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Summary

Deformation band fault core has only recently been recognised as a distinct component 

of deformation band faults. Previously, deformation bands were divided into single 

deformation bands, zones of deformation bands and slip surfaces (Aydin, 1978). 

Shipton and Cowie (2001) recognised that, in outcrop, a unit of fine-grained material is 

always found in association with slip surfaces. Shipton and Cowie (2001) refer to this 

unit as fault core. Simple bulk fluid flow modelling by Shipton et al. (2002) shows that 

across-fault fluid flow is most sensitive to fault core thickness. However, the thickness 

of the fault core shows no increase with offset accumulation (Shipton et al., 2005). The 

principal aim o f this thesis is to understand the evolution of deformation band fault core, 

in particular the character, geometry and fluid flow properties.

In this dissertation, the fault core is divided into six components based on observations 

in a variety of different aeolian and fluvial sandstones. Four fault core components are 

found in all deformation band faults; zones of deformation bands, condensed 

deformation bands, cemented condensed bands, and slip surfaces. Two fault core 

components, shear fractures/breccia and gouge, are found in reactivated deformation 

band faults and heterogeneous host lithologies respectively. Occasionally, later joints 

are observed crosscutting deformation band fault core.

The evolution of deformation band fault core is examined by comparing fault 

composition, geometry and structure (including microstructure) at increasing values of 

offset. Three excellently exposed, low offset (0.2 to 12 m maximum offsets), dip-slip 

faults are exam ined and sampled in the Entrada Sandstone and compared to the 29 m 

offset Big Hole fault in the Navajo sandstone. In the Entrada Sandstone o f Goblin 

Valley, condensed deformation bands evolve at low offsets (< 5 cm) by the successive 

addition o f deformation bands to a developing zone of bands. M inor slip surfaces 

nucleate (~ 0.1 m offset) within the condensed deformation bands inheriting the 

geometry o f the remnant deformation bands. M ajor slip surfaces evolve (~ 1 m offset) 

from an optimally positioned minor slip surface, typically on the margin o f the fault 

core. The fault core character changes very little after major slip surface evolution. At 

low offsets, the microscale evolution of the fault core is dominated by the processes of 

cataclasis and minor quartz cementation. At higher offsets, strain is accommodated by



the accumulation of offset along major slip surfaces and bulk deformation of cemented 

condensed bands. A fault core evolution model is presented based on macroscale and 

microscale observations.

Fault core thickness was found to be highly variable along strike in each dip-slip fault. 

Fault linkage is shown to locally increase the thickness of the fault core by two orders 

of magnitude.

Deformation band fault core is shown to be a potential conduit and/or baffle to fluid 

flow at different points along strike and under different conditions (e.g. fluid pressure, 

stress). Potential along-fault conduits are major slip surfaces (if open). Potential across- 

fault conduits include breccia pods, joints, interconnected slip surfaces and fractures.
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Chapter 1 Introduction

Deformation band faults have been extensively studied in the past 25 years mainly due 

to their influence on hydrocarbon reservoirs and aquifers. Deformation bands are the 

primary element o f deformation in porous lithologies (porosity > 10%). A single 

deformation band is a narrow (~ 1 mm) zone of localised cataclasis that is surrounded 

by relatively undeformed porous host rock. Deformation bands have previously been 

referred to as Liider’s bands (Olsson 2000) and granulation seams (Pittman 1981). 

Deformation bands were thoroughly described by Aydin (Aydin 1978; Aydin and 

Johnson 1978) from field examples in the Utah desert of the western U.S. Since then, 

deformation bands have been described in multiple porous host rocks such as non

welded tuffs (Wilson et al. 2003), carbonates (Tondi et al. 2006) and in multiple 

tectonic settings such as igneous intrusion-related deformation bands (Underhill and 

W oodcock 1987), actively deforming accretionary wedges (Ujiie et al. 2004) and fold- 

related deformation bands (Jamison and Stearns 1982; Antonellini et al. 1994).

