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Abstract Rock deformation has an important effect on the spatial distribution and

temporal evolution of permeability in the Earth’s crust. Hydromechanical coupling is of

fundamental significance to natural fluid–rock interaction in porous and fractured hydro-

thermal systems, and in the assessment and production of hydrocarbon resources and

geothermal energy. Shearing and fracturing of rocks can lead to the creation or destruction

of permeability when fractures or faults form, or when existing structures are reactivated.

Changes in stress orientation or fluid pressure can drive rock failure and create dilating

fault zones that have the potential to focus fluid flow, or to breach seals above overpres-

sured fluid compartments. Here, numerical models of deformation and fluid flow related to

Mesoproterozoic copper mineralisation at Mount Isa, Australia, are presented that show

how changes in deformation geometry in multiply deformed geological architectures relate

to changes in dilation patterns, fluid pathways and flow geometry. Coupled numerical

simulations of deformation and fluid flow can be useful tools to better understand structural

control on fluid flow in hydrothermal mineral systems.

Keywords Hydrothermal systems � Faults � Fluid flow � Permeability �
Mount Isa � Copper � Hydrothermal ore deposits � Australia � Numerical models

1 Introduction

Tectonic processes in the Earth’s lithosphere create and destroy fluid pathways by modi-

fying porosity and permeability. It is through this mechanical and thermal modification of

hydraulic architecture that hydrothermal fluid flow is fundamentally related to the spatial

and temporal availability of permeable structures in the Earth’s crust. Consequently, the
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evolution of fluid pathways in space and time exerts a fundamental control on the

occurrence of mineral and hydrocarbon resources, and geothermal systems. In addition to

modelling heat transfer, fluid flow and reactive transport, numerical simulations can also be

used to model the feedback between rock deformation and fluid flow, in particular the

spatial control of an emerging hydraulic architecture on the flow geometry. This article

contains a brief outline of basic relations between rock deformation and fluid flow in the

frictional-plastic regime, followed by an example of the application of mechanical-fluid

flow coupled numerical simulations related to hydrothermal copper mineralisation at

Mount Isa, Australia. In the Mount Isa example, different strain geometries were applied to

a complex, multiply deformed geological architecture, and it is shown how the spatial

distribution of plastic dilation leads to the generation of different fluid pathways.

This article is based on material presented during the short course ‘Process modelling of

hydrothermal systems’ at RWTH International Academy in Aachen, Germany in 2006,

2007, and 2008.

2 Deformation and Fluid Flow in the Brittle Crust

Coupling between the physical processes in hydrothermal systems and the geological

architecture are complex, and some of the most important interactions occur between rock

deformation and fluid flow. Deformation processes and fluid flow drivers vary within the

Earth’s crust due to their dependency on pressure, temperature, physical properties of rocks

and fluids, and the geometric characteristics of hydraulic conductivity on different scales.

In essence the relation between rock deformation and fluid flow depends on how elastic,

plastic and viscous deformation processes interact with processes that drive fluid flow, such

as buoyancy and spatial gradients in hydraulic head. Deformation processes in turn depend

on the temperature, pressure and composition of rocks. This is of particular significance at

deep levels of the Earth’s crust, where fluid flow is highly dependent on net volume

changes in fluid from metamorphic and magmatic sources, while the permeability is clo-

sely tied to grain-scale porosity created by metamorphic reactions or crystal-plastic

deformation processes (e.g. Ague 2004, and references therein). The interaction between

porous flow and predominantly elastic deformation at shallow levels of the Earth’s crust is

expressed by the term hydromechanical coupling (e.g. Neuzil 2003; Rutqvist and Ste-

phansson 2003). Hydromechanical coupling addresses the modification of pore space in a

deforming rock mass, but also the fracturing and shearing of rocks caused by pressure

changes. In specific geological situations hydromechanical interaction can lead to a drastic

modification of the hydraulic architecture, such as the localisation of new faults, fault

reactivation, and the breaching of seals (e.g. Sibson 1994). The consideration of heat

transfer in addition to deformation and fluid flow—thermo-hydromechanical coupling—

has allowed researchers to better understand the heat budget, and the role of thermo-elastic

effects in natural and engineered geothermal systems (e.g. Kolditz and Clauser 1998;

Ghassemi et al. 2007).

