stress (σ3) and low differential stress (∆σ) are required.  The 

peripheries of the orebody are commonly logged as fractured host rock and are domi-

nated by vein arrays of multiple orientations.  The vein arrays are indicative of areas of 

low σ3, high differential stress (Δσ) and fluid pressures exceeding the tensile strength of 
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the host rock (Chapter 2) (Sibson, 19�6).

Numerical Modelling –Methodology and Conceptual Model

The 2.3 km x 2.3 km model geometry was created from detailed field mapping 

conducted by Crossing (2004) (Figure 6.23).  It was assumed that all the faults in the 

models were already present their current configuration, as there is little evidence for 

any major fault displacement post-mineralization.  The Mammoth Mines model file is in 

Appendix A.

The orientation of the maximum principal stress was varied from SW-NE to SE-

NW (Figure 6.24 and Table 6.6) to test the range of hypotheses proposed by previous 

authors and by the geology-based conclusions of this study (section 6.4.1).  The stress 

conditions for the model are set at ratios of σ1/σ2=1.2 and σ3/σ2=0.�, resulting in a phi 

(Ф) value of 0.5.  These ratios are similar to those used by Mair et al. (2000), Zhang and 

Sanderson (2002) and McLellan and Oliver (200�), for typical upper crustal stresses 

acting on faulted rocks, showing Mohr-Coulomb behaviour.  The imposed stresses (σ1 = 

210 MPa, σ2 = 175 MPa, σ3 = 140 MPa) represent 7 km of overburden and are within rea-

sonable ranges of CO2 fluid inclusion entrapment pressures at Mammoth Mine (Clarke, 

2003).  The stresses were later adjusted to a phi value of 0.3 to be consistent with the 

stress inversion calculations completed on the faulting (section 6.4.2).

Sensitivity tests are tests in which the effect of systematically changing particular 

model input parameters is studied.  A series of sensitivity tests was initiated to better 

constrain the importance of contrasting rheology in the localization of dilation, the effect 

of changing the principal stress ratios (phi values) and the effect of the Portal Fault on 
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brecciation (all sensitivity tests in Table 6.7).

In order to ascertain whether the fault architecture was the primary control on the 

specific sites of dilation, a series of ‘single lithology’ models were produced and com-

pared with those models that distinguished quartzite from shale/siltstone and metabasalt  

Rock properties, fault properties, fluid pressures (Table 6.8) and the orientation of σ1 

(101º - 2�1º) were identical to the Keys Model 101, as was the conceptual model geom-

etry.  The difference between this sensitivity test and the Keys Model 1 was that the rock 

type of the whole model was changed to Whitworth Quartzite (Mammoth Mine host rock).  

If the fault architecture was the dominant control on localizing dilation, then the known 

mine areas would be expected to be dilatant regardless of rock type.  Alternatively the 

contrasting rheology (varying rock types), as per the Keys Model 101, may be required 

to provide the necessary rheological contrast to assist fault movement and subsequent 

dilation in areas of known mineralization.

Many aspects of the models were investigated (e.g. displacement vectors, shear 

displacement, shear stress, dilation and principal strain); however, this study will focus 

on the criteria required for rock failure, given the occurrence of ore in veins and breccias.  

Some conditions required for determining failure mode criteria, that can be quantified 

using UDEC, are the minimum principal stress (σ3), the effective mean stress (σm), the 

differential stress (Δσ) values and the fluid pressure required for failure (PfF).  The afore-

mentioned parameters are also important for determining failure mode through mohr cir-

cle diagrams (Figure 6.22) and so provide a useful comparison point with this traditional 

method (Chapter 2).
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Figure 6.22.  Simplified mohr circle diagram showing uses of the data that can be easily acquired from UDEC 
model outputs.  Using σ3, σm and the differential stress, the mohr circle itself can be created.  By determining 
2θ, in this case, 2 x (angle from EW plane) we can determine the failure point.  From here a horizontal line 
is drawn to intersect the failure envelope.  This line represents the fluid pressure required for failure (PfF) 
another measurable UDEC output.  Where this line intersects the failure envelope will determine the likely 
failure mechanism.
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Mammoth Mine

Esperanza Mine

Conceptual Model
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Figure 6.23.  (Previous page) Geological map of the Mt Gordon Copper Mines Lease as mapped by Crossing 
(2004).  Inset, approximately 2.3 km x 2.3 km, shows geology used for input into the numerical modelling.

Figure 6.24.  Conceptual model geometry and scenarios.  The arrows reflect the σ1 orientations proposed by 
the various authors (see section 6.4.1 & Chapter 5).

Table 6.6.  Mt Gordon models run, with the σ1 orientation and a brief summary.  Locations of the detailed 
results of each model are also tabulated.

Model 1
Orientation Summary of Outcome

Connors 045 Poor visual fit with known brecciation.

Askew 067 Poor visual fit with known brecciation.

ERA Maptec 090 Identifies known breccias, but dilates areas
known to not be brecciated

Keys 101 101 Good visual fit with known brecciation

Keys 112 112 Identifies known breccias, but dilates areas
known to not be brecciated

Keys 124 124 Poor visual fit with known brecciation

Stress Inversion 112 Phi=0.3 Excellent visual fit with known breccias
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Table 6.7.  Sensitivity tests run, with the σ1 orientation and a brief summary.  Locations of the detailed results 
of each model are also tabulated.

Model 1
Orientation Summary of Outcome

All Whitworth 101 Good visual fit with known breccias

Lower diff. stress 101 Phi=0.5 Less definition between dilatant & non dilatant
zones

Lower diff. stress 112 Phi=0.3 Less definition between dilatant & non dilatant
zones

Table 6.�.  Model rock and contact input parameters used in all UDEC modelling.

Property Quartzite Shale Siltstone Metabasalt Lithological
contact Fault

Density (kg/m3) 2600 2650 2400 2650

Bulk modulus (Pa) 40e9 40e9 16e9 49e9

Shear modulus (Pa) 25e9 7e9 11e9 27e9

Cohesion (Pa) 24e7 5e7 10e7 20e7 3e3 5e2

Tensile strength (Pa) 12e7 3e7 5e7 10e7 3e6 2e6

Friction angle (°) 31 37 32 31 35 30

Dilation angle (°) 2 5 2 2 5 5

Normal stiffness (Pa/m) 2e9 5e9

Shear stiffness (Pa/m) 5e5 8e4

Permeability factor
(Pa/s) 238 300

Aperture at zero normal
stress (m) 0.03 0.05

Residual hydraulic
aperture (m) 0.01 0.03

6.5.6 UDEC modelling results

Connors NE-SW shortening model (Figure 6.25)

When modelled the proposed σ1 orientation of NE-SW produces results with high 

minor principal stress and high mean stress in the known mine locations.  The Mam-

moth Mine location requires high fluid pressure for failure, however the Esperanza Mine 

requires low fluid pressures for failure.  These results would suggest that a σ1 orientation 
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of NE-SW would not produce the necessary dilation for copper bearing breccia minerali-

sation at Mt Gordon.

Askew ENE-WSW shortening model (Figure 6.26)

The proposed model of Askew resulted in high values of minor principal stress 

in both mine locations in the simulations here.  High mean stress values and high fluid 

pressure for failure are seen in the Mammoth Mine location.  High mean stress values 

are also seen in the Esperanza Mine location although low fluid pressure for failure is 

observed there.  Areas of low values of σ3, σm and PfF in the model output were cross 

referenced with detailed mapping conducted by Crossing (2004) and are seen to occur 

in areas that had little to no brecciation evident.  The σ1 orientation of NE-SW during 

mineralisation was thus considered unlikely on the basis of this UDEC modelling. 

ERA Maptec E-W shortening model (Figure 6.27)

Using the ERA Maptech E-W shortening as model input ,a small zone of low 

σ3, σm and PfF is seen in the Mammoth Mine location, but the zone of low σ3 extends 

across the Portal Fault.  The Esperanza Mine location shows low values of σm and PfF 

but has high values of σ3 and is therefore unlikely to dilate in an E-W oriented σ1 event 

at mineralisation.

Keys 124º SE-NW shortening model (Figure 6.28)

The Keys 124º model shows moderate values of σ3, σm and PfF in the Esperanza 

and Mammoth Mine locations.  Although these are not the worst models, they do not 

define the brecciated areas clearly and are therefore not preferred.
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Figure 6.25.  The Connors Model Out-
puts (a) High values of σ3 are seen in 
both the Mammoth and Esperanza Mine 
locations (~160 MPa Mammoth and 140 
MPa at Esperanza.

(b) Values of effective mean stress are 
higher in the Mammoth Mine location 
(250 MPa), than surrounding areas (200 
MPa).  Mean stress values are even 
higher in the Esperanza Mine location (~ 
450 MPa).

(c) High PfF values are seen in the Mam-
moth Mine location (200 MPa).  Further-
more, there is no discrepancy between 
the PfF values seen on either side of the 
Portal Fault. 

(d) Differential stress values within the 
Mammoth Mine are not too dissimilar to 
input differential stress values (70 MPa).  
Far higher differential stress values are 
seen in the Esperanza Mine location 
(~350 MPa).
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Figure 6.26.  The Askew Model Outputs
(a) High values of σ3 are seen in the 
known mine locations (~140 MPa at 
both).

(b) High values of mean stress are seen 
in the mine locations (400 MPa Esper-
anza and 250 MPa Mammoth).

(c) High fluid pressures are required for 
failure in the Mammoth Mine area (~150 
MPa).  Low PfF values are seen at Espe-
ranza ~10 MPa.

(d) Differential stress values are low at 
Mammoth (~50 MPa) and extremely 
high at Esperanza (~200 MPa).
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Figure 6.27.  The ERA Maptec Model Out-
puts
(a) High values of σ3 are seen in the known 
mine locations (~ 120 – 140 MPa at both).

(b) Moderate mean stress values are seen 
at both the Mammoth Mine and Esperanza 
Mine locations (~120 MPa).

(c) Moderate fluid pressures are required 
for failure in both mine locations (~100 MPa 
Mammoth and ~75 MPa Esperanza).

(d) Differential stress values are high at the 
Mammoth Mine (~�0 MPa), and also high at 
the Esperanza Mine location (~70 MPa).
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Figure 6.2�.  Keys 124 SE-NW Model Out-
puts
(a) Moderate values of σ3 are seen in both 
of the known mine locations (~135 MPa at 
Esperanza and ~ 145 MPa at Mammoth).

(b) Moderate mean stress values are seen at 
both mine locations (~200 MPa).

(c) Moderate fluid pressures are required 
for failure in both mine locations (~120 MPa 
Mammoth and ~40 MPa Esperanza).

(d) Differential stress values are extremely 
high in both mine locations (~90 MPa in both 
mines).
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The Keys 101º Model

Areas of low σ3, σeff and PfF produced in the Keys 101º Model showed a good 

correlation with the known mine locations (Figure 6.29).  By focusing in on the deposit 

scale, a more detailed distribution of σ3, σm, Δσ and PfF could be determined. 

Within the Mammoth Mine, the plot of minor principal stress (Figure 6.29a) showed 

values of 100 MPa along the western margin of the Portal Fault, from the Mammoth Ex-

tended Fault to south of Mammoth Fault, consistent with the bulk of the Mammoth Mine 

mineralised zone.  The eastern side of the Portal Fault is seen to have high minor princi-

pal stress values (140 MPa to 200 MPa), which is consistent with the mapped unminer-

alised, unbrecciated Whitworth Formation in this part of the Mammoth Mine. Likewise the 

unmineralised, unbrecciated Surprise Creek Formation proximal to B Lens is also seen 

to have high σ3 values (140 MPa to 200 MPa).

The mean stress acting over the Mammoth Mine region was seen to be lowest in 

the vicinity of the Mammoth Fault – Portal Fault intersection (Figure 6.29b). The combi-

nation of low σm (~120-150 MPa) and low σ3, represent ideal conditions for dilation and 

fluid focusing.

Fluid pressures required for failure (PfF) with the ore zones are ~50 MPa com-

pared to values of 100 MPa to 150 MPa to the east of the Portal Fault (Figure 6.29c).

A range of differential stress values (Δσ) are seen in the vicinity of the Mammoth 

Mine (Figure 6.29d).  In the B Lens area, Δσ values are typically higher than in the 2 and 

D Lens area.  In the vicinity of D Lens, Δσ values are commonly around 80 MPa whereas 
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Δσ values around the B Lens area are in the range of 120-140 MPa.  This variation has 

potential implications for the failure mode of the different orebodies.  Overall it would ap-

pear that the mine is localised across a steep gradient in σ3 and Δσ.
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Figure 6.29.  Keys 101 Model – Whole 
Model
(a) A corridor of low σ3 values runs along 
the western margin of the Portal Fault 
(Mammoth Mine location white star - east).  
Low values of σ3 are seen in the Esperanza 
Mine location (white star – west).

(b) Values of effective mean stress are rel-
atively low in the Mammoth Mine location 
compared to the surrounding rocks.  The 
Esperanza Mine contains low values of 
mean stress.  Esperanza Mine in particular 
has very low mean stress values against 
very high mean stress values (steep mean 
stress gradient).

(c) Low PfF values are seen in the Mam-
moth Mine location (~50 MPa).  The Espe-
ranza Mine also contains low values of PfF 
(~15 MPa).

(d) Differential stress values appear to be 
quite low in the Esperanza Mine location 
relative to the values seen in the Mammoth 
Mine location.
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Figure 6.30.  Mammoth Mine UDEC outputs (Keys 
101 Model)
(a) A corridor of low σ3 values runs along the west-
ern margin of the Portal Fault (PF) (Mammoth Mine 
location red star).  Mammoth Extended Fault (MEF) 
and Mammoth Fault (MF).

(b) Values of effective mean stress are significantly 
lower in the Mammoth Mine location than surround-
ing areas.

(c) Low PfF values are seen in the Mammoth Mine 
location.  Higher values of PfF are seen on the east 
of the Portal Fault

(d) Differential stress values vary substantially be-
tween different areas around the Mammoth Mine.  
The mine lies on a steep gradient between values 
of high Δσ and low Δσ.
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Figure 6.31.  Esperanza Mine UDEC outputs 
(Keys 101 Model)
(a) Low σ3 values are concentrated at the in-
tersection of the Mammoth Extended Fault 
(MEF), the Mammoth Fault (MF) and the Es-
peranza Fault (EF). 

(b) Values of effective mean stress are signifi-
cantly lower in the Esperanza Mine location 
than surrounding areas.

(c) Low PfF values are seen in the Esperanza 
Mine location.  Higher values of PfF are seen 
on the immediately outside the intersection of 
the MEF, MF and EF.

(d) Differential stress values are quite high 
near the Esperanza Mine location, but again 
the deposit is localised on a steep Δσ gradi-
ent.
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The plot of minor principal stress (Figure 6.31a) showed values of 60-120 MPa in 

the intersection of the Esperanza Fault, the Mammoth Extended Fault and the Mammoth 

Fault.  This zone represents the bulk of the mineralised Esperanza ore system.  Distal to 

the fault intersection, high σ3 values (160 MPa to 240 MPa) are observed.

The mean stress acting over the Esperanza Mine region was seen to be lowest 

in the vicinity of the intersection of the three faults (Figure 6.31b).  The combination of 

low σm (120 MPa to 160 MPa) and low σ3 make for ideal conditions for dilation and fluid 

focusing.

Fluid pressures for failure are extremely low, less than 10 MPa, at the Esperanza 

Mine location (Figure 6.31c).  Fluid pressures for failure increase rapidly away from the 

mine location.

The differential stress is seen to be quite variable in the Esperanza Mine loca-

tion (Figure 6.31d) as differential stress values reach ~150 MPa, but drop steeply to ~40 

MPa.  The Esperanza mineralisation straddles this steep gradient.

Model utilizing Stress Inversion Parameters

The stress inversion of the fault and striation pairs using Slick (Ramsay and Lisle, 

2000; Chapter 2) provided statistical best fit orientations for σ1, σ2 and σ3 as well as a 

best fit phi value.  Although the σ1 orientation (116º) was relatively close to the orientation 

tested by Keys Model 112º, the Φ value differed.  The Φ value in the stress inversion was 

0.3 as opposed to the 0.5 value tested in the initial model runs. 

To test the Φ=0.3 scenario, the values of σ1, σ2 and σ3 had to be changed accord-
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ingly.  As σ2 related to the depth of deposition, this value was unchanged (175 MPa).  As 

Φ = (σ2 - σ3)/(σ1 - σ3) (Angelier, 1984), the σ1 value was increased to 210 MPa requiring 

the σ3 value to be increased to 160 MPa.  The model was run in the Keys Model 2 orien-

tation (112º-292º).  All lithologies and fault parameters were unchanged from the initial 

modelling.

The outputs from the model were slightly better than the best fit outputs of the 

Keys Model 101.  Values of σ3 (Figure 6.32a) are between �0-100 MPa, approximately 

20 MPa lower than values of σ3 seen in the Keys Model 101.  Mean stresses (Figure 

6.32b) in the Mammoth Fault-Portal Fault intersection are also slightly lower (120 MPa) 

than the σeff values of Keys Model 101 (150 MPa).  PfF values (Figure 6.32c) of ap-

proximately 50 MPa are seen in the Mammoth-Portal intersection and are similar to the 

Keys Model 101 PfF values.

The stress inversion model differs only slightly from the Keys Model 101 in the 

differential stress values (Figure 6.32d).