Following the seminal work of Aydin (1978) concerning deformation bands formed by 

predominantly shear, a number of new deformation band types have been recognised, 

for example dilation deformation bands (Du-Bemard et al. 2002) and compaction bands 

(M ollema and Antonellini 1996). Deformation bands can therefore be divided in to 

three principal categories depending on the mode of failure: compaction; shear; and 

dilation bands (Aydin et al. 2006). Compaction bands are characterised by an overall 

volume decrease. Shear bands are characterised by a significant component of relative 

offset sub parallel to the band. Dilation bands are characterised by overall volume 

increase. Deformation bands formed during shear (and compaction) are studied in this 

dissertation and are simply referred to as deformation bands.

It has become clear that deformation band growth is a function of a number of intrinsic 

and extrinsic properties. Intrinsic properties include the host rock grain size, porosity 

and mineralogy. Extrinsic properties include stress orientation, confining pressure and 

pore fluid pressure. Grain mineralogy plays an important role due to differences in 

shape and strength of individual minerals. For example, feldspar is thought to break 

more easily than quartz due to cleavage plane fracturing (Aydin et al. 2006). Host rock 

porosity is shown to affect grain-to-grain interaction (Johansen et al. 2005) and mode of
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Introduction

failure (Dunn et al. 1973; Rutter and Hadizadeh 1991; Wong et al. 1997) and grain size 

and grain size distribution can influence deformation band thickness (Tordesillas et al. 

2004). The grain scale character of (shear formed) deformation bands has been studied 

in detail by many authors (Aydin 1978; Underhill and Woodcock 1987; Antonellini et 

al. 1994; Menendez et al. 1996; Gibson 1998; Wibberley et al. 2000; Ogilvie and 

Glover 2001; Milliken et al. 2005). Extrinsic properties such as stress, confining 

pressure and pore fluid pressure determine the mode of failure (Schultz and Siddharthan 

2005; Aydin et al. 2006) in a developing deformation band.

Deformation bands have also been produced experimentally by Mair et al. (2000) and 

modelled numerically by (Aydin and Johnson 1983; Schultz and Balasko 2003). The 

combination of field studies, microstructural studies, experimental and numerical 

analysis has led to a strong understanding of deformation band growth, which is 

summarised here. A single deformation band is thought to form due to the localisation 

of strain, perhaps due to an inherent flaw in the host rock (Aydin and Johnson 1983). 

An initial stage of grain rolling, translation and porosity collapse is followed by grain- 

to-grain interaction and brittle microfracturing (Aydin and Johnson 1978; Mair et al. 

2000). Brittle microfracturing leads to a decrease in mean grain size and a decrease in 

grain size sorting. Grains of a variety of shapes and sizes interlock causing an increase 

in friction in the deformation band (Mair et al. 2000). It becomes progressively harder 

to continue deformation along a deformation band necessitating that a new deformation 

band form in the adjacent pristine host rock. The conditions surrounding the transfer of 

deformation to a new developing band is described by Mair et al. (2000) based on 

experimental modelling. As strain accumulates a zone of deformation bands forms 

(Aydin and Johnson 1978).

Aydin (1978) noted that some zones of deformation bands are associated with polished 

slip surfaces that are typically positioned on the margin of a zone of deformation bands 

between the zone and the surrounding host rock. Aydin (1978) observed that 

deformation band density was relatively high adjacent to slip surfaces. The high-density 

region was later referred to ‘wall rock’ (Antonellini and Aydin 1994). Slip surfaces 

were recognised as being responsible for tens of metres of offset as opposed to 

centimetres of offset typically accommodated by deformation bands. Aydin (1978) 

developed a sequential model based on initial deformation band growth, zone of 

deformation band development and at some point the nucleation and propagation of a

2



Introduction

discrete slip surface (Figure 1.1). The point at which a slip surface evolved was 

recognised as being a key change in deformation style from predominantly cataclasis 

(deformation band growth) to localised brittle failure and sliding (slip surface 

nucleation). The change in deformation style is associated with a shift in the quantity of 

offset that can be accommodated along a fault. However, the conditions necessary for 

slip surface growth are unclear. Aydin (1983) suggested that slip surface nucleation 

could be explained by some kind o f ‘instability’ (Rudnicki and Rice 1975) associated 

with a change in material strength between deformation bands and adjacent host rock. It 

was unclear what critical conditions, if any, are necessary for slip surface evolution 

(such as a certain deformation band zone thickness, deformation band density, strain 

rate etc.). In fact, despite extensive fieldwork, experimental modelling and numerical 

modelling it remains unclear at what point slip surfaces evolve. This is partly because 

the early stages of faulting (deformation band accumulation) are typically overprinted 

by the later stages o f faulting (slip surface growth).