2.1 Volume Change During Deformation

In the brittle crust, deformation often leads to volume change in rocks. Faults and fractures

exert a tight spatial control on fluid flow, because of their ability to inhibit or to enhance

permeability. Deformation induced permeability, or dynamic permeability, modifies the

intrinsic permeability of a rock mass by changing the volume and shape of its pore space.
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The deformation induced change of porosity and permeability is a consequence of elastic

and plastic behaviour of the rock mass. Plasticity can occur in the form of compaction of

under-consolidated porous rocks, slip along fractures, and crystal-plastic deformation

mechanisms. The distinction between volume change due to fracturing or dilation of a

continuum is often based on the scale of observation. These scales of observation translate

directly to the question how to model the relation between rock deformation and fluid flow

at a given scale: by using a continuum approach, or a discrete approach. Clauser (1992) has

shown that although intrinsic permeability in crystalline rocks is scale-sensitive, perme-

ability values do not increase continually towards large scale. In contrast to scaling laws

based on single fractures, which infer a cubic relation between fracture width and volu-

metric flow rate (e.g. Cook et al. 1990), permeability values increase with measurement

scale, but reach a maximum on the metre to 100-m measurement scale before decreasing

again at larger scales (Clauser 1992). These findings suggest that porous media are a valid

approximation for modelling volumes of fractured rocks.

When a rock deforms as an elastic solid, an increase in the stress difference generally

leads to volume loss of the solid (e.g. Edmond and Paterson 1972; Mandl 1988; Paterson

and Wong 2005). The amount by which the solid volume changes during elastic defor-

mation, varies according to rock type, and can be quantified by determining the elastic

properties of the rock. Plastic failure of rock, however, often leads to much larger volu-

metric strain, which can be expressed either as volume increase (dilation), or decrease

(compaction), depending on rock type and confining pressure. Neuzil (2003) and Rutqvist

and Stephansson (2003) published detailed reviews on hydromechanical coupling in

geological, and engineered systems with a focus on poroelasticity and plasticity in the form

of compaction of under-consolidated sediments. Compaction is often observed in under-

consolidated sediments and sandstones (Aydin and Johnson 1983; Fisher and Knipe 1998;

Sheldon et al. 2006), while dilation is more likely in crystalline and metamorphic rocks,

particularly at the onset of deformation and at low confining pressure (e.g. Edmond and

Paterson 1972; Fischer and Paterson 1989; Hobbs et al. 1990; Ord 1990; Ord and Oliver

1997; Zhang et al. 1994; Paterson and Wong 2005). Deformation induced volume change

can either be expressed by a modification of the porosity and permeability of a continuous

rock volume, or by the generation of a fracture-rock discontinuum. Fractured rock is of

particular interest in groundwater flow, hydrothermal ore deposits and geothermal systems

because interconnected fractures provide high hydraulic conductivity (e.g. Secor 1965;

Secor and Pollard 1975), with the potential for high fluid flow rates which favour the

advection of heat and chemical species in solution. Fracture zones are also important for

some fluid-dominated hydrothermal ore deposits, because they can provide the space to

precipitate minerals in economic concentration and quantities (e.g. Oliver and Bons 2001).

For continuous aggregate materials such as rock, soil or concrete, dilation can be expressed

as the dilation angle (Vermeer and de Borst 1992), which quantifies volume increase of a

continuum during plastic deformation (Ord and Oliver 1997).