Figure 6.32 (Overleaf) Comparison between Keys 101 Model and Stress Inversion model at Mammoth (a 
& b) A corridor of low σ3 values runs along the western margin of the Portal Fault (Mammoth Mine location 
red star).  Lower values of σ3 are seen in the Stress Inversion Model (a) and the low σ3 corridor is better 
defined (a).  (c & d)  Values of effective mean stress are significantly lower in (c) despite the area influenced 
being significantly smaller.  (e & f)  Low PfF values are seen in the Mammoth Mine location in both models.  
Higher values of PfF are seen on the east of the Portal Fault (g & h) Differential stress distributions appear 
similar between the models.  The Stress Inversion model (g) again has lower values of Δσ than the Keys 
Model 101 (h).
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Figure 6.33.  (Previous page) Comparison between Keys 101 Model and Stress Inversion model at Espe-
ranza (a & b) A concentration of low σ3 values is found at the intersection of the Mammoth Extended Fault 
(MEF), the Mammoth Fault (MF) and the Esperanza Fault (EF).  (c & d)  Values of effective mean stress 
are significantly lower in the Esperanza Mine location than surrounding areas and differ little between the 
two models.  (e & f)  Little difference is seen between the two models (e & f).  Low PfF values are seen in 
the Esperanza Mine location.  Higher values of PfF are seen on the immediately outside the intersection of 
the MEF, MF and EF.  (g & h)  Differential stress values show a strong gradient with similar values in the 
Esperanza Mine location in both model runs (g and h).

Sensitivity Testing – Architecture vs. Rheological Contrast 

When the entire model was changed to Whitworth Quartzite, the Mammoth de-

posit exhibited similar values of σ3, σm, Δσ and PfF to the initial Keys 101 Model (Figure 

6.34a-d).  The intersection of the Mammoth Fault and Portal Fault was seen to be the 

site of the lowest σ3, σm, and PfF in both the All Whitworth Model and Keys Model 1.  

Similarly the eastern side of the Portal Fault, which is known to be devoid of significant 

breccias and mineralisation, was seen to have relatively high values of σ3, σm, and PfF 

in both models. 

Around the Esperanza Mine, values of σ3, σm, Δσ and PfF were significantly high-

er than the Keys Model 1 (Figure 6.35a-d).  Although values between the models dif-

fered, the areas exhibiting relatively low σ3, σm and PfF were comparable to the areas 

of low σ3, σm, and PfF within the multi-lithological Keys 101 Model (Figure 6.34a-d).  The 

focus of the low σ3, σm, and PfF was in the Mammoth Extended Fault – Mammoth Fault 

– Esperanza Fault intersection, in both models.

From these model results we can assume that the fault architecture is the domi-

nant control on the sites of breccia localization.  The variable lithology seems to have a 

significant but subordinate effect on the amount of dilation (brecciation) seen in each of 

the mine locations.
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This has implications for the exploration of the Mt Gordon lease and regionally, 

as it suggests that good structural targets may be found, irrespective of the host lithol-

ogy.  Sulphur isotope data however, suggests that rock type did influence the specific 

mechanisms of sulphide precipitation (Clark, 2003).

Figure 6.34.  (Overleaf) Comparison between Keys 101 and All Quartzite model (a & b) Although values of 
σ3 are higher in the Whitworth Model (a), the model shows higher values of σ3 to the east of the Portal Fault 
(PF).  The NS trending zone of low σ3 is still evident in the Mammoth Mine location in (a).  (c & d)  Relatively 
low values of σm are seen in the Whitworth Model (c).  Again these values are slightly higher than those in 
the Keys 101 model (d).  (e & f)  Due to the higher σ3 values in (a), the PfF values in the Mammoth Mine loca-
tion in (e) are significantly higher than those in (f).  Despite this they are relatively lower than the PfF values 
seen to the east of the Portal Fault, maintaining the validity of the All Whitworth model.  (g & h)  Despite the 
zone of moderate Δσ values extending through the PF in (g), the plots show similar patterns of areas of high 
Δσ and low Δσ.
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Figure 6.35.  (Previous page)  Comparison between Mammoth Mine and All Quartzite (a & b) Although 
values of σ3 are higher in the Whitworth Model (a), the zone of low σ3 is still evident in the intersection of the 
MEF, MF and PF in (a) as it is in (b).  (c & d)  Relatively low values of σm are seen in the Esperanza location 
in (c).  Again these values are higher than those in the Keys 101 model (d) but show the same patterns of 
σm as (d).  (e & f)  Fluid pressures for failure are significantly higher in the All Whitworth model (e).  Despite 
this a similar zonation of PfF trends is seen in both models.  (g & h)  Relatively high Δσ values are seen in 
the Esperanza location in both models.

6.5.7 Conclusions and Discussion

The stress inversion derived models (~112º-292º shortening, Φ = 0.3) produced 

the best visual fit for predicting known mine locations and breccia bodies.  Low values 

of σ3, σm, and PfF are typically indicative of dilation and focused fluid flow and known 

breccias and deposits are seen to correlate well with low values of σ3, σm, and PfF in this 

model. 

In the approximate location of D Lens, low Δσ values were observed, suggest-

ing that failure in this area was likely to be the result of extensional shear failure (Figure 

6.36).  The values of Δσ were somewhat higher in the Mammoth Fault – Portal Fault 

intersection although when plotted, the inferred failure mode is still extensional shear.

Figure 6.36.  Mohr circle diagram showing the proposed failure modes within the Mammoth Mine.  Data from 
the Stress Inversion Model suggests that failure in the Mammoth Fault – Portal Fault intersection is a result 
of extensional shear failure.  This is consistent with the observed jigsaw brecciated orebodies in the mapped 
areas of D Lens and 2 Lens.
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Within the Esperanza Mine area, a zone of high Δσ exists between the NE-SW 

striking Mammoth Extended Fault and the N-S striking Esperanza Fault.  The inferred 

failure mode in this location is expected to be compressional shear failure (Figure 6.37).  

This differs significantly from the failure mode anticipated between the Mammoth Fault 

and Mammoth Extended Fault.  Low Δσ values are observed in this area, which when 

plotted would indicate an extensional shear failure mode.  This area is also coincident 

with the highest copper concentrations in the Esperanza Mine.

Figure 6.37.  Mohr circle diagram showing the proposed failure modes within the Esperanza Mine.  Data 
from the Stress Inversion Model suggests that failure in between the Mammoth Fault – Mammoth Extended 
Fault intersection is a result of extensional shear failure.  Conversely any failure between the Esperanza 
Fault and the Mammoth Extended Fault is inferred to be the result of compressional shear failure.

For the Mammoth and Esperanza deposits, it would thus appear that mineralisa-

tion is located on steep gradients of minor principal stress and mean stress.  There are 

also steep gradients of differential stress from the orebodies to the surrounding, unmin-

eralised host rock. 

UDEC modelling shows that the proposed mineralisation models of Askew (1992) 

(ENE-WSW shortening) and Connors (1994) (NE-SW shortening) result in anti-dilatant 

settings at mine locations.  They also give sinistral movement on the Mammoth Extended 
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Fault.  This is inconsistent with obvious dilation at the mine sites and dextral movement 

indicators on the Mammoth and Mammoth Extended Faults (section 6.4.3). 

The ERA Maptec (Anonymous, 1994) proposed model (E-W shortening), and 

Keys Model 2 (ESE-WNW shortening) were interpreted to give dilation in mine locations 

but also give significant dilation in known unbrecciated areas. 

The Keys Model 1 (101°-2�1° shortening) showed a good correlation of low mi-

nor principal stress, low mean stress and low fluid pressures for failure with the known 

deposits.  However the best fit model was the model that employed the stress inversion 

derived (section 6.4.3 & 6.4.5) principal stress tensors and ratios.  There was an excel-

lent fit between zones of low σ3, σm and PfF with the known deposits and breccias.  In-

ferred failure modes were consistent with observed breccia characteristics (Figure 6.36 

and Figure 6.37).

It appears the brecciation observed in the Esperanza/Mammoth system is domi-

nantly a result of the existing fault architecture.  Changes in lithology may influence the 

amount of dilation, but ultimately the sites for brecciation are determined by the interplay 

of the fault architecture.  This has implications for the exploration for the Mt Gordon lease 

and for the exploration of other similarly oriented fault arrays along the Mount Gordon 

Fault Zone, such as the Investigator Fault Zone.



Gustav S Nortje 2�4

Chapter 6                                                        Regional Prospectivity Analysis & Discrete Element Modelling

6.6 Investigator Fault Zone (IFZ)

* This section was co-written and ideas developed within it were produced in col-

laboration with Damien Keys (PhD awarded April 2009).  All data and photos were col-

lected by me and numerical modelling was undertaken by Damien Keys.  This Chapter 

was co-written with G.N contributing 50% and D. Keys 50%.

6.6.1 Introduction 

The Investigator Fault Zone is an exploration tenement located approximately 

100 km north of Mount Isa, approximately 4 km west of the Mt Isa-Gunpowder road.  To 

date no economic mineralization has been identified in the Investigator Fault Zone.  The 

prospect is of particular interest to this study as it shares many characteristics with the 

Mt Gordon Copper Mines, only 12 km to its north.  These similarities include similarly 

oriented major faults and the same stratigraphic repetition (Figure 5.4).  The Investiga-

tor area has only been lightly explored, as previous companies specifically targeted “Mt 

Isa-style” stratabound mineralization in the south of the tenement area.  Unlike the Mt 

Gordon and Mt Kelly Copper Mines, the Investigator area has no known copper bearing 

breccias and therefore no obvious validation points for the numerical modelling outputs.  

Here, the Investigator Fault Zone was forward modelled in UDEC, followed by a field 

mapping campaign in order to validate the model.  In this sense both the predictive ca-

pacity of UDEC and the suitability of UDEC as a 2-dimensional modelling tool are being 

tested.

6.6.2 Numerical Modelling – Methodology and Conceptual Model

See section 6.2 for a detailed description of UDEC and numerical modelling tech-

niques in general.  The 4.7 km x 3.1 km model geometry (Figure 6.3�) was created from 
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field mapping and air photo interpretation conducted by Connors (1994).  The Investi-

gator fault zone model file is in Appendix B.  Due to limitations of the UDEC program, 

no fractures can be inserted that are not directly or indirectly connected to the model 

edges, hence all fractures are joined (McLellan and Oliver, 200�).  For this reason the 

various east-west trending Investigator Fault strands were connected to the north-south 

striking Stockyard Creek Fault.  The orientation of the maximum principal stress tested 

was horizontally directed along 112.5º-292.5º as per the best fit models for Mt Gordon.  

The stress conditions for the model are set at a phi (Ф) value of 0.3 (as per section 6.4).  

The imposed stresses (σ1 = 190 MPa, σ2 = 175 MPa, σ3 = 140 MPa) also remained un-

changed from the Mt Gordon stress inversion numerical model.  Approximately 7 km of 

overburden is represented by an initial σ2 value of 175 MPa.  Rock and fault properties 

remain unchanged from the Mt Gordon modelling (Table 6.�).  It was assumed that all 

the faults in the models were already present in their current geometric configuration.

Figure 6.38.  Conceptual model geometry.  The arrows reflect the σ1 orientation that was tested.

Numerical Modelling Results

The numerical modelling sought areas of (i) low minor principal stress (σ3), (ii) low 

mean stress (σm), (iii) low fluid pressure for failure (PfF), and (iv) low differential stress 

(Δσ), as potential structural targets favourable for mineralization.  The modelling pre-



Gustav S Nortje 2�6

Chapter 6                                                        Regional Prospectivity Analysis & Discrete Element Modelling

dicted four zones of low minor principal stress (σ3) (Figure 6.39).  The largest area of low 

σ3 was found near the junction of the North and Mid Investigator Faults at approximately 

330000mE.  A broad zone of low σ3 extends south west from this fault intersection to the 

south of the South Investigator Fault Zone.

Another significant area of low σ3 was located at the intersection of the Stockyard 

Creek Fault and the South Investigator Fault.  The σ3 value in this fault intersection was 

approximately 125 MPa.  Two zones of low σ3 were located in Whitworth Quartzites 

between the North Investigator and Mid Investigator Faults. Values of minor principal 

stress within these areas of low σ3 were approximately 120 MPa.  This area is of particu-

lar interest as the gross scale fault geometry and lithological host rock are similar to the 

Mammoth copper deposit 12 km to the north.

Figure 6.39.  Plot of minor principal stress for the Investigator Fault Zone.  The conceptual model input (bot-
tom left corner) is present for reference.  Areas of low minor principal stress values (dashed circles) can be 
seen between the North and Mid Investigator faults, at the junction of the North and Mid Investigator faults 
and at the intersection of the Stockyard Creek Fault and South Investigator faults.
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The lowest values of mean stress were seen in the junction of the North Inves-

tigator Fault and the Mid Investigator Fault (Figure 6.40) coincident with the same zone 

of low σ3 (Figure 6.39).  North of the intersection of the Prospect Fault and the South 

Investigator Fault was also a broad area of low mean stress. This is also coincident with 

an area of low minor principal stress (Figure 6.39). 

Localised areas of low mean stress are also seen along the North Investigator 

Fault.  The low mean stress is confined to the southern side of the North Investigator 

Fault within the Whitworth Quartzite, the Bortala Formation and the Alsace Quartzite. 

The ECV’s (Pickwick Metabasalt) north of the North Investigator Fault are seen to con-

tain relatively high mean stress values.  A thin sliver of low mean stress is seen to trend 

up the western margin of the Stockyard Creek Fault, north of the South Investigator 

Fault.

Figure 6.40.  Plot of mean stress for the Investigator Fault Zone.  Areas of low mean stress values (dashed 
circles) can be seen between the North and Mid Investigator faults, at the junction of the North and Mid In-
vestigator faults and at the intersection of the Stockyard Creek Fault and South Investigator faults.

Areas of low fluid pressure for failure (Figure 6.41) are generally consistent with 
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the areas of low minor principal stress and low mean stress, however the areas of low 

PfF are more tightly defined. 

The junction of the North Investigator Fault and Mid Investigator Fault is an area 

where low fluid pressure is required for failure (~40 MPa).  This modelled area thus 

shows very low fluid pressure for failure, low mean stress and low minor principal stress 

making it an area that should theoretically be very favourable for rock failure and fluid 

flow. 

The North Investigator Fault also has two small zones of low fluid pressure for 

failure (~40 MPa) that sit around a zone of high fluid pressure for failure.  As seen with 

the Mt Gordon Mines numerical modelling (section 6.4), some deposits seem to be asso-

ciated with steep gradients in fluid pressure for failure, minor principal stress and mean 

stress.  These two discrete zones of low PfF, also correlate with discrete zones of low σ3 

and σm either side of an area of high σ3 and σm.

Other areas that developed low σ3 and σm and also show low PfF are the inter-

section of the Prospect Fault and the South Investigator Fault (PfF ~ 90 MPa) and the 

north-western intersection of the South Investigator Fault and the Stockyard Creek Fault 

(PfF ~ 90 MPa).
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Figure 6.41.  Plot of fluid pressure required for failure for the Investigator Fault Zone.

Areas of low differential stress in the Investigator Fault Zone, that are coincident 

with areas of low σ3, σm and PfF, may be indicative of areas more likely to fail in tension 

or extensional shear.  Conversely areas of high differential stress that are coincident with 

areas of low σ3, σm and PfF, are more likely to fail in contractional shear.

Areas of low differential stress coincident with areas of low σ3, σm and PfF are 

developed in several places between the North Investigator Fault and Mid Investigator 

Fault (Figure 6.42).  Coincident areas of low σ3, σm, PfF and differential stress are shown 

in Figure 6.43.
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Figure 6.42.  Plot of differential stress for the Investigator Fault Zone.  Areas of low Δσ (dashed circles) have 
developed in several places between the North Investigator Fault and Mid Investigator Fault, as well as at 
the junction of these two faults.

Figure 6.43.  The circles indicate the areas that modelling has predicted low minor principal stress, low 
mean stress, low fluid pressures for failure and low differential stress within the Investigator Fault System.  
The core of these areas are predicted to develop failure in tension (and possible hydraulic brecciation) and 
the edges of these areas are expected to fail in extensional shear.  Modelled boundaries between areas of 
predicted tensile and shear failure are known to contain mineralization at Mt Gordon (section 6.4).
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6.6.5 Field Mapping – Model Validation and other areas of interest

Field mapping was conducted in an effort to validate the outputs of the numeri-

cal models completed for the Investigator Fault Zone.  Several traverses were walked in 

order to ascertain the expression of the fault (i.e. discrete fault or series of sheeted veins 

etc.), the locations of significant breccias and the type of fault fills.  Several localities of 

interest are discussed in further detail in this section (Figure 6.44).

Locality 1 – South Investigator Fault

At this locality the South Investigator Fault juxtaposes Whitworth Quartzite against 

younger Paradise Creek Formation shales.  UDEC modelling shows this area to have 

low σ3, σm and PfF, reflecting a likely site of dilation.  The South Investigator Fault was 

seen to strike east west in Locality 1 but was poorly exposed.  A splay approximately 15 

metres north of the South Investigator Fault contained slickenlines. It was found to strike 

toward 061º with a steep dip to the south.  The South Investigator Fault splay was seen 

to be approximately 3 metres wide in this location.  The fault breccia contained angular 

to sub-rounded, silicified quartzite clasts 2 to 20 cm in size (Figure 6.45a).

Two sets of slickenlines are present on the fault margin; one set of steeply plung-

ing slickenlines and another shallow set (Figure 6.45b) that overprint the steep ones.  

This is consistent with slickenlines seen in the Mammoth Mine where a steep early set of 

slickenlines are seen to be overprinted by a shallow slickenline set on similarly oriented 

fault surfaces.  The shallow slickenline set at Mammoth was associated with the stress 

field acting during ore breccia development.  When plotted on a stereonet, the fault plane 

solution suggests this slickenside set is consistent with ENE-WSW to SE-NW shortening 

(Figure 6.45c).  At Locality 1, the South Investigator Fault shows evidence of at least two 
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phases of displacement, with the youngest fault displacement potentially being related 

to the ESE-WNW oriented deformation event associated with copper breccia formation 

at Mt Gordon.

Figure 6.44.  (Overleaf) Sample localities (within black stars) mapped in detail within the Investigator Fault 
Zone. The map also contains outcropping fault fills mapped in this study, and areas of ironstone along faults 
recognised earlier. Locality numbers (black stars) refer to the following section (See below).