Further analysis of field examples of deformation band faults revealed that slip surfaces 

are associated with zones of deformation bands at relatively low offsets (Shipton and 

Cowie 2001). Shipton and Cowie (2001) suggested that slip surfaces nucleated quite 

‘early’ during faulting as discrete patches that eventually link to form a through-going 

principal slip surface. Shipton and Cowie (2001) also recognised that when deformation 

bands are associated with a through-going slip surface, there is a unit of intensely 

crushed sandstone associated with the slip surface. Shipton and Cowie (2001) suggested 

that this unit, which they term fault core is associated with the process of fault growth. 

The geometry of the fault core and its effect on fluid flow was examined by Shipton et 

al. (2005). However, the growth and development of the ‘fault core’ and its link with 

slip surfaces remained unclear.

The focus of this research is on the development of the fault core (macroscale and 

microscale), in particular the evolution of slip surfaces and the influence of fault core on 

reservoir properties.

1.1 Nomenclature

Regions of the fault zone are typically given labels that invoke particular fault growth 

processes or imply a specific origin. Difficulty arises when the nomenclature used is

3
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intended only as a descriptive term but is interpreted by others as a mechanism of 

growth. Deformation band fault zones are divided in to two major regions for this study, 

a fault core and a damage zone following Caine (1996). The term ‘fault core’ that 

Shipton and Cowie used is NOT  used here. Instead, the broader definition is used (Caine 

et al. 1996) to encompass all components that are associated with a principal through- 

going slip surface. The definition of a fault zone, fault core and damage zone is outlined 

here:

Deformation band fault zone refers to the fault core and the damage zone. This 

encompasses all structures associated with fault growth and strain accommodation in 

the host rock.

Fault core refers to the portion of a fault that contains one or more through-going slip 

surfaces and associated fault rock components. The fault core is the portion of the fault 

that accommodates the majority of the strain. Included in this definition are deformation 

bands adjacent to the slip surface and pods of host rock between two paired slip 

surfaces.

The damage zone refers to any structural features that surround the fault core in the 

host rock. These include, but are not limited to, deformation bands, fractures, and minor 

slip surfaces.

The division between fault core and damage zone applies to deformation band faults 

that contain a through-going slip surface and a distinct damage zone i.e. faults with 

higher offsets. Deformation band zones by themselves are not typically divided in to a 

fault core and a damage zone. In this dissertation, the portion of the fault that 1) along 

strike evolves into a fault core but has not developed a through-going slip surface and/or 

2) exhibits the early stages of fault core development (see chapter 4) but no major slip 

surface exists is termed the pre-fault core (Figure 1.2). This definition is primarily 

applied to low-offsets faults examined in chapter 4.

1.2 Fault growth

Central to this study is the concept of fault growth. Faults are thought to increase in 

displacement (D) and length (L) with successive slip events (Cowie and Scholz 1992). 

The relationship between displacement and length is indicative of how a fault grows.
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There is a significant depth of Hterature about displacement versus length profiles 

(W alsh and W atterson 1988, 1989; Dawers and Anders 1995; Cowie and Shipton 1998; 

Schultz and Fossen 2002; W alsh et al. 2002; W alsh et al. 2003). An idealised fault 

surface is typically modelled as an ellipse, with maximum displacement in the centre 

and decreasing displacement towards the tip (D = 0) (Walsh and W atterson 1988) 

(Figure 1.3). Fault growth is thought to occur due to a concentration of stress at the fault 

tip associated with the accumulation of slip at the centre of the fault. In reality faults 

surfaces are rarely so symmetrical (Peacock 2002), however, it is widely recognised that 

tip propagation causes the fault to increase in length with progressive slip (Cowie and 

Shipton 1998). It has been recognised that not all faults grow by tip propagation (Walsh 

et al. 2002). However, the faults examined in this thesis show displacement gradients 

and fault structure consistent with tip propagation (Vermilye and Scholz 1999; Walsh et 

al. 2002).