2.2 Hydrofracturing

Deformation of the Earth’s crust occurs when stress exceeds rock strength. In the brittle

crust, rock behaves as a frictional plastic solid, i.e. its strength increases with increasing

pressure (e.g. Coulomb 1773; Mohr 1900; Byerlee 1978; Jaeger and Cook 1979). Stress is

defined as force per unit area, and is expressed in three dimensions as a second order tensor

(e.g. Jaeger and Cook 1979; Twiss and Moores 1992). For each arbitrary orientation of a

plane in a rock volume, stress can be decomposed into normal and shear components on
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that plane. In each volume of rock one orientation of mutually orthogonal planes exists,

where shear stresses are zero, and normal stresses are at maximum values. The directions

normal to these planes are called the principal stress axes. The natural state of stress in the

Earth’s crust is triaxial, i.e. the values for the three principal stress axes are different. By

convention the stress axes are named r1, r2 and r3 for the largest, the intermediate, and the

smallest value respectively, and it is the difference between r1 and r3, or stress difference,

that affects rock strength. Stress values can be positive (compressive) or negative (tensile).

Stress difference can be caused by gravity, tectonics, or changes in pore pressure. In

addition to increasing stress difference, rock failure in shear or tension can also be

achieved by increasing fluid pressure in the pore space and thus lowering effective stress

(e.g. Hubbert and Rubey 1959; Handin et al. 1963; Secor 1965; Jaeger and Cook 1979). For

the frictional-plastic deformation regime the relation between pressure and the stress tensor

can be visualized in a Mohr diagram (Fig. 1). Hydromechanically driven failure occurs,

because the pore fluid has a load-bearing capacity. Conceptually, fluid pressure can be

expressed as having the same value in all directions and therefore counteracting normal

stress components of a framework of grains surrounding a pore in all directions. Values

along all three principal stress axes are therefore reduced in the same quantity. The ‘wet’

reduced stress state is referred to as effective stress, the ‘dry’ stress state as applied stress.

Tensional failure caused by the increase of pore pressure, or hydrofracturing, is a common

reservoir engineering practice in well stimulation. The natural occurrence of hydrofrac-

turing has been associated with the release of fluids during prograde metamorphic

conditions at mid-crustal levels (Etheridge et al. 1984), as well as the formation of many

structurally controlled breccia-hosted and vein-hosted ore deposits (e.g. gold; Nguyen et al.

1998; Cox et al. 2001; Sibson 2001).

2.3 Fluid Pressure Gradients

Fluid pressure levels in the crust are subject to the balance between fluid production and

permeability at different levels of the Earth’s crust. Substantial spatial variations of fluid

pressures result in hydraulic head gradients that can have a significant impact on the

vertical component of fluid flow. If more fluid is produced in the rock column than can be

drained, e.g. due to compaction of sediments, the production of fluid during metamorphic

reactions, or the release of fluids from crystallizing magma, fluids can become pressured at

higher values than in a case where they have a free surface at the Earth’s surface. The

pressure of a fluid at rest is determined by

p ¼ qgz ð1Þ

where p is pressure, q density, g gravitational acceleration, and z depth. The increase of

pressure with depth is determined by the gradient dp

dz
, which is called hydrostatic for water

and lithostatic for rock densities (Fig. 2). When low permeability inhibits fluid flow, any

produced fluid will cause pressure to increase to values between hydrostatic and lithostatic.

Fluids subject to higher than hydrostatic gradients will be driven upward due to the

overpressure, and although this is a transient phenomenon, the low permeability of clays,

shales, and crystalline rocks can lead to the existence of overpressured fluid reservoirs over

geological time scales.

Increasing pressure in sealed reservoirs, and also in re-cemented fault rocks, can lead to

fracturing and transient fluid flow (Matthäi and Roberts 1997; Braun et al. 2003; Sheldon

and Ord 2005). Due to the ubiquitous evidence for fluid flow down gradients of
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Fig. 1 Failure modes for frictional-plastic rocks in a Mohr diagram. a Shows shear and normal components
of major and minor principal stress axes r1 and r3, and failure curve (green) for a material with a cohesion
C, a tensional strength T, and a friction angle U; failure curve is shown as a combination of Mohr envelope
and Coulomb’s linear failure criterion; b Shows reduction of ‘applied’ triaxial stress with low stress
difference by fluid pressure (‘effective stress’) and consequent failure in tension; c shows failure in shear due
to increasing the stress difference. Notice that increasing fluid pressure when the stress difference is large
can also lead to failure in shear
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temperature and pressure in hydrothermal gold deposits associated with quartz-veins, the

release of mineralising fluids from overpressured reservoirs by hydrofracturing of the seal

is a commonly applied model for structurally controlled fluid flow at the base of the brittle

crust (e.g. Etheridge et al. 1984; Sibson 1994, 2001; Cox et al. 2001; Nguyen et al. 1998;

Cox 2005). For detailed reviews on this subject the reader is referred to Cox et al. (2001),

Sibson (2001), Cox (2005), and Yardley and Baumgartner (2007).