Gustav S Nortje 293

Chapter 6                                                        Regional Prospectivity Analysis & Discrete Element Modelling



Gustav S Nortje 294

Chapter 6                                                        Regional Prospectivity Analysis & Discrete Element Modelling

Figure 6.45.  Locality 1 – South Investigator Fault (a) Looking east down a splay off the South Investigator 
Fault.  The fault breccia contains clasts that vary in size from 2 to 20 cm. (b)  A fault surface containing two 
sets of slickenlines.  A shallow set of slickenlines are seen to overprint a steeper set.  This was observed on 
the Mammoth Fault (section 6.4 this study; Clark, 2004) within the Mt Gordon Mines.  The Mammoth Fault 
was oriented similarly to the South Investigator Fault in Locality 1.  (c) Stereonet showing the fault plane 
solution for the fault striking 061°, and the shallow slickenside set.  As the white areas reflects an area in 
pressure, σ1 must be oriented between ~060º and ~150.  The small arrow reflects the direction of hanging-
wall transport.

Locality 2 – Prospect fault

Locality 2 is located at the inferred intersection of the Prospect Fault – South 

Investigator Fault (Figure 6.46).  The South Investigator Fault has juxtaposed Whitworth 

Quartzites against Paradise Creek Formation shales.  The Paradise Creek Formation 

is heavily folded in this area and the Prospect Fault runs parallel to the axial plane of a 

north-south anticline (likely D2 fold).  The intense folding and faulting within the shale unit 

makes this area quite undulating, and the Prospect Fault trace tracks along one of the 

ridge lines.
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Figure 6.46.  (a) Close up of the area around the Investigator Prospect and the position of Locality 2.  The 
red line indicates an extension to the Prospect Fault as mapped in this study.  Colours reflect lithology and 
alteration as per Figure 6.44.  (b) An inset to the area denoted by a square in Figure 6.46a.  The figure shows 
positions of drill hole collars (white circles), with significant assay results alongside the relevant collar.  The 
model also shows the ESE-WNW orientation modelled and the likely location of significant brecciation as-
sociated with this event (red stars).  The red star in the east matches with a mapped hematite-chlorite-brec-
cia body.  Expression of the Prospect Fault to the south is as a sheeted vein set (SV) with weak brecciation 
locally.  Colours reflect lithology and alteration as per Figure 6.44.

The Prospect Fault’s expression grades from a series of sheeted veins approxi-

mately 250 metres south of the intersection to a 10 m wide quartz flooded jigsaw-fit bre-

ccia.  The 10 m wide fault breccia still shows evidence of failure along bedding planes 

as shown in Figure 6.47.  This change in fault expression can possibly be related to a 

change in minor principal stress value as determined by the UDEC modelling.  Lowest 

values of σ3 are seen in the intersection itself, with the location of the sheeted veins 

corresponding to an increase in σ3 value of approximately 25 MPa.  UDEC modelling of 

the fault intersection shows relatively low σ3, σm and PfF values reflecting a site likely to 

dilate.
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Figure 6.47.  Locality 2 quartz breccia.  The breccia has preferentially terminated against a bedding plane 
associated with the surrounding Paradise Creek Formation shales and siltstones.

Chlorite-hematite-quartz breccias are seen in the north-eastern quadrant of the 

Prospect Fault and South Investigator Fault intersection.  This is coincident with an area 

that conventional structural analysis would predict to be dilatant during an ESE-WNW 

shortening event (Figure 6.46b).  The numerical modelling outputs (Chapter 5.5) also 

suggest this area to be favourable for brecciation during an ESE-WNW shortening event.  

Little outcrop existed over the south-western quadrant of the Prospect Fault and South 

Investigator Fault intersection although modelling results also show this area to be a 

favourably oriented structural target.

The quartz breccias are seen to occur in areas that would not be expected to be 

conducive to dilation during an ESE-WNW shortening event.  Quartz veins as part of a 

sheeted vein set to the south of the Investigator prospect (Figure 6.46b) are also unlikely 

to be related to an ESE-WNW shortening event on the basis of their orientations.  It is 
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likely that the quartz dominated breccias and veins represent a different structural event, 

possibly during the initial faulting event, prior to the ESE event.

Locality 3 – South Investigator Fault Zone Bend

Locality 3 is on the northwestern side of a mapped bend in the South Investiga-

tor Fault.  As for Localities 1 and 2, the South Investigator Fault juxtaposes Whitworth 

Quartzites against Paradise Creek Formation shales at Locality 3.

The South Investigator Fault Zone had a significant change in fault expression 

at Locality 3.  Just west of the Investigator 2 prospect, the South Investigator Fault was 

seen to contain an intense shear fabric (Figure 6.4�) and little brecciation whereas the 

same fault was seen to have angular clasts in breccia up to 20 cm near the Prospect 

Fault (Figure 6.45).  At map scale, the only obvious difference between the brecciated 

and non brecciated South Investigator Fault areas was the orientation of the fault zone 

in each location.  The fault strike in Locality 3 is toward 072º, a change of approximately 

25º from the almost east-west striking fault plane at Locality 1.  The truncation of small F3 

folds by the shear fabric suggests that the shear fabric was developed post D3.  Numeri-

cal modelling indicates that Locality 3 would have contained the highest values of σ3 in 

the entire Investigator Fault Zone during an ESE-WNW shortening event.  High values of 

mean stress and fluid pressure for failure would imply that this area was unlikely to dilate 

during ESE-WNW shortening.
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Figure 6.4�.  (a) Surface expression of the South Investigator Fault at Locality 3 showing strong shear fabric 
and only minor cataclastic brecciation.  The main fault/shear plane here was found in the bottom of the creek 
and outcropped poorly.  The shear truncates a small fold.  (b) Plot of contours of minor principal stress for 
Localities 1 and 3.  Significantly higher values of σ3 are seen at Locality 3 than at Locality 1.  The change in 
orientation is the only obvious physical difference between the two localities, but the expression of the South 
Investigator Fault at Locality 1 is a hydraulic breccia and at Locality 3, a shear zone.

Locality 4 – Mid Investigator Fault

Locality 4 is on the Mid Investigator Fault, approximately 75 m east of the inter-

section with the South Investigator Fault.  Several differing breccia bodies were present 

within and around the Mid Investigator Fault at Locality 4.  A large quartz dominated bre-

ccia was seen in the Mid Investigator Fault location.  The fault breccia was comprised of 

angular to sub-angular clasts of feldspathic quartzite that ranged in size from <1cm to 25 

cm diameter (Figure 6.49), set in a matrix comprising hydrothermal quartz infill.
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Figure 6.49.  Mid Investigator Fault breccia comprised of angular to sub-angular clasts of feldspathic quartz-
ite in a quartz matrix.

A small splay fault (~� cm fault zone width) from the Mid Investigator Fault was 

observed to have an associated extension vein array at Locality 4.  The splay fault and 

vein array were of interest because the dominant vein fill was hematite, chlorite and 

quartz, differing from the quartz dominated Mid Investigator Fault proper.  The extension 

veins were seen to have a preferred orientation of sub-vertical, striking toward approxi-

mately 115º.  Shortening from the ESE-WNW would have produced a dextral sense of 

shear on the fault and tensile failure of the quartzites proximal to the fault (Figure 6.50). 

The hematite-chlorite veining is younger than the bulk of the quartz breccias.  As 

with Locality 2, it seems likely that the quartz dominated breccias have formed in a sepa-

rate stress event to the hematite-chlorite veining and breccias.
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Figure 6.50.  Splay fault of the Mid Investigator Fault at Locality 4.  The fault (within the white lines) has a 
fill of hematite-chlorite and quartz.  Extension veins (shaded white) with a similar fill are seen to strike ESE-
WNW.  A σ1 orientation parallel to these veins would have produced a dextral shear sense on the fault (and 
other faults of similar orientation) if it is assumed the veins were a tensile en echelon vein array.

Locality 5 - North Investigator Fault near Mid Investigator Fault Junction

Locality 5 is situated on the North Investigator Fault approximately 100 metres 

north-west of the junction with the Mid Investigator Fault.  The North Investigator Fault 

strikes towards 110º at Locality 5, juxtaposing a sliver of Whitworth Quartzites south of 

the North Investigator Fault against Eastern Creek Volcanics to the north of the fault.

The breccia body is approximately 50 metres wide and contains differing breccia 

fills over its width.  The peripheries of the fault zone are dominated by quartz breccias 

(Figure 6.51a), similar to Locality 4 (Figure 6.4�), with angular to sub-angular clasts 
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of Whitworth Quartzite varying in size from 2 to 30 cm.  Some quartz breccias show 

evidence of re-brecciation, with local clasts of quartzite and quartz engulfed by further 

quartz fill. 

The quartz breccias are occasionally cross cut by breccias containing a hema-

tite-chlorite dominated fill with minor quartz (Figure 6.51b).  These breccia orientations 

were not mapped as in situ examples of this breccia style were not located, but individual 

boulders contained several parallel breccia sheets.

The final breccia style is a hematite-chlorite-quartz breccia (Figure 6.51c and d) 

that is seen to cut through quartz dominated breccias and also to abut on weakly brecci-

ated to unbrecciated Whitworth Quartzites.  Clasts are typically small 1 cm to 6 cm and 

are typically sub-angular to rounded, suggesting an explosive-type or abrasive breccia-

tion event. 

The presence of quartz breccias overprinted by later hematite-chlorite confirms 

the observations made at Locality 2 and Locality 4, that the bulk of the quartz breccias 

and veining seen around the Investigator Fault Zone, are unrelated to the hematite-chlo-

rite stress event.  This observation is important when differentiating between breccias 

more likely to be related to mineralization (hematite-chlorite breccias) from those likely to 

have pre-dated the ESE-WNW shortening event (quartz dominated breccias).
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Figure 6.51.  Locality 5 breccia styles. (a) Quartz dominated breccia with 2 cm to 20 cm angular to sub-an-
gular clasts of variably feldspathic quartzite. (b) Quartz dominated breccia showing signs of re-brecciation 
and infill of hematite and chlorite locally. (c) Angular clasts (1 cm to 5 cm) of feldspathic quartzite within a 
hematite-chlorite matrix. (d) A hematite-chlorite dominated breccia with small (~1 cm) sub-rounded breccia 
clasts. The breccia is bound on one side (right of photo) by a feldspathic quartzite.
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6.6.6 Discussion & Conclusions

The previously limited exploration of the Investigator Fault Zone means the area 

remains a prospective area for both Mt Isa-style and Mammoth-style mineralization.  The 

previous sampling and drilling campaigns were primarily targeting Mt Isa-style copper 

deposits, and as such the bulk of the collected data was from the McNamara Group 

shales.  Little data was acquired from the Haslingden Group quartzites in the north and 

east of the Investigator Fault Zone; areas that from camp-scale mapping, would appear 

prospective for Mt Gordon Mammoth-style mineralization.

The successful numerical modelling of the Mt Gordon Copper Mines (section 6.4) 

and the Mt Kelly Copper Mine (Keys, 2009) provided evidence of a σ1 orientation of ESE-

WNW to form the ore-bearing breccias, consistent with the results from the chronologi-

cal analysis and field studies (Chapters 4 and 5 here).  The structural mapping of Miller 

(2007) showed the Mt Isa Copper Mine ore breccias formed under a similar tectonic 

regime (Miller, 2007).  The Investigator Fault Zone was therefore modelled with a σ1 

orientation of ESE-WNW.

The numerical modelling of the Investigator Fault Zone has predicted several 

areas of coinciding low minor principal stress, low mean stress, low fluid pressures for 

failure and low differential stress.  Steep gradients of high to low values of σ3, σm, PfF 

and particularly Δσ have proven particularly indicative of areas likely to dilate from the 

modelling conducted at Mt Gordon and Mt Kelly.  The core of these areas is predicted 

to develop failure in tension (and possible hydraulic brecciation) and the edges of these 

areas are expected to fail in extensional shear.  Modelled boundaries between areas 
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of predicted tensile and shear failure are known to contain mineralization at Mt Gordon 

(section 6.4).

With no known economic copper deposits found to date at Investigator, the nu-

merical modelling outputs required field validation.  Breccia styles and breccia fills were 

mapped and related back to the model outputs.

Mapping consistently located hematite-chlorite-quartz breccia bodies in areas 

predicted to be dilatant from the numerical modelling.  In some cases multiple breccia 

events preserved a transition from early quartz rich breccias to these later stage hema-

tite-chlorite-quartz breccias (Locality 5).  Significantly no hematite-chlorite-quartz brec-

ciation was seen to preserve cross-cutting veins or itself be re-brecciated, suggesting 

that this breccia event occurred late in the deformational history.  At Locality 4, hematite-

chlorite-quartz extension veins were inferred to have formed in response to ESE-WNW 

shortening. 

It is therefore proposed that evidence for a D4 ESE-WNW shortening event is 

preserved within the Investigator Fault Zone in the form of hematite-chlorite-quartz brec-

ciation and veining.
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6.7 Summary

Slip tendency analyses are useful and can provide information on which faults are 

preferentially oriented for reactivation under an applied stress field.  It appears that 

at the regional scale, changes in the stress ratio do not have a profound effect on 

the results, however locally are likely to be important.  In this study, the slip tendency 

analysis was considered too simplistic to be predictive, but it formed a logical step 

from the stress inversion to the prospectivity and numerical modelling.

Regional prospectivity analyses are useful and can aid mineral explorers to deline-

ate targets.  In this study prospectivity results indicate a broad correlation between 

known mineralization and areas of increased prospectivity. The method is quick, 

simple, and effective.

Fault intersections are important for mineralization because they may facilitate fluid 

flow resulting in mineralization.

Results from prospectivity analyses should be field checked to see if any variables 

have been over- or under-weighted.

Copper mineralization at the Mammoth Mine (Gunpowder Mine) likely resulted from 

D4 ESE-WNW shortening with σ1 ~112°.

UDEC modelling indicates a good correlation between known mineralization and has 

also generated some new targets around the Mammoth Mines region.

•

•

•

•

•

•
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Sensitivity testing indicated that fault architecture was the dominant control on the 

location of mineralized sites rather than host rock.

UDEC modelling at the Investigator Fault Zone indicates a good correlation between 

predicted sites of dilation and known sites of dilation (field validated), but also high-

lighted the importance of gradients in stress and PfF, which require further consid-

eration (Chapter 7).

•

•



CHAPTER 7

Discussion & Exploration Implications
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7.1 Introduction

This chapter discusses some of the key results of this work.  It begins with a theo-

retical discussion about fault cohesion and what this means for fault reactivation.  The 

Fort Binder Fault Zone is used as an example to illustrate the concepts of fault reactiva-

tion.  The validity of some of the assumptions from the younging analysis is discussed 

and illustrated with examples from field data.

The next section of the chapter discusses various aspects of sensitivity testing 

of the prospectivity analysis and other techniques e.g. slip tendency.  This is followed by 

discussion of the UDEC results because UDEC attempts to deal with all of the variables 

concerning fault reactivation and mineralization.

Finally some concluding remarks are made about exploration implications of this 

work i.e. what faults are likely to be favourable targets for mineralization.  This is followed 

by some suggestions for future work that may be undertaken within the region.

7.2 Fault Cohesion

Fault cohesion is a fundamental aspect of fault formation and is an important 

component of rock strength.  In simple terms it can be thought of as “keeping the rock 

together” and by definition “the resistance to shear fracture when the normal σn = 0” 

(Twiss and Moore, 1992) pg. 169 (Figure 7.1a).  Fault cohesion has been an important 

part of modern debates about fault zones, such as whether or not the San Andreas fault 

is a weak or strong fault (Zoback et al., 19�7; Scholz, 2000b, a; Townend and Zoback, 

2000).  
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Sibson (1977, 19�9, 2001) proposed that the presence of pre-existing faults in 

rocks could substantially modify the mechanics and kinematics of propagation of young-

er faults through the rock mass.  “Old” faults potentially represent zones of low cohesion, 

damage, or soft fault infill that may be reactivated during subsequent deformation events 

if certain combinations of far field stress orientations, fluid pressures, and fault orienta-

tions are met.  The generation of new faults in previously faulted rock masses implies 

that a) the older faults develop cohesion with time, sufficient that the younger deforma-

tion does not ‘see’ the older faults (Cox et al., 2001); b) that the far-field stresses associ-

ated with the younger deformation are sufficiently misoriented relative to the earlier faults 

that reactivation is not possible; or c) that fluid pressures associated with the younger 

deformation are insufficient for reactivation along the older structures. The features ob-

served in the field along fault traces range from distinctive quartz blows up to 10 m wide 

and 1 – 200 m long (which would most likely have high cohesion during subsequent 

deformation events) to recessive valleys with poor exposure of rare fault gouge or clay-

filled breccia which may have had low cohesion during potential reactivation events.

7.2.1 Conventional fault reactivation analyses

Fluid flow leading to mineralization can occur on both newly formed faults, and 

on faults that are reactivated subsequent to their initial formation.  Popular models of 

fault reactivation propose that, under high pore pressures, misoriented faults may re-

activate due to low fault cohesion (Sibson, 19�5, 2001).  This can be shown in a series 

of sketches and schematic Mohr circles (Figure 7.1a – c).  Under Mohr-Coulomb failure 

criteria (Chapter 2) laboratory measurements indicate that faults typically form at 25 - 30° 

to the fault plane (Byerlee, 197�).  Several authors assume this when undertaking fault-
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fracture studies (e.g.  Cox 1999, 2001, and 2005 and Sibson 19�5, 19�7, 19��, 19�9, 

and 2001).
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Figure 7.1.  (a) Sketch in plan view of a left-lateral fault with σ1 approximately 30° from the fault assuming 
Mohr-Coulomb failure criterion with an intact rock failure envelope (see Chapter 2).  On right side is a sche-
matic Mohr circle sketch showing the two end-member cases for forming faults by (i) either increasing the 
differential stress so the Mohr circle touches the failure envelope initiating failure (dashed red circle) or (ii) 
by increasing the pore fluid pressure and moving the Mohr circle to the left bringing it closer to the failure 
envelope resulting in the formation of a new fault in intact rock (solid red circle).  Cohesion is also defined 
where the intact rock failure envelope intersects the y-axis (shear stress) when σn = 0 (Twiss and Moore, 
1992).  (b) Conventional model for fault reactivation where there may a change in the stress field and the 
pre-existing fault is reactivated because it has little or no cohesion show by the 2θ where the Mohr circle 
touches the failure envelope for cohesionless reshear.  (c) Alternative model for fault reactivation in which 
pre-existing faults are not reactivated during a switch in the stress field but rather a new fault is formed in 
intact rock because the “old” fault had sufficient cohesion so as not to be affected by the change in orienta-
tion of the stress field.  This is also shown schematically on a Mohr circle where the new fault forms at an 
angle 2θ to the new stress field.