In this study, offset accumulation is used as a proxy for fault growth with time i.e. small 

offset faults represent the early stages of larger fault development. The fault tips 

represent the initial stages of faulting where measurable offset begins to accumulate. 

The fault tips are examined to capture the early stages of growth. Faults associated with 

increasing maximum offsets are then examined to understand fault core development. 

This method is commonly referred to as the ‘space for tim e’ substitution (Marchal et al. 

1998).

1.3 Displacement to length scaling in deformation bands

The relationship between displacement (D) and length (L) is described by the 

expression: D  = cL" where the exponent n varies from 0.5 to 1.5 (Dawers and Anders 

1995) and n is typically 1 for fault populations (Clark and Cox 1996). Schultz and 

Fossen (2002) investigated displacement-length scaling in deformation bands. 

Individual deformation bands have relatively large lengths (10s of m) compared to the 

maximum offset (~ 1 mm). Schultz and Fossen (2002) calculated the exponent for 

deformation bands to be 0.5, which is relatively lower than the typically calculated fault 

exponent of 1. Schultz and Fossen (2002) suggested the lower value was due to 

constraints imposed by bed thickness. Bed thickness is thought to impose restrictions on 

vertical growth of the fault (Benedicto et al. 2003). Deformation band faults, post slip
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surface nucleation, tend to have a D L  exponent closer to 1, similar to other faults 

(Krantz 1988). The change in exponent possibly highlights the transition from 

deformation band addition to slip surface growth.

1.4 Faults in 3D

Faults are commonly thought of as two-dimensional (2-D) objects within a volume of 

rock instead of a three-dimensional (3-D) elliptical plane. The 3-D nature of faults is 

important when considering fault growth, geometry and fluid flow (Schultz and Fossen 

2002; Schultz and Balasko 2003; W alsh et al. 2003). Deformation band faults were 

initially described in plan view (mode III) as a zone of anastomosing bands (Aydin 

1978). Davis, (2000) examined some cross-sectional exposures (mode II) of en echelon 

arrays of deformation bands and called them ‘ladder structures’. Ahlgren (2000) 

suggested the ladder structures were in fact Riedel shear zones. Since then, Schultz and 

Balasko (2003) have re-examined similar cross-sectional exposures and concluded that 

the ‘ladder structure’ formed during growth of deformation bands where interaction 

between en echelon bands promoted the growth of linking bands. The linking bands 

appear as short stepover bands. Growth of stepover bands creates the commonly 

observed ladder structure in the shearing direction. The emphasis of Schultz and 

Belasko’s research (2003) is that faults can appear differently depending on their mode 

of view (mode II versus mode III) but separate kinematics or growth models are not 

needed to explain the geometry observed. In this study, the fault core is examined in 

cross-sectional (mode II) and plan view (mode III) exposures to avoid misinterpretation. 

The terms cross-section view and plan view will be used to show the different viewing 

aspects (Figure 1.2b).

1.5 Fault core hydraulic properties

Deformation bands have received much attention due to their occurrence in porous 

sandstones that are important reservoirs for hydrocarbons, gas and water. To date, 

attention has focused on individual deformation bands and their influence on fluid flow 

(Pittman 1981; Antonellini and Aydin 1994; Antonellini and Aydin 1995; Gibson 1998; 

Parry et al. 2004). Antonellini and Aydin (1994) record a three to four order of 

magnitude reduction in permeability from host rock to deformation band. It is generally
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agreed that deformation bands will act as a baffles to fluid flow and therefore 

com partmentalise oil and gas reservoirs (Pittman 1981).