2.4 Modelling Approaches

To model the structural control on hydrothermal fluid flow a number of approaches exist.

One approach is based on the concept that permeability increase is caused by the

mechanical loading of rock around the slip plane of a fault. The local increase of stress

difference during the mechanical loading of the model is therefore used as proxy for the

spatial distribution of permeable regions, and fluid flow as such is not simulated. Models

Lithostatic FPG

transition zone

P

z

A

Lithostatic FPG

seal

P

z

B

Hydrostatic FPG

Hydrostatic FPG

Fig. 2 Fluid pressure gradients
(after Cox 2005). a Transition
from hydrostatic to lithostatic in
sedimentary basins across a fluid
overpressured transition zone; b
overpressured fluid reservoir at
hydrostatic gradient below a seal.
In both cases there is a potential
to drive flow upward in regions
where fluid pressure departs from
hydrostatic gradient, but the high
pore pressure below the seal (in
b) may favour tensile failure of
the rock at the top of the reservoir
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are either purely elastic (Cox and Ruming 2004; Micklethwaite and Cox 2004), based on

damage mechanics concepts (Sheldon and Micklethwaite 2007), or simulate plasticity by

slip along interfaces of discrete elements representing weak fault systems (Ojala et al.

1993; Holyland and Ojala 1997; Mair et al. 2000). Other workers have used numerical

models based on coupling Mohr–Coulomb plasticity with Darcy flow as implemented in

the finite difference codes FLAC (Itasca 2000) and FLAC3D (Itasca 2003; Cundall and

Board 1988), to simulate dilation in complex multi-material geometries (Jiang et al. 1997;

Gow et al. 2002; Oliver et al. 2001; Ord et al. 2002; Ord and Oliver 1997; Schaubs and

Zhao 2002; Sorjonen-Ward et al. 2002; Gessner et al. 2006; McLellan et al. 2004; Sheldon

and Ord 2005; Robinson et al. 2006; Schaubs et al. 2006; Vos et al. 2007; Zhang et al.

2006a, b, 2007; Potma et al. 2008). The latter technique is based on coupling Darcy flow to

a Mohr–Coulomb constitutive model including plasticity. Advantages of the latter tech-

nique lie in the capability to simulate plasticity due to localisation of deformation (Hobbs

et al. 1990; Ord 1990), the spatial mechanical response of a given 3D rock property

distribution to tectonic stress, and the change of permeability linked with volume strain.

Coupled modelling of Mohr–Coulomb plasticity and Darcy flow has proven useful in

understanding deformation driven fluid flow at the mine to district scale, where a number

of different rock types occur in a particular geological architecture. Schaubs et al. (2006)

and Potma et al. (2008) have shown how this method can be successfully applied as a tool

for target generation in mineral exploration. Ideally, in validation stage, the impact of

different strain geometries on dilation and fluid flow is tested against known alteration and

mineralisation patterns in a data rich location, before being applied for exploration in data

poor areas.

3 Mount Isa Copper Case Study

This section comprises an example of deformation and fluid flow coupled modelling of

Mohr–Coulomb plasticity with Darcy flow, as described in the previous section. The

objective of the modelling was to investigate how the deformation geometry relates to

patterns of mineralisation and alteration within the Mesoproterozoic Mount Isa Copper

deposit in northwest Queensland, Australia.