Figure 7.1a shows the formation of a new fault in intact rock.  A plan view sketch 

of a left-lateral fault with σ1 oriented approximately 30° to the fault plane is shown.  Mohr 

circle diagrams are a simple yet effective way to show this behaviour (Figure 7.1a).  If 

the black circle on Figure 7.1a is the initial Mohr circle pre-failure then there are two end-

member ways within which to initiate failure.  Firstly, increase the differential stress (red 
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dashed circle on Figure 7.1a) so that the Mohr circle comes into contact with the failure 

envelope initiating failure.  Differential stress can be increased by either lowering σ3 or 

increasing σ1.  The second way to initiate failure is to dramatically increase the pore fluid 

pressure (Chapter 2) so that the normal stress is reduced to become an effective normal 

stress, and the Mohr circle moves to the left on the diagram and comes into contact with 

the failure envelope resulting in failure.  This is shown on Figure 7.1a as the plain red 

circle on the Mohr diagram.

If the far-field stresses change then conventional fault reactivation theory (Sib-

son, 19�5) implies that the pre-existing fault will likely reactivate because it has little 

or no cohesion (Figure 7.1b).  The schematic Mohr circle sketch in Figure 7.1b shows 

this phenomenon where the red Mohr circle is in contact with the cohesionless reshear 

failure envelope.  This implies that it is very difficult to attain tensile failure under cohe-

sionless reshear because extremely low differential stresses would be required.  Failure 

would most likely be in extensional or compressional reshear.  This is not the case for 

at least some Cu mineralization within the area, as the Mammoth Mines orebody is a 

hydrothermally brecciated ore body implying failure in tension along with high pore fluid 

pressures.

The Fort Binder Fault zone (FBZ) is located approximately 25 km south of Mam-

moth Mines (Figure 5.2).  The best exposure at the FBZ is at locality 3.  Here the ECVs 

are overlain by quartzites belonging to the Myally Subgroup.  These units are penetrated 

by at least two differently oriented fault sets which are also of different age (Figure 7.2).

The oldest fault structure is a late D3 aged ductile shear zone (Figure 4.5 and Fig-
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ure 4.�) shown in blue on Figure 7.2.  Shear sense indicators on this structure yield a left-

lateral shear sense.  This is inconsistent with the dominant shear sense obtained from 

the younging analysis (Figure 4.�) that yields a right-lateral sense of shear.  Cross-cut-

ting this fault is a D4 aged (Figure 4.�) series of steep-dipping tensile veins (or possibly 

tensile veins combined with extensional shear veins, although no displacements were 

observed), that formed during the ESE D4 shortening event (Figure 4.�).  The inferred 

timing is based on the overprinting, the orientation, and the consistency of the stress field 

apparent from these veins (s1 - ESE, s3 - NNW).  Because these veins are tensile they 

required low differential stress and high fluid pressure to form (e.g. Etheridge, 19�3).  

Frictional reactivation of a favourably oriented throughgoing cohesionless fault is im-

portant to consider here, because the tensile failure condition (Pf > σ3) needed for pure 

extension fracturing cannot be met if a pre-existing fault is oriented at θr < 2θr*, because 

reshear will always occur first (Figure 2.4) (Sibson, 2000b, a, 2001).

Thus, this late D3 ductile shear zone (Figure 7.2) should have reactivated first 

under an applied D4 ESE – shortening event, if fluid pressures were high and cohesion 

low.  There is no mesoscopic evidence to suggest it did reactivate.  Instead, the forma-

tion of new tensile veins occurred (Figure 7.2), cross-cutting the older main fault trace.  

The inset in Figure 7.2 shows how this might eventuate in a Mohr circle sense.
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Figure 7.2.  (Overleaf) Geological map adapted from Figure 5.30 (Chapter 5) showing locality 3, FBZ.  Two 
differently oriented and aged failure zones are present in this location.  A late D3 (Chapter 4) ductile shear 
zone with a left lateral shear sense is cut by D4 aged tensile veins.  Black arrows show the applied orienta-
tion of σ1 during D4 (~110°).  Inset shows this situation depicted on a schematic Mohr circle diagram – see 
text for discussion.

The inset on Figure 7.2 shows a schematic Mohr circle sketch.  Shown on the 

Mohr circle are two failure envelopes.  The intact rock failure envelope is shown in black 

while the cohesionless reshear failure envelope is shown in blue.  The black Mohr circle 

on the right is an initial pre-failure (i.e. pre-D4 shortening) Mohr circle.  During D4, be-

cause of the inferred presence of high pore fluid pressures the Mohr circle will move to 

the left as shown by the arrow.  It is apparent that somewhere on the cohesionless res-

hear failure envelope, 2θ would touch the failure envelope resulting in reactivation.  This 

is not the case - because of the high pore fluid pressures the Mohr circle shifted all the 

way to the left eventually coming into contact with the intact rock failure envelope result-

ing in tensile failure of the host rock (Figure 7.2).  This means that D3 faults at Fortbinder 

and most likely throughout the region, had high cohesion values (e.g. represented by the 

red failure envelope on Figure 7.2) because they did not reactivate under an applied D4 

stress field.

For the formation of new faults under a D4 stress field (Figure 4.�, Figure 4.9, 

and Figure 7.2), it implies that the majority of the older faults would have had to have 

sufficiently high cohesion so as not to ‘see’ the younger deformation (Cox et al., 2001), 

unless pore pressures were quite low during the younger events.  The occurrence of 

dilational hydrothermal mineralization on some young faults, hydrothermal breccias, and 

the previously mentioned tensile veins, would appear to be evidence that high pore pres-

sures were locally attained (see Chapter 4 and above).
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A practical outcome of this result is to try and assess the occurrence of reces-

sive faults versus protuberant faults, because this may be a measure of whether or not 

sufficient cohesion was attained to prevent re-shear.  ‘Protuberant’ here is defined as 

large quartz veins protruding from the ground surface similar to that observed at the Fort 

Binder Fault Zone (locality 3), and a correlation is inferred here between such protuber-

ance and the apparently high fault cohesion, preventing reshear along the fault plane, 

such as at the FBFZ.  Factors favouring the high cohesion would be the cohesion of the 

quartz-rich fault fill, adjacent rocks which themselves also have high cohesion, and/or 

the silicification of the adjacent rocks during early faulting, subsequently giving the whole 

fault zone substantial cohesion. In contrast, cohesionless or low cohesion faults would 

be recessive.  A possible targeting strategy for exploration companies would be to target 

faults with high cohesion because they may have acted as barriers and compartments, 

so that intersections between them and newly formed faults provide exploration targets, 

not because of reactivation, but because of interaction between new faults and cohesive 

materials defined either by fault precipitates or rock juxtaposition (Figure 4.13).

7.3 Fault/ Vein Geometries & Overprinting

In this section fault/ vein geometries are used to discuss the orientation/ re-ori-

entation of stress fields through time.  The geometric relationships used to infer relative 

fault timing had variable degrees of reliability, as discussed previously (Chapter 4).  In 

particular, the assertion that a shorter fault segment along a ‘Y’ junction is older than a 

longer segment (Figure 7.3), could lead to erroneous allocation of temporal position if 

this type of relationship is common.  However, checking the Mammoth Mines map sheet 

(Sheet 675�), it is apparent that this relationship is uncommon on the map sheet, and 
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there are far more numerous examples where more reliable displacements occur where, 

for example, faults offset stratigraphy and folds as well as older faults, or apparent dis-

placements on the map were confirmed with kinematic indicators in the field.  Although 

the ‘Y’ junctions could represent fault branches with no distinct timing relationships, the 

displacement on one side of the fault (without the branch) may have been accommo-

dated parallel to bedding and consequently it has not been mapped.  The only way to 

resolve this is to obtain more field data, but the overall analysis is not seriously compro-

mised by this assumption (Figure 7.3) because of the infrequency of this type of ‘Y’ junc-

tion occurrence, and because it has been assigned a null value in the younging analysis 

if the angle is less than 30°.

a) 30

30

b)

Y

O O = older
Y = younger

c)

Y

O d)

Figure 7.3.  Assumptions used to determine initial fault timing relationships, all shown in plan view; (a) a 
single fault bend.  Null values were assigned to fault segments with angles of <30° as such a bend could 
most readily develop during one faulting phase; (b) ‘Y’ junction where the shorter segment is older than the 
longer segment – this could alternatively represent a branch during a single faulting event; (c) apparent 
offset of faults and bedding with different dips implies that (in this case) the offset on the fault is equivalent 
to the displacement; and (d) an apparent lateral offset in plan view may not correspond to actual lateral dis-
placement, here demonstrated by conflicting offsets requiring dip-slip movement. This latter relationship was 
uncommon in the field, but where it occurs (e.g. Investigator) it has been overprinted by genuine strike-slip 
movements. 

Figure 7.4a & b show different geometries of two different fault zones from with 

the study area, namely the FBZ and the TDF (Chapter 5).  The FBZ fault geometry as 

stated earlier is late D3 and D4 in age as per Chapter 4 (Figure 4.�).  Late D3 structures 

include ductile shear zones while D4 aged structures include tensile veins (Figure 4.�).  

During D4 at the FBZ there was no reactivation of optimally oriented D3 structures with 
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high cohesion but instead new tensile veins were formed under high pore fluid pressures.  

The TDF is a late D3 fault (Figure 4.�) and occurs on a dilatant bend as a right stepping 

en echelon quartz vein array (Chapter 5).  Here there are tensile veins and vein branches 

that intersect the main fault strand in isolated arrays and at junctions, as indicated, the 

latter raising the possibility that these veins all developed in one faulting phase. 

'n



2
'n



2

OR

brecciation

(a) (b) (c)

(d) (e)

Fort Binder Fault
Zone

Tailings Dam Fault

tensile
veins

vein
branches

Figure 7.4.  (a) Schematic of the vein geometry at the Fort Binder Fault Zone with late D3 ductile shear zone 
cross-cut by D4 tensile veins; (b) Schematic of the vein geometry at the Tailings Dam Fault with tensile veins 
intersecting the main fault strand and vein branches along the main fault strand; (c) 2-D and 3-D vein arrays 
may develop simultaneously if fluid pressures are high and differential stresses low, e.g. σ1 > σ2 ≥ σ3 might 
permit a 2D or branching geometry to form in one faulting phase, and if all the principal stresses are low and 
similar, high pore pressures may permit brecciation under tensile conditions; (d) and (e) schematic Mohr 
circles showing stress field switches during multiple earthquake events – for very small changes in σ2 and σ3 
veins with different orientations may form almost simultaneously.

There are two ways within which to interpret the TDF.  Firstly it may have formed 

in response to E – W shortening during D3 (Figure 4.5) as a dilatant bend along an opti-

mally oriented fault segment. If pore pressures were high and the difference between σ2 

and σ3 was small, two planes of veins might develop near-simultaneously in a near-com-

mon stress field (Figure 7.4 b to e).  During multiple rupture events it is possible that the 
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orientation of the stress field can rotate under elevated pore fluid conditions (near litho-

static) and under low differential stress.  Because the TDF occurs along a dilatant fault 

segment these structures could also be interpreted in terms of segment linkage.  Fault 

growth by segment linkage induces localised changes in the orientation of the stress field 

(Pollard and Aydin, 19�4).  This produces deflections in fault orientation within linkage 

zones (Figure 2.7c) (Walsh et al., 2003).  Deflections arising from fault growth by seg-

ment linkage are therefore sub-parallel to σ1 and parallel to the slip vector if the hanging 

wall and footwall blocks have behaved as rigid blocks (Figure 2.7c).  Figure 2.7 does 

not always hold true and is somewhat misleading.  Extension veins do not necessarily 

intersect faults in the σ2 direction and it depends on the stress ratio (sect. 5.5.2) value, 

so Figure 2.7a is only useful when you have a known stress ratio (Φ).  Figure 2.7 also 

implies that vein/fault deflections may be parallel to the slip vector and while this may 

be true in some cases it is not the general case (Blenkinsop, 200�).  For example jogs 

on strike slip faults are perpendicular to the slip direction and it is more than likely that 

bends and stepovers (the fault equivalent of vein deflections) can be found in transverse, 

oblique and lateral orientations.

The alternative to all the above is to relate the features found at the TDF to those 

shown for the FBFZ in Figure 7.4a – that is, the NNW-trending veins are tensile veins 

developed during D4, overprinting earlier D3 veins developed along ENE-trending faults.  

This would again imply that the D3 faults developed sufficient cohesion to force new frac-

tures in a different orientation under a different stress field.  Closer examination of the 

intersection of the two vein sets might, in this case, reveal that the NNW-trending veins 

were younger, but this was not determined with any clarity during initial field mapping. 
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7.4 Sensitivity testing and Exploration

7.4.1 Slip Tendency Analyses

Fault reactivation is determined by the ratio of shear (τ) to normal stress (σn) 

along a discontinuity with planes that will likely reactivate under the specified stress ten-

sor possessing high ratios of shear to normal stress, close to the coefficient of sliding 

friction (μ) (Figure 2.11) (Morris et al., 1996; Lisle and Srivastava, 2004).  This ratio of 

shear (τ) to normal stress (σn) is referred to as the slip tendency (Ts) (Morris et al., 1996; 

Lisle and Srivastava, 2004) where:

Ts= τ/σn

The maximum value of slip tendency (Ts) depends on the coefficient of friction of 

the surrounding rock i.e. the limit of the sliding envelope (Morris et al., 1996; Lisle and 

Srivastava, 2004).  See Chapter 2 for a more detailed overview of slip tendency.

Figure 7.5a shows plots of slip tendency outputs zoomed in around the Mam-

moth Mines region and the Investigator Fault zone.  These two locations were chosen 

because of known mineralization and because the Investigator Fault zone is analogous 

to the Mammoth Mines region i.e. similar fault architecture and host rocks.

Different values of Phi were chosen because slip tendency was being applied to 

the entire study area so end-member values of Phi were examined (Φ = 0.1, 0.5, 0.9).  

Figure 7.5a shows slip tendency outputs from the Mammoth Mines region for different 

values of Phi.  For all three value of Phi there is not a good correlation of slip tendency 

with known mineralization.  This is most likely due to the slip tendency being independ-
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ent of pore fluid pressure which has been shown to be important at various locations 

throughout the region.  It is also because the faults are assumed to be vertical when in 

reality they are near vertical and this may affect the analysis because slip tendency is 

calculated in three-dimensions (Chapter 2) (Morris et al., 1996; Lisle and Srivastava, 

2004).

There is a reasonable correlation between higher Phi values (Φ = 0.5 and 0.9) 

and the locations of prospects for the Investigator Fault zone (Figure 7.5a), but a poor 

correlation when Φ = 0.1.  Interestingly these predicted zones of fault reactivation corre-

late well with UDEC data (Chapter 6).  Also Phi values determined from fault slip analysis 

at Mammoth Mines indicate that Φ = 0.3.

Figure 7.5. (Overleaf) Inset in top left corner shows location of close ups.  Zoom in outputs of (a) slip ten-
dency outputs for the Mammoth Mines and Investigator Fault zone for an applied D4 stress field for different 
values of phi (Φ).  Phi can range from 0 – 1 so values of 0.1, 0.5, and 0.9 were chosen.  The reason this was 
done is because slip tendency analyses were applied at such a regional scale because of the lack of fault 
slip data throughout and becase of the regional emphasis of the study.  (b) Original prospectivity analysis at 
the Mammoth Mines and Investigator Fault zone in which fault intersections were assigned low comparative 
weighting relative to connectivity and orientation; and (c) prospectivity analysis with increased weighting 
(see Chapter 6) for fault intersections at the Mammoth Mines and Investigator Fault zone.  White stars show 
location of known deposits and prospects and grey squares on (b) and (c) are 1 x 1 km.  Plotted using Map-
Info Professional 9.5.  Map projection AGD’66 zone 54.
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7.4.2 Prospectivity Analyses

Chapter 6 presented the results of semi-quantitative prospectivity analysis in 

which fault orientation, connectivity, intersections, and relationship to ECVs as a po-

tential copper source, were considered.  The quantitative aspects of the analysis were 

a) the actual position relative to other faults, b) the actual orientation, c) whether or 

not a fault intersection was present, and d) whether or not the fault was connected to 

the ECVs.  The qualitative or assertive aspects of the analysis were a) the omission of 

other considerations (such as fault host rock other than ECVs, whether or not the faults 

had developed inferred cohesion, or the orientation or diversity of fault intersections), 

b) the assumption that ECVs were the source of copper, c) the assumption that failure 

in tension was ‘the best’ orientation for fluid transmission and thus mineralization, and 

d) the assumptions that faults or fault intersections of any age were equally favourable 

for mineralization. Another major source of potential error in this analysis is the different 

total weighting assigned to connectivity, orientation, and proximity to a fault intersection. 

These latter three were tested by varying their total values relative to each other, against 

visual best fit to known mineralization.  A more sophisticated weights-of-evidence ap-

proach would have been possible and is perhaps desirable in future, but the advantage 

of the prospectivity analysis presented over any other technique is the speed at which 

the analysis can be done, and also the speed with which the variables can be relatively 

changed to assess the uncertainties described.  