3.1 Geological Background

The Mount Isa lead–zinc–silver and copper deposits are located in the Mount Isa Inlier, an

inverted and metamorphosed Proterozoic intra-continental rift (Betts et al. 2006) in North-

West Queensland, Australia (Fig. 3). The Urquhart Shale, which hosts both the lead–zinc–

silver and the copper mineralisation, is part of the Mount Isa Group, a Mesoproterozoic

series of carbon-rich siliciclastic sediments and carbonates, which were deposited during a

sag-phase following the third major rifting event in the Mount Isa Inlier (Betts et al. 2006).

A number of detailed studies (Bell et al. 1988; Perkins 1984; Swager 1985) concluded that

copper ore was deposited after the main tectono-metamorphic events of the Isan Orogeny,

and postdates the lead–zinc–silver mineralisation at the same location. According to recent

geochemical studies (Wilde et al. 2005; Gregory et al. 2005; Kendrick et al. 2007) alter-

ation and copper mineralisation involved several fluids, including an upward flowing

basement-equilibrated reduced fluid, and an oxidised brine originating from near-surface

reservoirs. Structural work in the mine and its vicinity outlined three major deformation

events during the Isan orogeny: D2 E–W shortening, D3 top-to-E simple-shear, and D4
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dextral oblique slip (Bell and Hickey 1998; Connors and Lister 1995; Connors et al. 1992).

The basal part of the Urquhart shale, located immediately above metamorphosed basalts

and sediments of the Eastern Creek Volcanics (Fig. 4) displays the most intense fracturing

and the highest ore grade of up to 25% copper. The contact is a folded, and in parts

reactivated, fault zone known as the Paroo Fault.

3.2 Method

To model deformation and fluid flow in the Mount Isa copper system, the finite different

code FLAC3D (Itasca 2003) was used. The algorithm solves the governing equations of

mass, momentum and single phase saturated flow. Mathematical background, governing

laws, constitutive laws and their implementation are documented in detail in the software

manual (Itasca 2003), but will be summarized here.

3.2.1 Deformation

The law governing the motion of an elementary volume as a response to the forces applied

is expressed as Cauchy’s equation of motion

M
IF

Z

TRF

Mount Isa
Hilton / George Fisher

Century

100 km

MOUNT ISA INLIER

Fig. 3 Location of Mount Isa (Pb–Zn–Ag, Cu), Hilton/George Fisher (Pb–Zn–Ag), and Century (Pb–Zn–
Ag) Mines in Mount Isa Inlier. Also shown are major fault systems, including Termite Range Fault (TRF),
and Mount Isa Fault Zone (MIFZ)
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rij;j þ qbi ¼ q
dv

dt
ð2Þ

where rij;j is the partial derivative of the stress components across the coordinate planes

with respect to xj, q is mass per unit volume, b body force per unit mass, and dv
dt

the material

derivative of velocity.

To simulate deformation, isotropic and anisotropic Mohr–Coulomb constitutive models

have been chosen, where shear- and tension yield functions determine the shape of the

failure envelope, with a non-associated flow rule for former, and by an associated flow rule

for the latter type of yield:

Isotropic materials

shear failure criterion

f s ¼ r1 � r3 1þ sinð/Þ
1� sinð/Þ þ 2c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ sinð/Þ
1� sinð/Þ

s

ð3Þ

shear flow law

gs ¼ r1 � r3 1þ sinðwÞ
1� sinðwÞ ð4Þ

tension failure criterion

f t ¼ r3 � rt ð5Þ

Fig. 4 3D model of Mount Isa Copper deposit, where the light grey surface represents an extrapolation of
Paroo fault from mine data (light blue surface). Ore containing more than 2.5% Cu is shown in red. Dark
surfaces outline upper (back) and lower (front) stratigraphic boundaries of Urquhart Shale. View is toward
NW, and down
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tension flow law

gt ¼ �r3 ð6Þ

Anisotropic materials

shear failure criterion

f s ¼ sþ r33 tan /j � cj ð7Þ

shear flow law

gs ¼ sþ r33 tan wj ð8Þ

tension failure criterion

f t ¼ r33 � rt
j ð9Þ

tension flow law

gt ¼ r33 ð10Þ

Here / is the friction angle, /j the weak plane friction angle, c cohesion, w the dilation

angle, wj the weak plane dilation angle, and s one of four components of the stress vector

describing weak-plane failure (the other three being r11, r22 and r33).

3.2.2 Fluid Flow

The law governing fluid transport is given by Darcy’s law in the form

qi ¼ �kilk̂ðsÞ p� qf xjgj

� �

l
: ð11Þ

Here, qi is specific discharge, k the absolute mobility tensor (permeability, as implemented

in FLAC3D), k̂ðsÞ the relative mobility coefficient (a function of the saturation s), p is pore

pressure, qf is fluid density, and g gravity. The constitutive law used to describe the

response of pore fluid to pore pressure, saturation and mechanical volume strain, e, is

1

M

op

ot
þ n

s

os

ot
¼ 1

s

of
ot
� a

oe
ot

ð12Þ

where M is Biot modulus, f the variation of fluid content, and a Biot coefficient (Biot

1956).

3.2.3 Implementation

In FLAC3D the model domain is discretised into brick shaped zones that consist of tet-

rahedral subdomains (‘mixed discretisation procedure’, Marti and Cundall 1982). In the

simulations, the algorithm solves paralleled nodal formulations of the deformation and

fluid flow equations in an explicit time-marching scheme (Itasca 2003).
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3.3 3D Mine-Scale Model

To investigate the critical factors for providing strain localisation and increased perme-

ability at the mine scale a number of simulations of deformation and fluid flow have been

carried out using FLAC3D. In particular it was important to investigate if different

deformation scenarios would control the vertical component of fluid flow, and the local-

isation of deformation and the focussing of fluid flow at the site of mineralisation in the

Urquhart shale. The vertical component of fluid flow is important, because upward and

downward flow can be related to different alteration assemblages (Wilde et al. 2005). All

simulations are based on a structured mesh (Fig. 5) containing 54,021 brick shaped ele-

ments of equal size with 49 each in x (N–S) and y (E–W), and 21 in z (vertical), and

dimensions of x = 6,098 m, y = 5,428 m and z = 2,973 m. The mesh was generated from

geologic maps, and exploration and mine datasets. The models were simulated fully sat-

urated and initialised at either hydrostatic, or 50% lithostatic fluid pressure gradients, and

with impermeable boundaries. Following the estimate of Heinrich et al. (1993) who esti-

mated ca. 5 km depth during copper ore formation, the top of the model was assumed to be

at a depth of 4,500 m, the bottom at 7,473 m. Regions of elements in the model define

stratigraphic rock units and faults, to which material properties were assigned. These

properties were modified from literature values (Itasca 2000) for shale, siltstone, schist and

basalt to reflect relative lithological variations of the local geology (Table 1). In general the

faults were assumed to be weaker and more permeable than rock units. Deformation-

related permeability change was accounted for by linking post-failure plastic dilation to a

permeability increase, as well as by assuming a five-fold increase in permeability during

failure in tension, and a two-fold permeability increase relative to the undeformed rock

after tensional failure. For most models strength variations within the Mount Isa Group

Fig. 5 Mesh used in the numerical simulations showing faults and rock units. ECV = Eastern Creek
Volcanics, Phl = Lena Quartzite, Pim = Moondarra siltstone, Pib = Breakaway shale, Pin = Native Bee
siltstone, Piu = Urquhart shale, Pis, Pik = Spear and Kennedy siltstones; see Fig. 7 for scale
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sediments have been estimated according to their mica and quartz content, with the Eastern

Creek Volcanics in the basement being modelled as the least permeable and strongest

rocks. To account for the different tectonic events, syn-to post D2, E–W contraction,

oblique dextral strike slip, extension, and top-to East simple shear strain geometries were

simulated (Fig. 6). Contraction models were run to 5% shortening and extension models to

5% extension. The oblique strike slip models were run to a vertical shear angle of

w = 0.68� and a horizontal shear angle of w = 0.85�; the top-to East simple shear models

were deformed to w = 0.11�. Deformation was applied by imposing a displacement field

across the nodes of the finite difference grid. Based on field observations the Urquhart

shale needed to be modelled as an anisotropic rock. Since at the scale of the model the

Urquhart shale’s layering could not be resolved, its anisotropy was accounted for by

assuming a weak plane in the orientation of bedding (‘ubiquitous joints’constitutive model,

as described above). This means that the rock has less strength in a 60� W-dipping ori-

entation, and shears more easily along that plane. According to the anisotropy, the weak

layers would be expected to control the overall deformation behaviour of the Urquhart

shale. Shear strain along the plane of the anisotropy was therefore used as a proxy for

tensile failure in the siltstone layers.