Figure 7.5a and b show outputs from the prospectivity analysis of Mammoth 

Mines and the Investigator Fault zone.  Where fault intersections have been given a low 

rating (Figure 7.5b), the correlation between known mineralization and more prospective 
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areas is poor at Mammoth Mines.  Similar results are seen for the Investigator Fault zone 

with no correlation between prospective areas and known mineralization.  However if the 

requirement for connectivity to the ECVs is removed (i.e. the potential copper sources 

could be anywhere), and an increased weighting given to fault intersections (relative to 

connectivity and orientation), then the results improve, and arguably provide the best fit 

to known prospects relative to all other methods (Figure 7.5), with the possible exception 

of the UDEC models (see below).  Fault intersections are important (Chapter 4) particu-

larly at Mammoth Mines because the largest Cu deposit in the study area is located at 

a fault intersection.  Fault intersections have been highlighted as important from other 

prospectivity studies (Mustard et al., 2005; Ford and Blenkinsop, 2007).  Mustard et al 

(2005) found that the most prospective fault intersections throughout the Mt Isa inlier are 

ENE and SSE trending faults, ENE – N-S trending faults and ENE – NNE trending faults.  

All these intersections form favourable sites for mineralization under an applied D4 stress 

(ESE-shortening) field (Mustard et al., 2005).  While these fault intersections may have 

a good spatial relationship to known mineralization, regional scale UDEC modelling in-

dicates that there is a complex partitioning of stress across different fault blocks (McLel-

lan, 200�; McLellan and Oliver, 200�; McLellan, In Review).  This has been found in the 

eastern and western fold belts of the Mt Isa inlier.

Another variable that was not included in this prospectivity analysis was host 

rock type.  A possible approach would be to classify different types of host rock on their 

permeability potential i.e. black shales would likely be aquitards while sandstones and 

quartzites could be aquifers.  This could then be combined with another variable, per-

haps fault length, and used to generate targets.  An important aspect of prospectivity 
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analysis is that the results should be checked in the field.

7.4.3 Discrete Element Modelling

UDEC modelling was undertaken at Mammoth Mines and the Investigator Fault 

Zone.  This was done to assess whether or not UDEC was applicable and whether or 

not the field results would match model results.  It was also done because UDEC deals 

with a more complete range of variables discussed above in the prospectivity analysis 

i.e. rock types, fault intersections, and does so in a more quantitative way.

The best UDEC outputs for the Mammoth Mines region were the models where 

stress inversion results were run initially, to determine the best stress field to apply to the 

model.  This produced the best correlation between known mineralization and zones of 

predicted mineralization.  Zones of dilation and focussed fluid flow are seen in areas of 

low values of σ3, σm and PfF.  The assumption that the fault architecture was pre-exist-

ing and the fluids could flow on any of the mapped faults appears to be a valid one in 

this case because of the good correlation between known and predicted mineralization 

(Figure 6.29 and Figure 6.30).  The UDEC modelling for other suggested models for min-

eralization at the Mammoth Mines (with different stress fields) do not show a good visual 

correlation between known mineralization and predicted zones of mineralization.  In fact 

some of the model results for other stress fields show the opposite sense of displace-

ment to the determined displacement sense during mineralization time (section 6.4.7).

Exploration models within the Investigator Fault Zone have typically focussed on 

Mt Isa style mineralization i.e. black shale hosted Cu mineralization.  While the IFZ re-

mains prospective for this style of mineralization, Mammoth-style mineralization in frac-
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tured quartzites or siltstones is more likely to be found within the region.  The numerical 

modelling of the Investigator Fault Zone has predicted several areas of coinciding low 

minor principal stress, low mean stress, low fluid pressures for failure and low differential 

stress, and these are all considered viable exploration targets (see below)

Steep gradients of σ3, σm, PfF and particularly Δσ appear to correlate best with 

known mineralization from the modelling conducted at Mt Gordon and Mt Kelly, rather 

than absolute (low) values of these variables.  The core of these areas is predicted to 

develop failure in tension (and possible hydraulic brecciation) and the edges of these 

areas are expected to fail in extensional shear.  Modelled boundaries between areas 

of predicted tensile and shear failure are known to contain mineralization at Mt Gordon 

(section 6.4).  The mechanical reason for this may be that the modelled areas of tensile 

failure provide a ‘sink’ through which fluids cannot pass, whereas the areas of shear fail-

ure represent conduits, and hence the gradient areas are locations where ready copper 

source is combined with potential ‘sink’.  Alternatively, the oscillation or steep variation of 

pore pressure, for example, may control the chemical precipitation of ore species due to 

pressure-dependent solubility.

With no known economic copper deposits found to date at Investigator, the nu-

merical modelling outputs required field validation.  Breccia styles and breccia fills were 

mapped and related back to the model outputs.  Mapping consistently located hematite-

chlorite-quartz breccia bodies in areas predicted to be dilatant from the numerical model-

ling.  In some cases multiple breccia events preserved a transition from early quartz rich 

breccias to these later stage hematite-chlorite-quartz breccias (Locality 5).  Significantly 
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no hematite-chlorite-quartz brecciation was seen to preserve cross-cutting veins or itself 

be re-brecciated, suggesting that this breccia event occurred late in the deformational 

history.  At Locality 4, hematite-chlorite-quartz extension veins were inferred to have 

formed in response to ESE-WNW shortening.

Regional scale UDEC modelling found that there is a reasonably high conver-

gence of numerically predicted zones of low differential and mean stress and the known 

sites of copper mineralization (McLellan, In Review).  McLellan (in review) found that the 

complex interplay between faults and fault blocks help to partition stress across the dif-

ferent blocks and discontinuities (McLellan, In Review).  However, this thesis shows that 

prospect-scale UDEC modelling can help pin down potential for mineralization at scales 

appropriate to placing drill sites. 

7.5 Exploration Implications

One of the main results from this work is that mineralization occurs at fault inter-

sections, but also that consideration must be made of the timing and potential for vari-

able cohesion on faults to influence fluid flow.  Figure 7.6 shows a schematic model for 

mineralization at the Mammoth Cu deposit but this model could be applied elsewhere 

in the region.  Mineralization occurs at the intersection of a severely misoriented fault, 

mid D3 in age, and an optimally oriented fault, late D3 in age, but all aspects of this study 

demonstrate that the mineralization actually occurred during D4.  The late D3 fault is fa-

vourably oriented for reactivation during D4 and acts as a fluid conduit for copper bearing 

fluids to travel upwards and/or laterally.  The mid D3 misoriented fault locks up under an 

applied D4 stress field and as a result during D4 may have caused a build up in pore fluid 

pressure.  The combination of these two faults, one acting as a conduit, one building 
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up the pore pressure, and the junction providing additional anomaly to the stress field, 

resulted in eventual brecciation, dilation and ore body formation as shown by the star on 

Figure 7.6.

increased
pore fluid
pressure

1

locked
fault

conduit

fluid
into
fault

mid-D3

late-D3

Figure 7.6.  Schematic model for mineralization at the Mammoth mineralization located at the intersection 
between an old and young fault.  It is likely that the reactivated fault acted as the fluid conduit while the 
older N-S fault was severely misoriented resulting in pore fluid pressure build up at the fault intersection 
resulting in brecciation and ore body formation.  Also shown are rose diagrams of the faults involved from 
Figure 4.�.

The other aspect of this particular geometry is the angles between the faults.  

When considering the slip vectors on both faults, it can be seen that south-eastern sec-

tor of the junction would have been pushing in towards the junction (increased σ1 and/or 

σm), whereas in the southwest sector, the block is ‘pulling away’ from the junction with 

presumed lower values of σ1 and/or σm.  In detail, this is a qualitative statement that is 

potentially complicated by specific aspects of the faults themselves (e.g. cohesion, joint 

normal stiffness) and also of the rocks juxtaposed across the fault sectors, but this as-

pect of ‘favourable sectors’ of fault intersections is worthy of future consideration in any 

prospectivity analysis.   
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Regionally mineral explorers could also test recessive (locked?) faults versus 

protuberant faults (Figure 7.7), by using mapping, aerial photography, Google Earth or 

digital terrain model results to identify fault-related valleys or ridges.  This is because 

locked faults may have had high cohesion and acted as barriers and compartments while 

newly formed faults or repeatedly reactivated faults may have facilitated fluid flow result-

ing in potential mineralization at their intersections.  Figure 7.7 is a preliminary attempt at 

this style of analysis for the field area that also includes results and interpretations of all 

of the other methods used during this research.
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Reactivated fault
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Figure 7.7.  Based on the younging analysis, prospectivity analysis, UDEC modelling, and field observations 
this is a potential target map (yellow stars).  Red faults are faults that may have reactivated under an applied 
D4 stress field while blue faults may have locked during the D4  (stress field) and mineralization.
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7.6 Conclusions

Rifting, basin formation and sedimentation formed three superbasins.  These were 

the Leichhardt (ca. 1�00 to ca. 1740 Ma), the Calvert (ca. 1730 to ca. 1670 Ma), and 

the Isa (ca. 1670 to 1575 Ma) Superbasins, all of which are still variably preserved 

to some extent in the Leichhardt River Fault Trough (LRFT) of the Mount Isa Block, 

including the MGFZ comprising the study area. It is possible that the presence of all 

three superbasin sequences have made this belt prospective, because it combines 

rocks and potential copper sources of the requisite diversity.

The pre-existing rift architecture did strongly influence copper mineralization, particu-

larly by the reactivation of old normal faults and their junction with newly formed or 

reactivated favourably oriented faults.

D4 deformation, the absolute timing of which is not well constrained in the Western 

fold belt, resulted primarily in strike-slip reactivation of major faults, particularly steep-

ly dipping faults, as well as mostly sinistral strike-slip displacement on north-south 

striking faults.  Fault slip analysis methods confirm this and are a valuable tool for 

understanding the temporal evolution of stress fields.

D4 is an east-southeast – west-northwest oriented shortening event mostly manifest 

as faults, reactivated older faults, and brecciation.  It appears to be responsible for 

widespread copper mineralization within the region, but prior copper mineralization 

on D3 (and potentially earlier) faults must be considered because of the known his-

tory of fault reactivation and also remobilization of early mineralization by later struc-

•

•

•

•
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tures.

The younging analysis method (binary chronological matrix analysis) has been shown 

to be a valid tool to study the evolution of a Proterozoic mineralised and faulted ter-

rain. Within the study area, it has been shown that there have been at least six fault 

activation/ reactivation events.

The temporal evolution of faults within the region has shed light on whether or not 

fault reactivation predominantly takes place on cohesionless or cohesive faults.

Faults with high cohesion may have acted as barriers and compartments, so that 

intersections between them and newly formed faults provide exploration targets, not 

just because of reactivation, but because of interaction between new faults and co-

hesive materials defined either by fault precipitates or rock juxtaposition.

In Proterozoic terrains, it is important to consider whether faults may have had high 

or low cohesion at different stages in their history.  The assumption that faults remain 

with low cohesion for the duration of their activity is wrong, at least for the study area, 

and probably also in any other area where there is protracted faulting and the pres-

ence of large ‘blows’ of quartz forming ridges along fault traces.

The study points towards the need to recognise the potential for high cohesion old 

faults, as these may be places where pore pressure was forced upwards, the faults 

did not reactivate, but rather the combination of high fluid pressures and fault ‘lock-

ing’ permitted brecciation and focussed fluid flow leading to mineralization.

•

•

•

•

•
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Prospectivity analyses confirm the importance of fault intersections and these areas 

should be input into regional exploration models.  It is a rapid method that allows the 

user to consider different geological scenarios quite quickly.

Discrete element modelling indicates a good visual correlation between known min-

eralization and has also generated some new targets around the Mammoth Mines 

region; however the ‘learning curve is steep’, the computational requirements are 

large, and the final results still require as much consideration as the various results 

emanating from simpler prospectivity results.  UDEC produced the ‘best’ results 

around Mammoth mines area compared to the other methods used, but was perhaps 

not so reliable in other areas where mapped fault information was more scant.

Sensitivity testing of the different methods indicated that fault architecture was the 

dominant control on the location of mineralized sites rather than host rock – in turn 

suggesting that stress-related controls within fault zones were the dominant mecha-

nism for sulphide precipitation rather than reaction of ore-bearing fluids with particu-

lar host rocks.

7.6.1 Exploration use of this work

As a direct consequence of this work CopperCo were undertaking exploration in the 

Investigator Fault Zone (2006-7), where they undertook a detailed aeromagnetic sur-

vey and geochemistry and were going to commence drilling based on the results of 

this work, prior to financial problems in the downturn at the end of 200�.

AdityaBirla have applied and are applying techniques and results from this study in 

•

•

•

•

•
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their regional and local exploration programs around the Mammoth Mines region.

7.7 Future Work

Some ideas for future work are:

Geochemical approach to fluid compositions and pathways in faults e.g. fluid inclu-

sions and oxygen isotopes.  This will provide constraints on fluid migration within 

mineralized faults and help delineate fluid pressures and temperatures at the time of 

mineralization.  This will also shed light on what kind of fluids were responsible for 

mineralization and their origin.

Further assess the significance and importance of fault cohesion by evaluating the 

presence or absence of protruberant quartz infill, host rock type and fault-proximal 

silicification in order to determine the specific controls on fluid pressure controls on 

mineralization.  This would ideally be coupled with specific studies dealing with pres-

sure-dependent mineralization (e.g. fluid inclusions, geochemical modelling with 

variable P – T – X conditions).

Undertake a more comprehensive analysis of fault branching and networking with 

respect to initial assumptions made in the younging analysis.  The extent to which 

individual fault orientations were temporally unique was only indirectly assessed in 

this thesis, by exclusion, during the chronological analysis.

Spatial analysis of fault fill types could be done using detailed aerial photography to 

check whether or not faults are recessive and possibly produce exploration targets 

•

•

•

•
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based on the intersection of “old” and new faults.

Combine a newly developed dilation tendency analysis with slip tendency analysis to 

see which faults will potentially dilate under a prescribed stress field.

Apply UDEC modelling to other prospects in the region at a similar scale to further 

validate the D4 mineralising event.  UDEC modelling could also be further modified 

by varying the cohesion on individual faults or within individual rocktypes, according 

to the chronological analysis or results from aerial survey of fault fills.

•

•
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                 Appendix A
;1) Set material parameters
;Esperanza Fm - Pelite and/or Psammite properties (mainly schist from oliver; Jaeger and Cook ;Jiang ;Sibson; Zhang 
and Sanderson)
prop mat=1 dens 2�50 bulk 25e9 shear 25e9 cohesion 10e6 tens 5e6 fric 31 dil 2

;Paradise Creek Fm - Shale properties (from jiang)
prop mat=2 dens 2650 bulk 40e9 shear 7e� cohesion 5e6 tens 3e6 fric 37 dil 15

;Gunpowder Creek Fm - Pelite and/or Psammite properties (mainly schist from oliver; Jaeger and Cook ;Jiang ;Sibson; 
Zhang and Sanderson)
prop mat=3 dens 2�50 bulk 25e9 shear 25e9 cohesion 10e6 tens 5e6 fric 31 dil 2

;Suprise Creek Fm - Sandstone properties (from McLellan 
prop mat=4 dens 2350 bulk 26e9 shear 25e9 cohesion 10e6 tens 5e6 fric 2� dil 5

;Whitworth Quartzite - Quartzite properties (from McLellan
prop mat=5 dens 2600 bulk 40e9 shear 25e9 cohesion 20e6 tens 10e6 fric 31 dil 3

;Bortala Fm - Siltstone properties (from McLellan
prop mat=6 dens 2400 bulk 16e9 shear 11e9 cohesion 10e6 tens 5e6 fric 32 dil 2

;Alsace Quartzite - Quartzite properties (from McLellan
prop mat=7 dens 2600 bulk 40e9 shear 25e9 cohesion 20e6 tens 10e6 fric 31 dil 3

;Pickwick Metabasalt - Basalt properties (from jiang)
prop mat=� dens 2650 bulk 49e9 shear 27e9 cohesion 20e6 tens 10e6 fric 31 dil 2

;Lena Quartzite - Quartzite properties (from McLellan
prop mat=9 dens 2600 bulk 40e9 shear 25e9 cohesion 20e6 tens 10e6 fric 31 dil 3

;2)Set contact parameters
;contact properties Mammoth/Mammoth Extended/Wedgetail/Esperanza Faults
prop jmat=1 jkn 5e9 jks �e4 jcoh 5e2 jtens 2e6 jfri 30 jdil 3
prop jmat=1 jper 300 azero 0.05 ares 0.03

;contact properties Whitworth/Suprise Creek - unconformity
prop jmat=2 jkn 2e9 jks 5e5 jcoh 3e3 jtens 3e6 jfri 35 jdil 3
prop jmat=2 jper 300 azero 0.03 ares 0.01

;contact properties Suprise Crk/Gunpowder
prop jmat=3 jkn 2e9 jks 5e5 jcoh 3e3 jtens 3e6 jfri 35 jdil 3
prop jmat=3 jper 23� azero 0.03 ares 0.01

;contact properties Gunpowder/Paradise Crk
;prop jmat=4 jkn 5e9 jks 1e5 jcoh 10e2 jtens 3e6 jfri 35 jdil 3
;prop jmat=4 jper 23� azero 0.03 ares 0.01

;contact properties Paradise Crk/Esperanza
prop jmat=5 jkn 5e9 jks 1e5 jcoh 3e3 jtens 3e6 jfri 35 jdil 3
prop jmat=5 jper 23� azero 0.03 ares 0.01

;contact Lena/Pickwick
;prop jmat=6 jkn jkn 5e9 jks 1e5 jcoh 10e2 jtens 3e6 jfri 35 jdil 3
;prop jmat=6 jper 23� azero 0.03 ares 0.01

;contact Whitworth/Bortala
;prop jmat=7 jkn jkn 5e9 jks 1e5 jcoh 10e2 jtens 3e6 jfri 35 jdil 3
;prop jmat=7 jper 23� azero 0.03 ares 0.01

;contact Bortala/Alsace
;prop jmat=� jkn jkn 5e9 jks 1e5 jcoh 10e2 jtens 3e6 jfri 35 jdil 3
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;prop jmat=� jper 23� azero 0.03 ares 0.01

;contact properties Esperanza/Lena - faulted contact
;prop jmat=9 jkn 5e6 jks 1e3 jcoh 4e2 jtens 2e6 jfri 30 jdil 3
;prop jmat=9 jper 300 azero 0.05 ares 0.03

;3) Create UDEC fracture geometries
;Model run 2 - present geometries.       