3.4 Modelling Results

The key observations from these models can be summarised as follows:

1. In contraction simulations strain localises along the lower, E-dipping part of the Paroo

fault. From this E-dipping reverse-sense shear zone a W-dipping, reverse-sense

secondary shear zone nucleates in the lower part of the Urquhart shale (Fig. 7). Fluid

flow patterns are dominated by upward flow and focusing into the dilating regions,

N

Oblique shear Contraction

top to E simple shear Extension

N

N N

Fig. 6 Geometry of velocity boundary conditions applied to the grid
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particularly the Urquhart shale. In all contraction cases flow is upward, and becomes

focussed in the Paroo Fault, the Mount Isa Fault, the Urquhart shale, and the Lena

Quartzite with a maximal velocity of 9 9 10-8 ms-1 (ca. 3 m/year).

2. In oblique strike slip simulations a range of steep NNE–SSW trending dextral shear

zones form, and the Mount Isa fault becomes reactivated. Tensile failure occurs in the

Eastern Creek Volcanics close to the Mount Isa fault, the Lena Quartzite, and is

inferred from shear along the anisotropy of the Urquhart shale (Fig. 8). The fluid flow

Fig. 7 E–W contraction scenario. a Strain pattern where shear strain maximum in red, lower values yellow
to transparent. Paroo and Mount Isa fault are outlined in grey, boundaries of Urquhart shale in blue. View is
towards N; position of cross section in b is shown by white dotted line. b Fluid flow field at 5% contraction
along an E–W section in the centre of the model. Notice focused upward flow in the faults (red), the Lena
Quartzite (green), and into the base of the Urquhart shale (yellow)
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pattern is more complex than in the contraction case, with flow up the Paroo fault

toward the Mount Isa fault, and out of the Urquhart shale. Maximal flow rates are

3.4 9 10-8 ms-1 (ca. 1 m/year).

3. In extension simulations normal sense shear zones form along the lower part of the

Paroo fault, and transect the Isa Group in the eastern part of the model. A normal sense

(west side down) shear zone also reactivates the Mount Isa fault (Fig. 9). Downward

flow is due to tensile stresses, which lead to an overall drop in solid and fluid pressures,

Fig. 8 Oblique strike slip scenario at wvertical = 0.68� and whorizontal = 0.86�. a Strain patterns where green
is maximum, low values are rendered transparent. Notice reactivation of Mount Isa fault (steep red
structure). Extent of Urquhart shale is shown in semi-transparent white; position of cross section in b is
shown by white dotted line. View is towards N. b Flow patterns in oblique strike sip show upward flow in
the Paroo fault towards the Mount Isa fault, and lateral flow in the Urquhart shale
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even if the model is initialised with an above-hydrostatic fluid pressure gradient. The

maximal flow velocity is 1.8 9 10-7 ms-1 (ca. 6 m/year).

4. In top-to E simple shear simulations a shear zone forms along the flat part of the Paroo

fault below the Urquhart shale (Fig. 10), at the approximate orientation and depth level

of a massive dilation zone in the mine, the Buck Quartz fault. Fracturing, as inferred

from shearing along the anisotropy orientation initiates in the lower part of the

Urquhart shale, which corresponds to the shear strain maximum near the flat part of the

Paroo fault. The flow pattern shows upward flow in the Urquhart shale and the Paroo

fault, and fluid feeding into the Paroo from the Mount Isa fault. The maximal flow

velocity is 5 9 10-8 ms-1 (ca. 3.5 m/year).

Fig. 9 Extension scenario at 5% strain. a Shear strain pattern where red is maximum and low values are
green to transparent. Notice weak reactivation of the Mount Isa fault in the left third of image. Boundaries of
Urquhart shale are shown in blue; position of cross section in b is shown by white dotted line. View is
towards N and down. b Flow pattern in extension. Notice overall downward flow, except in lower part of
Mount Isa fault and Lena Quartzite (green) View is towards N
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3.5 Structural Controls on Mineralisation

Coupled deformation and fluid flow simulations suggest that localization of strain and

fracturing in the Urquhart shale most likely occurred in contraction, simple shear, and

during oblique strike slip movement. In contraction the occurrence of a strain maximum in

the lower part of the Urquhart shale represents a good fit with field observations, and the

upward flow of fluid could be related to infiltration of a basement equilibrated reduced fluid

(Wilde et al. 2005; Kendrick et al. 2007). In oblique slip dilation occurs along steep

structures, which could favour infiltration of a surface fluid, or mixing between a meta-

morphic fluid and a fluid from a shallow crustal source (Kendrick et al. 2007). The strain

and flow pattern generated in extension represents a poor match with field observations,

suggesting that this scenario is not relevant. The inferred fracture pattern in simple shear

(Fig. 11) fits the extent of the breccia zone in the copper mine very well, and suggests that

Fig. 10 Simple shear scenario. a Shear strain pattern in simple shear, where red is maximum, low values
are green to transparent. Notice flat, near horizontal shear zone at flat part of Paroo fault; position of cross
section in b is shown by white dotted line. View is towards NNE, from below; Urquhart shale is shown as a
grey box. b Flow pattern in top-to-E simple shear showing downward flow in the Urquhart shale and the
Paroo Fault. View is towards N
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a component of top-to East directed simple shear (D3) is likely to have been involved in the

formation of the fracture zone.

3.6 What Caused Fluid Flow?

In the case of Mount Isa the processes driving fluid flow are not clear. To generate the

massive silica alteration observed in the copper system the upward flow of a cooling, and

possibly de-pressurising silica-bearing fluid is likely. Hydraulic head driven flow (Garven

and Raffensperger 1997) is one possible scenario; free thermal convection is another likely

possibility along with transient upward flow of overpressured fluid due to the breaching of

a seal, both of which will be discussed elsewhere (Kühn and Gessner 2009a, b—this

volume). Irrespective of what the processes driving fluid flow may have been, our models

suggest that rocks of contrasting strength in proximity to reactivated faults provided the

potential for localisation of deformation and the generation of permeability, thus exerting a

structural control on where the ore bodies formed. The increased permeability in sub-

stantial parts of the Urquhart shale provided large volumes of permeable rock, which

exceeded the relatively small volume of permeable faults in the system by large amounts.

The change from regional contraction and simple-shear to strike-slip changed the hydraulic

architecture significantly, favouring upward flow, lithostatic fluid pressures and hydro-

fracturing in the former case, and access to surface-derived fluids in the latter.

4 Conclusions

Hydromechanical coupling plays an important role in the generation of permeability in

tectonic deformation. In the brittle-plastic part of the Earth’s crust the coupling of

Fig. 11 Evolving strain (and inferred fracturing) pattern in strike-slip in directionally weak Urquhart shale
shows similarity to mineralisation in Fig. 5. View from below, towards NW
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Mohr–Coulomb plasticity with Darcy flow in a continuum model can be used to simulate

fluid flow in hydrothermal mineral systems. This technique has been used to model the

Mesoproterozoic Mount Isa copper system, where deformation events reactivated a mul-

tiply deformed geological architecture during hydrothermal activity. In a post-

metamorphic setting such as the Mount Isa Copper system, deformation was a key process

to generate permeability. Contraction, oblique slip, and top-to East directed simple shear,

or combinations of these, are likely to have occurred during alteration and mineralisation

events. A transition from contraction to strike slip may have changed solid and fluid

pressures on the scale of the hydrothermal system at Mount Isa. Pressure gradient driven

upward flow would have favoured cooling and silica precipitation, which is a key feature of

the Mount Isa system.
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