block 0,0 0,22�0 2300,22�0 2300,0       
round 1       

crack 0 320 10 370 ;1-2  Mammoth Fault
crack 10 370 40 470 ;2-3  Mammoth Fault
crack 40 470 110 650 ;3-4  Mammoth Fault
crack 110 650 120 6�0 ;4-5  Mammoth Fault
crack 120 6�0 200 �70 ;5-6  Mammoth Fault
crack 200 �70 240 900 ;6-7  Mammoth Fault
crack 240 900 270 920 ;7-�  Mammoth Fault
crack 270 920 290 930 ;�-9  Mammoth Fault
crack 290 930 3�0 940 ;9-10  Mammoth Fault
crack 3�0 940 430 940 ;10-255  Mammoth Fault
crack 430 940 490 930 ;255-11  Mammoth Fault
crack 490 930 550 950 ;11-12  Mammoth Fault
crack 550 950 630 9�0 ;12-13  Mammoth Fault
crack 630 9�0 760 1010 ;13-14  Mammoth Fault
crack 760 1010 �10 1020 ;14-15  Mammoth Fault
crack �10 1020 940 1010 ;15-16  Mammoth Fault
crack 940 1010 960 1020 ;16-17  Mammoth Fault
crack 960 1020 1070 1150 ;17-1�  Mammoth Fault
crack 1070 1150 10�0 1170 ;1�-19  Mammoth Fault
crack 10�0 1170 10�0 11�0 ;19-20  Mammoth Fault
crack 10�0 11�0 1130 1250 ;20-21  Mammoth Fault
crack 1130 1250 1160 12�0 ;21-22  Mammoth Fault
crack 1160 12�0 1270 1330 ;22-23  Mammoth Fault
crack 1270 1330 1450 1370 ;23-24  Mammoth Fault
crack 1450 1370 1500 13�0 ;24-25  Mammoth Fault
crack 1500 13�0 16�0 1430 ;25-26  Mammoth Fault
crack 16�0 1430 1700 1440 ;26-27  Mammoth Fault
crack 1700 1440 1710 1460 ;27-2�  Mammoth Fault

crack 1500 13�0 1540 1410 ;25-29  Unconformity sth of Mam Ext Flt
crack 1540 1410 1560 1450 ;29-30  Unconformity sth of Mam Ext Flt
crack 1560 1450 1570 1490 ;30-31  Unconformity sth of Mam Ext Flt
crack 1570 1490 1610 1610 ;31-32  Unconformity sth of Mam Ext Flt
crack 1610 1610 1610 1620 ;32-33  Unconformity sth of Mam Ext Flt
crack 1610 1620 1620 1640 ;33-34  Unconformity sth of Mam Ext Flt

crack 1620 1640 1600 1640 ;34-35  Mam Ext Flt W
crack 1600 1640 1530 1620 ;35-36  Mam Ext Flt
crack 1530 1620 1390 1595 ;36-37  Mam Ext Flt
crack 1390 1595 1210 1570 ;37-3�  Mam Ext Flt
crack 1210 1570 11�0 1560 ;3�-39  Mam Ext Flt
crack 11�0 1560 1150 1550 ;39-40  Mam Ext Flt
crack 1150 1550 1110 1540 ;40-41  Mam Ext Flt
crack 1110 1540 1030 1530 ;41-42  Mam Ext Flt
crack 1030 1530 1010 1530 ;42-222  Mam Ext Flt
crack 1010 1530 960 1510 ;222-43  Mam Ext Flt
crack 960 1510 920 1490 ;43-44  Mam Ext Flt
crack 920 1490 �60 14�0 ;44-45  Mam Ext Flt
crack �60 14�0 �20 1470 ;45-46  Mam Ext Flt
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crack �20 1470 790 1450 ;46-47  Mam Ext Flt
crack 790 1450 760 1420 ;47-264  Mam Ext Flt
crack 760 1420 710 1360 ;264-4�  Mam Ext Flt
crack 710 1360 660 1270 ;4�-49  Mam Ext Flt
crack 660 1270 610 1200 ;49-50  Mam Ext Flt
crack 610 1200 540 1130 ;50-51  Mam Ext Flt
crack 540 1130 490 10�0 ;51-52  Mam Ext Flt
crack 490 10�0 430 1050 ;52-53  Mam Ext Flt
crack 430 1050 400 1040 ;53-54  Mam Ext Flt
crack 400 1040 320 1010 ;54-55  Mam Ext Flt
crack 320 1010 300 1000 ;55-56  Mam Ext Flt
crack 300 1000 290 990 ;56-57  Mam Ext Flt
crack 290 990 240 950 ;57-5�  Mam Ext Flt
crack 240 950 220 920 ;5�-59  Mam Ext Flt
crack 220 920 200 �70 ;59-6  Mam Ext Flt

crack 1620 1640 1730 1640 ;34-3�4  Mam Ext Flt E
crack 1730 1640 1750 1640 ;3�4-60  Mam Ext Flt
crack 1750 1640 1�10 1660 ;60-61  Mam Ext Flt
crack 1�10 1660 1�60 1670 ;61-62  Mam Ext Flt
crack 1�60 1670 1�70 16�0 ;62-63  Mam Ext Flt
crack 1�70 16�0 1950 1720 ;63-64  Mam Ext Flt
crack 1950 1720 1960 1730 ;64-65  Mam Ext Flt
crack 1960 1730 2030 1760 ;65-66  Mam Ext Flt
crack 2030 1760 2110 1�00 ;66-67  Mam Ext Flt
crack 2110 1�00 2150 1�10 ;67-6�  Mam Ext Flt
crack 2150 1�10 2230 1�30 ;6�-69  Mam Ext Flt
crack 2230 1�30 2250 1�30 ;69-70  Mam Ext Flt
crack 2250 1�30 2300 1�50 ;70-71  Mam Ext Flt
crack 2300 1�50 2300 1�30 ;71-72  Mam Ext Flt
crack 2300 1�30 2220 1�00 ;72-73  Mam Ext Flt
crack 2220 1�00 2160 17�0 ;73-74  Mam Ext Flt
crack 2160 17�0 20�0 1720 ;74-75  Mam Ext Flt
crack 20�0 1720 2040 1700 ;75-76  Mam Ext Flt
crack 2040 1700 2000 1690 ;76-77  Mam Ext Flt
crack 2000 1690 1920 16�0 ;77-7�  Mam Ext Flt
crack 1920 16�0 1�60 1670 ;7�-62  Mam Ext Flt

crack 290 990 300 1010 ;57-79  Esperanza Fault
crack 300 1010 330 1030 ;79-�0  Esperanza Fault
crack 330 1030 3�0 1060 ;�0-�1  Esperanza Fault
crack 3�0 1060 500 1130 ;�1-�2  Esperanza Fault
crack 500 1130 540 1160 ;�2-�3  Esperanza Fault
crack 540 1160 5�0 1210 ;�3-�4  Esperanza Fault
crack 5�0 1210 610 1260 ;�4-�5  Esperanza Fault
crack 610 1260 630 1320 ;�5-�6  Esperanza Fault
crack 630 1320 640 1340 ;�6-�7  Esperanza Fault
crack 640 1340 660 13�0 ;�7-��  Esperanza Fault
crack 660 13�0 690 1420 ;��-�9  Esperanza Fault
crack 690 1420 710 1470 ;�9-90  Esperanza Fault
crack 710 1470 720 1520 ;90-91  Esperanza Fault
crack 720 1520 740 1620 ;91-92  Esperanza Fault
crack 740 1620 730 1770 ;92-93  Esperanza Fault
crack 730 1770 720 1��0 ;93-94  Esperanza Fault
crack 720 1��0 710 1990 ;94-95  Esperanza Fault
crack 710 1990 720 2070 ;95-96  Esperanza Fault
crack 720 2070 730 2110 ;96-97  Esperanza Fault
crack 730 2110 750 2170 ;97-9�  Esperanza Fault
crack 750 2170 790 2200 ;9�-2�3  Esperanza Fault
crack 790 2200 �10 2220 ;2�3-99  Esperanza Fault
crack �10 2220 �30 22�0 ;99-100  Esperanza Fault
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crack 200 �70 200 930 ;6-414  Wedgetail Fault W
crack 200 930 210 9�0 ;414-101 Wedgetail Fault
crack 210 9�0 220 1030 ;101-102 Wedgetail Fault
crack 220 1030 240 1100 ;102-103 Wedgetail Fault
crack 240 1100 270 1160 ;103-104 Wedgetail Fault
crack 270 1160 290 1200 ;104-105 Wedgetail Fault
crack 290 1200 310 1250 ;105-106 Wedgetail Fault
crack 310 1250 330 12�0 ;106-107 Wedgetail Fault
crack 330 12�0 340 1300 ;107-10� Wedgetail Fault
crack 340 1300 390 1370 ;10�-109 Wedgetail Fault
crack 390 1370 450 1520 ;109-110 Wedgetail Fault
crack 450 1520 460 1570 ;110-297 Wedgetail Fault
crack 460 1570 470 1590 ;297-111 Wedgetail Fault
crack 470 1590 500 1690 ;111-112 Wedgetail Fault
crack 500 1690 530 1760 ;112-113 Wedgetail Fault
crack 530 1760 5�0 1970 ;113-114 Wedgetail Fault
crack 5�0 1970 5�0 2030 ;114-115 Wedgetail Fault
crack 5�0 2030 570 20�0 ;115-116 Wedgetail Fault
crack 570 20�0 530 21�0 ;116-117 Wedgetail Fault
crack 530 21�0 520 22�0 ;117-11� Wedgetail Fault

crack 390 1370 490 14�0 ;109-119 Wedgetail Fault E
crack 490 14�0 560 1610 ;119-120 Wedgetail Fault
crack 560 1610 630 1760 ;120-121 Wedgetail Fault
crack 630 1760 640 1790 ;121-122 Wedgetail Fault
crack 640 1790 640 1950 ;122-123 Wedgetail Fault
crack 640 1950 630 2060 ;123-124 Wedgetail Fault
crack 630 2060 600 2190 ;124-125 Wedgetail Fault
crack 600 2190 570 22�0 ;125-126 Wedgetail Fault

crack 5�0 0 5�0 50 ;211-127 Whitworth/Surprise Crk S
crack 5�0 50 590 90 ;127-12� Whitworth/Surprise Crk
crack 590 90 590 140 ;12�-129 Whitworth/Surprise Crk
crack 590 140 610 190 ;129-130 Whitworth/Surprise Crk
crack 610 190 610 210 ;130-131 Whitworth/Surprise Crk
crack 610 210 600 250 ;131-132 Whitworth/Surprise Crk
crack 600 250 600 270 ;132-133 Whitworth/Surprise Crk
crack 600 270 640 430 ;133-134 Whitworth/Surprise Crk
crack 640 430 660 4�0 ;134-135 Whitworth/Surprise Crk
crack 660 4�0 670 530 ;135-136 Whitworth/Surprise Crk
crack 670 530 710 640 ;136-137 Whitworth/Surprise Crk
crack 710 640 710 690 ;137-13� Whitworth/Surprise Crk
crack 710 690 730 720 ;13�-139 Whitworth/Surprise Crk
crack 730 720 740 �20 ;139-140 Whitworth/Surprise Crk
crack 740 �20 750 �60 ;140-141 Whitworth/Surprise Crk
crack 750 �60 770 �90 ;141-142 Whitworth/Surprise Crk
crack 770 �90 7�0 910 ;142-143 Whitworth/Surprise Crk
crack 7�0 910 �10 940 ;143-144 Whitworth/Surprise Crk
crack �10 940 �90 990 ;144-36� Whitworth/Surprise Crk

crack 2110 1�00 2140 1�30 ;67-145  Whitworth/Surprise Crk N
crack 2140 1�30 2160 1��0 ;145-146 Whitworth/Surprise Crk
crack 2160 1��0 2170 1930 ;146-147 Whitworth/Surprise Crk
crack 2170 1930 2210 2020 ;147-14� Whitworth/Surprise Crk
crack 2210 2020 2210 2040 ;14�-149 Whitworth/Surprise Crk
crack 2210 2040 2160 2070 ;149-150 Whitworth/Surprise Crk
crack 2160 2070 21�0 20�0 ;150-151 Whitworth/Surprise Crk
crack 21�0 20�0 2200 2150 ;151-152 Whitworth/Surprise Crk
crack 2200 2150 2200 21�0 ;152-153 Whitworth/Surprise Crk
crack 2200 21�0 2210 2210 ;153-154 Whitworth/Surprise Crk
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crack 2210 2210 2240 2250 ;154-155 Whitworth/Surprise Crk
crack 2240 2250 2250 22�0 ;155-156 Whitworth/Surprise Crk

crack 450 0 460 50 ;157-15� Surprise Crk/Gunpowder S
crack 460 50 450 110 ;15�-159 Surprise Crk/Gunpowder
crack 450 110 460 230 ;159-160 Surprise Crk/Gunpowder
crack 460 230 470 320 ;160-161 Surprise Crk/Gunpowder
crack 470 320 490 410 ;161-162 Surprise Crk/Gunpowder
crack 490 410 500 520 ;162-163 Surprise Crk/Gunpowder
crack 500 520 520 620 ;163-164 Surprise Crk/Gunpowder
crack 520 620 530 660 ;164-165 Surprise Crk/Gunpowder
crack 530 660 570 7�0 ;165-166 Surprise Crk/Gunpowder
crack 570 7�0 600 �60 ;166-167 Surprise Crk/Gunpowder
crack 600 �60 630 900 ;167-16� Surprise Crk/Gunpowder
crack 630 900 6�0 920 ;16�-169 Surprise Crk/Gunpowder
crack 6�0 920 730 960 ;169-170 Surprise Crk/Gunpowder
crack 730 960 750 990 ;170-366 Surprise Crk/Gunpowder

crack �10 1020 ��0 1060 ;15-171  Surprise Crk/Gunpowder Mid
crack ��0 1060 930 1140 ;171-172 Surprise Crk/Gunpowder
crack 930 1140 930 1090 ;172-173 Surprise Crk/Gunpowder
crack 930 1090 950 1070 ;173-174 Surprise Crk/Gunpowder
crack 950 1070 960 1090 ;174-175 Surprise Crk/Gunpowder
crack 960 1090 9�0 1130 ;175-176 Surprise Crk/Gunpowder
crack 9�0 1130 1010 1190 ;176-412 Surprise Crk/Gunpowder
crack 1010 1190 1020 1210 ;412-177 Surprise Crk/Gunpowder
crack 1020 1210 1050 1270 ;177-17� Surprise Crk/Gunpowder
crack 1050 1270 1130 1430 ;17�-179 Surprise Crk/Gunpowder
crack 1130 1430 11�0 1540 ;179-1�0 Surprise Crk/Gunpowder
crack 11�0 1540 1210 1570 ;1�0-3�  Surprise Crk/Gunpowder

crack 1390 1595 1410 1620 ;37-1�1  Surprise Crk/Gunpowder N
crack 1410 1620 1430 1650 ;1�1-1�2 Surprise Crk/Gunpowder
crack 1430 1650 1490 1710 ;1�2-1�3 Surprise Crk/Gunpowder
crack 1490 1710 15�0 1790 ;1�3-1�4 Surprise Crk/Gunpowder
crack 15�0 1790 1610 1�70 ;1�4-1�5 Surprise Crk/Gunpowder
crack 1610 1�70 1690 1�90 ;1�5-1�6 Surprise Crk/Gunpowder
crack 1690 1�90 1750 1920 ;1�6-1�7 Surprise Crk/Gunpowder
crack 1750 1920 1760 1940 ;1�7-1�� Surprise Crk/Gunpowder
crack 1760 1940 17�0 1950 ;1��-1�9 Surprise Crk/Gunpowder
crack 17�0 1950 1�10 20�0 ;1�9-190 Surprise Crk/Gunpowder
crack 1�10 20�0 1�30 2160 ;190-191 Surprise Crk/Gunpowder
crack 1�30 2160 1�40 2240 ;191-192 Surprise Crk/Gunpowder
crack 1�40 2240 1�40 22�0 ;192-193 Surprise Crk/Gunpowder

crack 300 0 320 40 ;194-195 Gunpowder/Paradise Crk S
crack 320 40 340 110 ;195-196 Gunpowder/Paradise Crk
crack 340 110 350 160 ;196-197 Gunpowder/Paradise Crk
crack 350 160 350 220 ;197-19� Gunpowder/Paradise Crk
crack 350 220 370 290 ;19�-199 Gunpowder/Paradise Crk
crack 370 290 3�0 330 ;199-200 Gunpowder/Paradise Crk
crack 3�0 330 390 360 ;200-201 Gunpowder/Paradise Crk
crack 390 360 400 420 ;201-202 Gunpowder/Paradise Crk
crack 400 420 420 4�0 ;202-203 Gunpowder/Paradise Crk
crack 420 4�0 440 520 ;203-204 Gunpowder/Paradise Crk
crack 440 520 490 720 ;204-205 Gunpowder/Paradise Crk
crack 490 720 510 7�0 ;205-206 Gunpowder/Paradise Crk
crack 510 7�0 520 �00 ;206-207 Gunpowder/Paradise Crk
crack 520 �00 530 �30 ;207-20� Gunpowder/Paradise Crk
crack 530 �30 5�0 ��0 ;20�-209 Gunpowder/Paradise Crk
crack 5�0 ��0 630 940 ;209-210 Gunpowder/Paradise Crk
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crack 630 9�0 690 1020 ;13-212  Gunpowder/Paradise Crk Mid
crack 690 1020 770 10�0 ;212-213 Gunpowder/Paradise Crk
crack 770 10�0 790 1100 ;213-256 Gunpowder/Paradise Crk
crack 790 1100 �70 1200 ;256-214 Gunpowder/Paradise Crk
crack �70 1200 �90 1230 ;214-215 Gunpowder/Paradise Crk
crack �90 1230 930 12�0 ;215-216 Gunpowder/Paradise Crk
crack 930 12�0 960 1340 ;216-217 Gunpowder/Paradise Crk
crack 960 1340 970 13�0 ;217-21� Gunpowder/Paradise Crk
crack 970 13�0 990 1420 ;21�-219 Gunpowder/Paradise Crk
crack 990 1420 1000 1460 ;219-220 Gunpowder/Paradise Crk
crack 1000 1460 1020 1500 ;220-221 Gunpowder/Paradise Crk
crack 1020 1500 1030 1530 ;221-42  Gunpowder/Paradise Crk

crack 1010 1530 1070 1610 ;222-223 Gunpowder/Paradise Crk N
crack 1070 1610 1110 1650 ;223-224 Gunpowder/Paradise Crk
crack 1110 1650 1140 1700 ;224-225 Gunpowder/Paradise Crk
crack 1140 1700 1170 1760 ;225-226 Gunpowder/Paradise Crk
crack 1170 1760 11�0 1790 ;226-227 Gunpowder/Paradise Crk
crack 11�0 1790 1230 1�90 ;227-22� Gunpowder/Paradise Crk
crack 1230 1�90 1250 1950 ;22�-229 Gunpowder/Paradise Crk
crack 1250 1950 1250 19�0 ;229-230 Gunpowder/Paradise Crk
crack 1250 19�0 1290 2050 ;230-231 Gunpowder/Paradise Crk
crack 1290 2050 1300 2100 ;231-232 Gunpowder/Paradise Crk
crack 1300 2100 1300 2160 ;232-233 Gunpowder/Paradise Crk
crack 1300 2160 1310 21�0 ;233-234 Gunpowder/Paradise Crk
crack 1310 21�0 1310 2190 ;234-235 Gunpowder/Paradise Crk
crack 1310 2190 1340 2250 ;235-236 Gunpowder/Paradise Crk
crack 1340 2250 1340 2270 ;236-237 Gunpowder/Paradise Crk
crack 1340 2270 1350 22�0 ;237-23� Gunpowder/Paradise Crk

crack 70 0 90 50 ;239-240 Paradise Crk/Esperanza S
crack 90 50 110 110 ;240-241 Paradise Crk/Esperanza
crack 110 110 120 150 ;241-242 Paradise Crk/Esperanza
crack 120 150 190 260 ;242-243 Paradise Crk/Esperanza
crack 190 260 190 290 ;243-244 Paradise Crk/Esperanza
crack 190 290 210 310 ;244-245 Paradise Crk/Esperanza
crack 210 310 220 400 ;245-246 Paradise Crk/Esperanza
crack 220 400 230 410 ;246-247 Paradise Crk/Esperanza
crack 230 410 240 500 ;247-24� Paradise Crk/Esperanza
crack 240 500 250 590 ;24�-249 Paradise Crk/Esperanza
crack 250 590 270 650 ;249-250 Paradise Crk/Esperanza
crack 270 650 320 710 ;250-251 Paradise Crk/Esperanza
crack 320 710 350 7�0 ;251-252 Paradise Crk/Esperanza
crack 350 7�0 360 �40 ;252-253 Paradise Crk/Esperanza
crack 360 �40 3�0 �90 ;253-254 Paradise Crk/Esperanza
crack 3�0 �90 430 940 ;254-255 Paradise Crk/Esperanza

crack 790 1100 740 1210 ;256-257 Paradise Crk/Esperanza Mid
crack 740 1210 740 1230 ;257-25� Paradise Crk/Esperanza
crack 740 1230 730 1240 ;25�-259 Paradise Crk/Esperanza
crack 730 1240 730 1320 ;259-260 Paradise Crk/Esperanza
crack 730 1320 740 1350 ;260-261 Paradise Crk/Esperanza
crack 740 1350 750 13�0 ;261-262 Paradise Crk/Esperanza
crack 750 13�0 790 1430 ;262-263 Paradise Crk/Esperanza
crack 790 1430 790 1450 ;263-47  Paradise Crk/Esperanza

crack 760 1420 �10 1560 ;264-265 Paradise Crk/Esperanza NE
crack �10 1560 �20 1630 ;265-266 Paradise Crk/Esperanza
crack �20 1630 �90 17�0 ;266-267 Paradise Crk/Esperanza
crack �90 17�0 910 1�60 ;267-26� Paradise Crk/Esperanza
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crack 910 1�60 910 1940 ;26�-269 Paradise Crk/Esperanza
crack 910 1940 900 1970 ;269-270 Paradise Crk/Esperanza
crack 900 1970 ��0 2000 ;270-271 Paradise Crk/Esperanza
crack ��0 2000 �50 2010 ;271-272 Paradise Crk/Esperanza
crack �50 2010 �30 20�0 ;272-273 Paradise Crk/Esperanza
crack �30 20�0 �30 2150 ;273-274 Paradise Crk/Esperanza
crack �30 2150 �40 21�0 ;274-275 Paradise Crk/Esperanza
crack �40 21�0 �70 2210 ;275-276 Paradise Crk/Esperanza
crack �70 2210 9�0 2230 ;276-277 Paradise Crk/Esperanza
crack 9�0 2230 1000 2270 ;277-27� Paradise Crk/Esperanza
crack 1000 2270 1010 22�0 ;27�-279 Paradise Crk/Esperanza

crack 640 1950 690 2100 ;123-2�0 Paradise Crk/Esperanza NW
crack 690 2100 710 2140 ;2�0-2�1 Paradise Crk/Esperanza
crack 710 2140 750 2200 ;2�1-2�2 Paradise Crk/Esperanza
crack 750 2200 790 2200 ;2�2-2�3 Paradise Crk/Esperanza
crack 790 2200 �70 2210 ;2�3-276 Paradise Crk/Esperanza

crack 0 1110 20 1140 ;2�4-2�5 Pickwick/Lena S
crack 20 1140 40 11�0 ;2�5-2�6 Pickwick/Lena
crack 40 11�0 70 1200 ;2�6-2�7 Pickwick/Lena
crack 70 1200 150 1290 ;2�7-2�� Pickwick/Lena
crack 150 1290 160 1310 ;2��-2�9 Pickwick/Lena
crack 160 1310 200 1340 ;2�9-290 Pickwick/Lena
crack 200 1340 250 1440 ;290-291 Pickwick/Lena
crack 250 1440 270 1460 ;291-292 Pickwick/Lena
crack 270 1460 310 1500 ;292-293 Pickwick/Lena
crack 310 1500 2�0 1490 ;293-294 Pickwick/Lena
crack 2�0 1490 370 1550 ;294-295 Pickwick/Lena
crack 370 1550 430 1570 ;295-296 Pickwick/Lena
crack 430 1570 460 1570 ;296-297 Pickwick/Lena

crack 0 1600 50 1660 ;29�-299 Pickwick/Lena Mid
crack 50 1660 100 16�0 ;299-300 Pickwick/Lena
crack 100 16�0 190 1700 ;300-301 Pickwick/Lena
crack 190 1700 240 1720 ;301-302 Pickwick/Lena
crack 240 1720 3�0 1�10 ;302-303 Pickwick/Lena
crack 3�0 1�10 4�0 1900 ;303-304 Pickwick/Lena
crack 4�0 1900 5�0 1970 ;304-114 Pickwick/Lena

crack 0 1970 30 2000 ;305-306 Pickwick/Lena N
crack 30 2000 50 2020 ;306-307 Pickwick/Lena
crack 50 2020 70 2070 ;307-30� Pickwick/Lena
crack 70 2070 90 2090 ;30�-309 Pickwick/Lena
crack 90 2090 120 2140 ;309-310 Pickwick/Lena
crack 120 2140 150 21�0 ;310-311 Pickwick/Lena
crack 150 21�0 200 2220 ;311-312 Pickwick/Lena
crack 200 2220 2�0 2260 ;312-313 Pickwick/Lena
crack 2�0 2260 320 22�0 ;313-314 Pickwick/Lena

crack 2000 1690 1970 1640 ;77-315  Whitworth/Bortala
crack 1970 1640 1950 1590 ;315-316 Whitworth/Bortala
crack 1950 1590 1940 1520 ;316-317 Whitworth/Bortala
crack 1940 1520 1950 1490 ;317-31� Whitworth/Bortala
crack 1950 1490 19�0 1390 ;31�-319 Whitworth/Bortala
crack 19�0 1390 19�0 1370 ;319-320 Whitworth/Bortala
crack 19�0 1370 1990 1350 ;320-321 Whitworth/Bortala
crack 1990 1350 1990 1320 ;321-322 Whitworth/Bortala
crack 1990 1320 2000 1270 ;322-323 Whitworth/Bortala
crack 2000 1270 2020 1230 ;323-324 Whitworth/Bortala
crack 2020 1230 2040 1200 ;324-325 Whitworth/Bortala
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crack 2040 1200 2040 1150 ;325-326 Whitworth/Bortala
crack 2040 1150 2030 1110 ;326-327 Whitworth/Bortala
crack 2030 1110 2030 1030 ;327-32� Whitworth/Bortala
crack 2030 1030 2050 940 ;32�-329 Whitworth/Bortala
crack 2050 940 2050 790 ;329-330 Whitworth/Bortala
crack 2050 790 2060 740 ;330-331 Whitworth/Bortala
crack 2060 740 2060 630 ;331-332 Whitworth/Bortala
crack 2060 630 2050 550 ;332-333 Whitworth/Bortala
crack 2050 550 2040 440 ;333-334 Whitworth/Bortala
crack 2040 440 2030 3�0 ;334-335 Whitworth/Bortala
crack 2030 3�0 2020 260 ;335-336 Whitworth/Bortala
crack 2020 260 2020 170 ;336-337 Whitworth/Bortala
crack 2020 170 2000 0 ;337-33� Whitworth/Bortala

crack 2150 0 2150 50 ;339-340 Bortala/Alsace
crack 2150 50 2160 270 ;340-341 Bortala/Alsace
crack 2160 270 2170 420 ;341-342 Bortala/Alsace
crack 2170 420 2170 520 ;342-343 Bortala/Alsace
crack 2170 520 2190 620 ;343-344 Bortala/Alsace
crack 2190 620 2190 660 ;344-345 Bortala/Alsace
crack 2190 660 21�0 750 ;345-346 Bortala/Alsace
crack 21�0 750 2170 �00 ;346-347 Bortala/Alsace
crack 2170 �00 2160 �50 ;347-34� Bortala/Alsace
crack 2160 �50 2150 ��0 ;34�-349 Bortala/Alsace
crack 2150 ��0 2140 960 ;349-350 Bortala/Alsace
crack 2140 960 2140 1020 ;350-351 Bortala/Alsace
crack 2140 1020 2150 1070 ;351-352 Bortala/Alsace
crack 2150 1070 2170 1160 ;352-353 Bortala/Alsace
crack 2170 1160 21�0 1220 ;353-354 Bortala/Alsace
crack 21�0 1220 2170 1250 ;354-355 Bortala/Alsace
crack 2170 1250 2150 1300 ;355-356 Bortala/Alsace
crack 2150 1300 2140 1320 ;356-357 Bortala/Alsace
crack 2140 1320 2110 1340 ;357-35� Bortala/Alsace
crack 2110 1340 2090 13�0 ;35�-359 Bortala/Alsace
crack 2090 13�0 20�0 1460 ;359-360 Bortala/Alsace
crack 20�0 1460 2070 1500 ;360-361 Bortala/Alsace
crack 2070 1500 2070 1520 ;361-362 Bortala/Alsace
crack 2070 1520 20�0 1560 ;362-363 Bortala/Alsace
crack 20�0 1560 20�0 1720 ;363-75  Bortala/Alsace

crack 490 930 570 940 ;11-364  Micks Fault
crack 570 940 630 940 ;364-210 Micks Fault
crack 630 940 690 970 ;210-365 Micks Fault
crack 690 970 750 990 ;365-366 Micks Fault
crack 750 990 �70 1000 ;366-367 Micks Fault
crack �70 1000 �90 990 ;367-36� Micks Fault
crack �90 990 990 1000 ;36�-369 Micks Fault
crack 990 1000 1130 1000 ;369-370 Micks Fault
crack 1130 1000 11�0 910 ;370-371 Micks Fault
crack 11�0 910 1200 �90 ;371-372 Micks Fault
crack 1200 �90 1230 �10 ;372-373 Micks Fault
crack 1230 �10 1260 730 ;373-374 Micks Fault
crack 1260 730 1270 690 ;374-375 Micks Fault
crack 1270 690 1310 620 ;375-376 Micks Fault
crack 1310 620 1350 5�0 ;376-377 Micks Fault
crack 1350 5�0 1420 490 ;377-37� Micks Fault
crack 1420 490 1450 460 ;37�-379 Micks Fault
crack 1450 460 1490 430 ;379-3�0 Micks Fault
crack 1490 430 1520 420 ;3�0-3�1 Micks Fault
crack 1520 420 15�0 410 ;3�1-3�2 Micks Fault
crack 15�0 410 1700 410 ;3�2-3�3 Micks Fault
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crack 1730 1640 1720 1550 ;3�4-3�5 Portal Fault
crack 1720 1550 1710 1460 ;3�5-2�  Portal Fault
crack 1710 1460 1700 13�0 ;2�-3�6  Portal Fault
crack 1700 13�0 1700 1300 ;3�6-3�7 Portal Fault
crack 1700 1300 1710 1240 ;3�7-3�� Portal Fault
crack 1710 1240 1720 1200 ;3��-3�9 Portal Fault
crack 1720 1200 1730 1170 ;3�9-390 Portal Fault
crack 1730 1170 1740 1140 ;390-391 Portal Fault
crack 1740 1140 1710 1020 ;391-392 Portal Fault
crack 1710 1020 1710 990 ;392-393 Portal Fault
crack 1710 990 1720 950 ;393-394 Portal Fault
crack 1720 950 1700 ��0 ;394-395 Portal Fault
crack 1700 ��0 1700 �50 ;395-396 Portal Fault
crack 1700 �50 1670 760 ;396-397 Portal Fault
crack 1670 760 1660 700 ;397-39� Portal Fault
crack 1660 700 1660 660 ;39�-399 Portal Fault
crack 1660 660 1670 640 ;399-400 Portal Fault
crack 1670 640 1670 590 ;400-401 Portal Fault
crack 1670 590 1690 530 ;401-402 Portal Fault
crack 1690 530 1700 500 ;402-403 Portal Fault
crack 1700 500 1700 410 ;403-3�3 Portal Fault
crack 1700 410 1710 360 ;3�3-404 Portal Fault
crack 1710 360 1720 290 ;404-405 Portal Fault
crack 1720 290 1740 260 ;405-406 Portal Fault
crack 1740 260 1770 130 ;406-407 Portal Fault
crack 1770 130 17�0 �0 ;407-40� Portal Fault
crack 17�0 �0 1790 0 ;40�-409 Portal Fault

crack 740 1230 �20 1220 ;25�-410 Micks Extension
crack �20 1220 �70 1200 ;410-214 Micks Extension
crack �70 1200 930 1200 ;214-411 Micks Extension
crack 930 1200 1010 1190 ;411-412 Micks Extension
crack 1010 1190 10�0 11�0 ;412-20  Micks Extension
crack 10�0 11�0 1110 1110 ;20-413  Micks Extension
crack 1110 1110 1130 1000 ;413-370 Micks Extension

crack 200 930 170 900 ;414-415 Esperanza/Lena
crack 170 900 120 �60 ;415-416 Esperanza/Lena
crack 120 �60 70 �30 ;416-417 Esperanza/Lena
crack 70 �30 0 760 ;417-41� Esperanza/Lena

;4)get centroids of blocks
;pl mat

;sav gpowder1.sav

gen 0 2300 0 22�0 auto 20
;gen edge=0

;pl mat fil blo bla 

;pl mod

sav Model2_geom.sav
;pause

;5)Set bounding/in situ rock stresses
;depth of ore emplacement �km

;ASKEW ENE-WSW S1 (ASKEW, 1992)
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;insitu stress -200e6 -25e6 -150e6 szz -175e6 
;bound stress -200e6 -25e6 -150e6 
;bound pp 90e6

;CONNORS NE-SW S1 (CONNORS, 1992)
;insitu stress -175e6 -35e6 -175e6 szz -175e6 ;E/W stress, 7km depth
;bound stress -175e6 -35e6 -175e6
;bound pp 90e6

;ERA MAPTECK E-W S1 (ANONYMOUS, 1994)
;insitu stress -210e6 0 -140e6 szz -175e6 ;E/W stress, �km depth
;bound stress -210e6 0 -140e6
;bound pp 90e6

;KEYS 101-2�1 S1 (KEYS, 200�)
;insitu stress -207e6 13e6 -143e6 szz -175e6 ;E/W stress, 7km depth
;bound stress -207e6 13e6 -143e6 
;bound pp 90e6

;STRESS INVERSION 112 S1, PHI = 0.3
;insitu stress -210e6 25e6 -160e6 szz -175e6 ;E/W stress, 7km depth
;bound stress -210e6 25e6 -160e6 
;bound pp 90e6

damp auto

;6)using centroids (pl mat) assign material type to blocks
;changing whole model to Whitworth / mat=5 (Quartzite)
change 0 22�0 0 2300 mat=5 cons=3

;changing all joints to Faults / jmat=1
change 0 22�0 0 2300 jmat=1 jcon=2

;changing Esperanza Fm to mat=1 constit model 3
change 60,90,670,710 mat=1 cons=3
change 140,170,470,520 mat=1 cons=3
change 550,570,1070,1100 mat=1 con=3
change 510,540,1420,1450 mat=1 con=3
change 750,790,1750,1790 mat=1 con=3
change �70,910,2240,2270 mat=1 con=3
change 540,560,1530,1560 mat=1 con=3

;changing Paradise Crk Fm to mat=2 constit model 3
change 320,360,450,4�0 mat=2 con=3
change 7�0,�20,1160,1200 mat=2 con=3
change 1020,1060,1910,1950 mat=2 con=3
change 650,710,2170,2205 mat=2 con=3
change �50,�90,1350,1390 mat=2 con=3

;changing Gunpowder Crk Fm to mat=3 constit model 3
change 440,470,390,420 mat=3 cons=3
change �40,�70,1090,1120 mat=3 con=3
change 1440,14�0,1940,1970 mat=3 con=3
change 1020,1050,1350,1390 mat=3 con=3

;changing Suprise Crk Fm to mat=4 constit model 3
change 5�0,620,500,540 mat=4 con=3
change 1310,1340,1430,1470 mat=4 con=3
change 1��0,1910,1930,1960 mat=4 con=3
change 955,970,1070,1100 mat=4 con=3
change 920,945,1020,1050 mat=4 con=3
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;changing Bortala Fm to mat=6 constit model 3
change 2070,2100,�20,�50 mat=6 con=3

;changing Alsace Qtzite to mat=7 constit model 3
change 2210,2240,970,1010 mat=7 con=3

;changing Pickwick Metabasalt to mat=� constit model 3
change 60,110,21�0,2210 mat=� con=3
change 220,250,1540,1590 mat=� con=3

;changing Lena Qtzite to mat=9 constit model 3
change 270,300,1970,2010 mat=9 con=3
change 170,200,1160,1190 mat=9 con=3
change 530,5�0,1�20,1�50 mat=9 con=3

;changing Suprise Crk/Gunpowder contact to jmat=3
change jmat=3 range minterface 4 3

;changing Gunpowder/Paradise Crk contact to jmat=3
change jmat=3 range minterface 3 2

;changing Pardise Creek/Esperanza contact to jmat=3
change jmat=3 range minterface 2 1

;changing Lena/Pickwick contact to jmat=3
change jmat=3 range minterface � 9
;changing Whitworth/Bortala contact to jmat=3
change jmat=3 range minterface 5 6
;changing Bortala/Alsace contact to jmat=3
change jmat=3 range minterface 6 7
change jmat=1 range 440, 600 1445, 1560
change jmat=1 range 775, 1055 21�5, 22�0
change jmat=1 range 755, 795 1415, 1455
;change jmat=1 range 119�, 1400 1205, 1390
change jmat=1 range 750, �15 1005, 102�
change jmat=1 range 430, 490 930, 940
change jmat=1 range 490, 550 930, 950
change jmat=1 range 550, 630 950, 9�0
change jmat=1 range 1995, 20�2 16�5, 1725
change jmat=1 range 1210, 1390 1570, 1595
change jmat=1 range 460, 5�0 1570, 1970
change jmat=1 range 630,760 9�0, 1010
change jmat=1 range 630,690 940,970
change jmat=1 range 690,750 970,990
hist unbal; hist 1
pl hold disp blo bla
pause
;Create Movie files every 100 steps
;plot ccfail blo bla
;movie on size 1024 76� file gpowder1.dcx step 500
sav gpowder1_prop.sav
step 1
;pause
step 10
sav gpowder1_stress.sav
step 500
sav a25_1.sav
step 500
sav a25_2.sav
step 500
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sav a25_3.sav
step 500
sav a25_4.sav
;pause
;Establishing fluid pressure
fluid dens=1000;fluid density of 1000kgm’3
set flow steady;set steady state flow
bo pp=105e6; boundary fluid pressure ~ �km, 0.5 x litho pp
pfix pressure=105e6; fixing pp to look at effects of fluid pressure
;pause
step 500
sav a25_5.sav
step 500
sav a25_6.sav
step 500
sav a25_7.sav
step 500
sav a25_�.sav
pause
step 500
sav gpowder1_9.sav
step 500
sav gpowder1_10.sav
step 500
sav gpowder1_11.sav
step 500
sav gpowder1_12.sav
step 500
sav gpowder1_13.sav
step 500
sav gpowder1_14.sav
return

                 Appendix A



APPENDIX B

Investigator Fault Zone UDEC Model File



Gustav S Nortje 365

                 Appendix B

;Investigator Model
;present geometries
;1) Set material parameters
;Esperanza Fm - Pelite and/or Psammite properties (mainly schist from oliver; Jaeger and Cook ;Jiang ;Sibson; Zhang 
and Sanderson)
prop mat=1 dens 2�50 bulk 25e9 shear 25e9 cohesion 10e6 tens 5e6 fric 31 dil 2

;Paradise Creek Fm - Shale properties (from jiang)
prop mat=2 dens 2650 bulk 40e9 shear 7e� cohesion 5e6 tens 3e6 fric 37 dil 15

;Whitworth Quartzite - Quartzite properties (from McLellan
prop mat=3 dens 2600 bulk 40e9 shear 25e9 cohesion 20e6 tens 10e6 fric 31 dil 3

;Bortala Fm - Siltstone properties (from McLellan
prop mat=4 dens 2400 bulk 16e9 shear 11e9 cohesion 10e6 tens 5e6 fric 32 dil 2

;Alsace Quartzite - Quartzite properties (from McLellan
prop mat=5 dens 2600 bulk 40e9 shear 25e9 cohesion 20e6 tens 10e6 fric 31 dil 3

;Pickwick Metabasalt - Basalt properties (from jiang)
prop mat=6 dens 2650 bulk 49e9 shear 27e9 cohesion 20e6 tens 10e6 fric 31 dil 2

;2)Set contact parameters
;contact properties faults
prop jmat=1 jkn 5e9 jks �e4 jcoh 5e2 jtens 2e6 jfri 30 jdil 3
prop jmat=1 jper 300 azero 0.05 ares 0.03

;contact properties Esperanza/Paradise Crk - Strat contact
prop jmat=2 jkn 2e9 jks 5e5 jcoh 3e3 jtens 3e6 jfri 35 jdil 3
prop jmat=2 jper 300 azero 0.03 ares 0.01

;3) Create UDEC fracture geometries
;Model run 2 - present geometries.       

block 0,0 0,3500 5000,3500 5000,0       
round 2

crack 700 0 650 200 ;1-2 Stockyard Creek Fault
crack 650 200 650 600 ;2-3 Stockyard Creek Fault
crack 650 600 650 1200 ;3-4 Stockyard Creek Fault
crack 650 1200 700 1�50 ;4-5 Stockyard Creek Fault
crack 700 1�50 750 2300 ;5-6 Stockyard Creek Fault
crack 750 2300 �00 2400 ;6-7 Stockyard Creek Fault
crack �00 2400 �00 2900 ;7-� Stockyard Creek Fault
crack �00 2900 1050 3500 ;�-9 Stockyard Creek Fault

crack 1050 0 1100 100 ;10-11 Stockyard Creek Parallel Fault
crack 1100 100 1050 250 ;11-12 Stockyard Creek Parallel Fault
crack 1050 250 1100 550 ;12-13 Stockyard Creek Parallel Fault
crack 1100 550 1200 �50 ;13-14 Stockyard Creek Parallel Fault
crack 1200 �50 1350 1050 ;14-15 Stockyard Creek Parallel Fault

crack 650 1200 1000 1150 ;4-16 Investigator Flt Sth
crack 1000 1150 1350 1050 ;16-15 Investigator Flt Sth
crack 1350 1050 1650 1000 ;15-17 Investigator Flt Sth
crack 1650 1000 2050 1050 ;17-1� Investigator Flt Sth
crack 2050 1050 2400 1300 ;1�-19 Investigator Flt Sth
crack 2400 1300 3000 1�00 ;19-20 Investigator Flt Sth
crack 3000 1�00 3250 2000 ;20-21 Investigator Flt Sth
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crack 750 2300 1000 2300 ;6-22 Investigator Flt Mid
crack 1000 2300 1150 2350 ;22-23 Investigator Flt Mid
crack 1150 2350 1450 2350 ;23-24 Investigator Flt Mid
crack 1450 2350 1600 2350 ;24-25 Investigator Flt Mid
crack 1600 2350 1950 2300 ;25-26 Investigator Flt Mid
crack 1950 2300 2450 2200 ;26-27 Investigator Flt Mid
crack 2450 2200 2650 2100 ;27-2� Investigator Flt Mid
crack 2650 2100 2750 2050 ;2�-29 Investigator Flt Mid
crack 2750 2050 2900 2000 ;29-30 Investigator Flt Mid
crack 2900 2000 3050 2000 ;30-31 Investigator Flt Mid
crack 3050 2000 3250 2000 ;31-21 Investigator Flt Mid
crack 3250 2000 3450 2050 ;21-32 Investigator Flt Mid
crack 3450 2050 3550 2100 ;32-33 Investigator Flt Mid
crack 3550 2100 3�50 2200 ;33-34 Investigator Flt Mid
crack 3�50 2200 4100 2250 ;34-35 Investigator Flt Mid
crack 4100 2250 4250 2200 ;35-36 Investigator Flt Mid
crack 4250 2200 4450 2200 ;36-37 Investigator Flt Mid
crack 4450 2200 4500 2000 ;37-3� Investigator Flt Mid
crack 4500 2000 4700 2000 ;3�-39 Investigator Flt Mid
crack 4700 2000 5000 2000 ;39-40 Investigator Flt Mid

crack �00 2400 1000 2450 ;7-41 Investigator Flt Nth
crack 1000 2450 1350 2450 ;41-42 Investigator Flt Nth
crack 1350 2450 1500 2500 ;42-43 Investigator Flt Nth
crack 1500 2500 1700 2500 ;43-44 Investigator Flt Nth
crack 1700 2500 1900 2550 ;44-45 Investigator Flt Nth
crack 1900 2550 2300 2500 ;45-46 Investigator Flt Nth
crack 2300 2500 2450 2475 ;46-47 Investigator Flt Nth
crack 2450 2475 2�50 2450 ;47-4� Investigator Flt Nth
crack 2�50 2450 3050 2450 ;4�-49 Investigator Flt Nth
crack 3050 2450 3150 2475 ;49-50 Investigator Flt Nth
crack 3150 2475 3400 2500 ;50-51 Investigator Flt Nth
crack 3400 2500 3500 2450 ;51-52 Investigator Flt Nth
crack 3500 2450 4100 2250 ;52-35 Investigator Flt Nth

crack 2300 0 2450 600 ;53-54 Para Crk/Whitworth Sth
crack 2450 600 2500 1050 ;54-55 Para Crk/Whitworth Sth
crack 2500 1050 2500 1150 ;55-56 Para Crk/Whitworth Sth
crack 2500 1150 2400 1300 ;56-19 Para Crk/Whitworth Sth

crack 1350 1050 1500 1700 ;15-57 Para Crk/Whitworth Mid S
crack 1500 1700 1600 2350 ;57-25 Para Crk/Whitworth Mid S

crack  1450 2350 1500 2500 ;24-43 Para Crk/Whitworth Mid N

crack 1350 2450 1400 2950 ;42-5� Para Crk/Whitworth Nth
crack 1400 2950 1600 3500 ;5�-59 Para Crk/Whitworth Nth

crack 3900 0 4200 650 ;60-61 Whitworth/Bortala Sth
crack 4200 650 4300 900 ;61-62 Whitworth/Bortala Sth
crack 4300 900 4500 1500 ;62-63 Whitworth/Bortala Sth
crack 4500 1500 4550 1750 ;63-64 Whitworth/Bortala Sth
crack 4550 1750 4500 2000 ;64-3� Whitworth/Bortala Sth

crack 2750 2050 2�00 2250 ;29-65 Whitworth/Bortala Mid
crack 2�00 2250 2�50 2450 ;65-4� Whitworth/Bortala Mid

crack 2300 2500 2550 3150 ;46-66 Whitworth/Bortala Nth
crack 2550 3150 2700 3500 ;66-67 Whitworth/Bortala Nth

crack 4250 0 4350 250 ;6�-69 Bortala/Alsace Sth
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crack 4350 250 4450 600 ;69-70 Bortala/Alsace Sth
crack 4450 600 4700 950 ;70-71 Bortala/Alsace Sth
crack 4700 950 4750 1050 ;71-72 Bortala/Alsace Sth
crack 4750 1050 4750 1�50 ;72-73 Bortala/Alsace Sth
crack 4750 1�50 4700 2000 ;73-39 Bortala/Alsace Sth

crack 3050 2000 2950 2200 ;31-74 Bortala/Alsace Mid
crack 2950 2200 3050 2450 ;74-49 Bortala/Alsace Mid

crack 2450 2475 2700 3000 ;47-75 Bortala/Alsace Nth
crack 2700 3000 2900 3500 ;75-76 Bortala/Alsace Nth

crack 3550 2100 3450 2300 ;33-77 Alsace/Pickwick Mid
crack 3450 2300 3500 2450 ;77-52 Alsace/Pickwick Mid

crack 2�50 2450 2950 2750 ;4�-7� Alsace/Pickwick Nth
crack 2950 2750 3100 3100 ;7�-79 Alsace/Pickwick Nth
crack 3100 3100 3150 3400 ;79-�0 Alsace/Pickwick Nth
crack 3150 3400 3200 3500 ;�0-�1 Alsace/Pickwick Nth

crack 1000 1150 1000 1300 ;16-�2 Esperanza/Para Crk Mid S
crack 1000 1300 1050 1400 ;�2-�3 Esperanza/Para Crk Mid S
crack 1050 1400 1200 1750 ;�3-�4 Esperanza/Para Crk Mid S
crack 1200 1750 1150 1950 ;�4-�5 Esperanza/Para Crk Mid S
crack 1150 1950 1100 2050 ;�5-�6 Esperanza/Para Crk Mid S
crack 1100 2050 1150 2350 ;�6-23 Esperanza/Para Crk Mid S

crack 1000 2300 1000 2450 ;22-41 Esperanza/Para Crk Mid N
crack 1000 2450 1000 2650 ;41-�7 Esperanza/Para Crk Nth
crack 1000 2650 1050 2�50 ;�7-�� Esperanza/Para Crk Nth
crack 1050 2�50 1300 3500 ;��-�9 Esperanza/Para Crk Nth

crack 150 0 200 450 ;90-91 Esperanza/Para Crk West
crack 200 450 250 750 ;91-92 Esperanza/Para Crk West
crack 250 750 300 1250 ;92-93 Esperanza/Para Crk West
crack 300 1250 350 1650 ;93-94 Esperanza/Para Crk West
crack 350 1650 400 1�50 ;94-95 Esperanza/Para Crk West
crack 400 1�50 425 1950 ;95-96 Esperanza/Para Crk West
crack 425 1950 400 2050 ;96-97 Esperanza/Para Crk West
crack 400 2050 400 2150 ;97-9� Esperanza/Para Crk West
crack 400 2150 450 2200 ;9�-99 Esperanza/Para Crk West
crack 450 2200 475 2400 ;99-100 Esperanza/Para Crk West
crack 475 2400 500 2325 ;100-101 Esperanza/Para Crk West
crack 500 2325 625 2300 ;101-102 Esperanza/Para Crk West
crack 625 2300 700 2350 ;102-103 Esperanza/Para Crk West
crack 700 2350 �00 2400 ;103-7 Esperanza/Para Crk West
;4)get centroids of blocks
;pl mat
;pause
;sav inv.sav
gen 0 5000 0 3500 auto 50
;gen edge=0
;pl mat fil blo bla 
;pl mod
sav inv_geom.sav
;pause
;5)Set bounding/in situ rock stresses
;depth of ore emplacement �km
insitu stress -207e6 13e6 -143e6 szz -175e6 ;
bound stress -207e6 13e6 -143e6
;bound pp 90e6
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damp auto
;6)using centroids (pl mat) assign material type to blocks
;changing whole model to Paradise Crk Fm / mat=2 (Shales)
change 0 5000 0 3500 mat=2 cons=3
;changing blocks to Esperanza Fm / mat=1
change �30 930 2330 2405 mat=1 cons=3
change �50 9�0 1690 1�40 mat=1 cons=3
change �40 950 5�0 710 mat=1 cons=3
change 410 550 9�5 1140 mat=1 cons=3
; changing blocks to Whitworth Qtzite / mat=3
change 3340 3470 1040 1070 mat=3 cons=3
change 2070 2110 1670 1710 mat=3 cons=3
change 2210 2265 2330 2395 mat=3 cons=3
change 1940 1990 2990 3040 mat=3 cons=3
;changing blocks to Bortala Fm / mat=4
change 4415 4450 915 950 mat=4 cons=3
change 2��0 2920 2190 2250 mat=4 cons=3
change 25�0 2620 2990 3040 mat=4 cons=3
;changing blocks to Alsace Qtzite / mat=5
change 4740 47�0 750 790 mat=5 cons=3
change 31�0 3300 2190 22�0 mat=5 cons=3
change 2�20 2�70 2930 29�0 mat=5 cons=3
;changing blocks to Pickwick Metabasalt / mat=6
change 40�5 4100 2�45 2�60 mat=6 cons=3
change 3650 3710 2260 2300 mat=6 cons=3
;changing all joints to Faults / jmat=1
change 0 5000 0 3500 jmat=1 jcon=2
;changing Esperanza/Paradise Crk contact to a strat contact
change jmat=2 range minterface 1 2
change jmat=1 range 790 1010 2390 2460 ang -15,15
change jmat=1 range 990 1150 2295 2360 ang -25,25
change jmat=1 range 990 1355 1052 1150 ang -25,25
hist unbal; hist 1
;pl hold disp blo bla
pause
;Create Movie files every 100 steps
;plot ccfail blo bla
;movie on size 1024 76� file gpowder1.dcx step 500
sav inv_prop.sav
step 1
;pause
step 10
sav inv_stress.sav
step 500
sav 210in_1.sav
step 500
sav 210in_2.sav
step 500
sav 210in_3.sav
step 500
sav 210in_4.sav
;pause
;Establishing fluid pressure
fluid dens=1000;fluid density of 1000kgm’3
set flow steady;set steady state flow
bo pp=�0e6; boundary fluid pressure ~ 7km, 0.5 x litho pp
pfix pressure=�0e6; fixing pp to look at effects of fluid pressure
;pause
step 500
sav 210in_5.sav
step 500
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sav 210in_6.sav
step 500
sav 210in_7.sav
step 500
sav 210in_�.sav
step 500
sav 210in_9.sav
step 500
sav 210in_10.sav
step 500
sav 210in_11.sav
step 500
sav 210in_12.sav
pause
step 500
sav gpowder1_9.sav
step 500
sav gpowder1_10.sav
step 500
sav gpowder1_11.sav
step 500
sav gpowder1_12.sav
step 500
sav gpowder1_13.sav
step 500
sav gpowder1_14.sav
return
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