Deformation bands in association with slip surfaces and ‘fault core’ have received less 

attention. The petrophysical properties of the fault core have been examined by Shipton 

et al. (2002), Antonellini and Aydin (1994) and Gibson (1998). The term fault core was 

not known at that point. Antonellini and Aydin (1994) referred to the region adjacent to 

a slip surface as ‘wall rock’. Gibson (1998) measures the permeability of ‘solution 

deformation bands’, which are thought to be equivalent to fault core. Antonellini and 

Aydin (1994) observed a seven order of magnitude drop in permeability from host rock 

to slip surface ‘wall rock’. Shipton et al. (2002) noted that the fault core permeability 

showed a high degree o f variation (1 to 44 mD) with a clustering of values around 1 to 2 

mD. It is clear that deformation band faults in association with slip surfaces cause a 

further reduction of permeability. The influence o f reduced permeability on bulk fluid 

flow was investigated by Shipton et al. (2002) using simple fluid flow modelling. 

Shipton et al. (2002) found that bulk fault zone permeability was highly dependant on 

fault core thickness. However, fault core thickness is shown to be highly variable and 

likely linked to fault growth processes by Shipton et al. (2005). The relationship 

between fault core development and offset accumulation in conjunction with 

permeability analysis will be addressed in this thesis.

1.6 Aims and objectives

The principal aim of this research is to gain insight into the development of the fault 

core with accumulation of offset in normal faults using detailed field and laboratory 

analyses. The results of this study will add to our knowledge of deformation band fault 

growth and aid fault predictions for fluid flow modelling. The specific objectives of this 

research are:

• Characterise the fault core in multiple lithologies and geological settings

The aim is to examine if Shipton and Cowie’s ‘fault core’ (2001) is a generic part of 

deformation band faults in porous sandstone. M ultiple host lithologies and geological 

settings are examined to assess the influence o f host rock properties and tectonic history
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on fault core development. The fault core will be exam.ined in each lithology to see if it 

is simply com posed o f finer-grained material (Shipton et al. 2002) in association with 

the principal slip surface or if there are multiple fault core components present. The 

‘com ponents’ of the fault core refers to each fault lithology present, for example 

deformation bands, slip surface, and fractures represents a three-component fault core. 

A similar approach was used by Foxford et al. (1998) when describing the Moab fault, 

Utah. The anticipated result of this part of the study is the development of a robust 

classification scheme that can be used by others to identify deformation band fault core 

components.

• Examine the development of deformation band fault core by mapping faults 

associated with increasing values o f offset

Small offset faults will be compared to larger offset faults to understand the growth and 

evolution o f deformation band fault core. A similar approach was used by Aydin (1978) 

when developing a sequential model for deformation band growth (Figure 1.1).

• Determine deformation band fault core thickness and offset scaling relationships

The scaling of fault core thickness with offset is of great importance to predicting fault 

properties used for fluid flow modelling (Caine et al. 1996; Manzocchi et al. 1998; 

Caine and Forster 1999; Manzocchi et al. 1999; Hesthammer and Fossen 2000; Shipton 

et al. 2002). The thickness of the fault core will be examined both along strike and at 

increasing offsets.

•  Examine grain-scale deformation mechanisms associated with deformation band 

faulting
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The grain-scale mechanisms of deformation associated with fault core development and 

slip surface growth will be examined using a variety of techniques to add to our 

understanding of how deformation is accommodated during faulting.

• Exam ine the permeability of fault core and assess recent fluid flow modelling in 

light o f deformation band fault core characterisation in this thesis

Using detailed fault core characterisation, fault thickness/offset scaling relationships 

and microscale structure in conjunction with new permeability analysis the potential 

influence o f the fault core on fluid flow will be examined.

1.7 Dissertation structure

This thesis is divided into seven chapters covering different aspects o f deformation band 

fault core. Each chapter begins with a brief introduction and concludes with a 

discussion of how the research adds to current understanding of faults where applicable.

Chapter 2 presents the geological setting, tectonic history, stratigraphy, and host rock 

lithology for each field area studied.

Chapter 3 is an introduction to the outcrop appearance of each deformation band fault 

core component. Each component is defined based on observations made in each field 

area and a variety of host lithologies. The variability of the fault core in different 

lithologies and tectonic settings is addressed.

In Chapter 4, the evolution of deformation band fault core is examined by comparing 

fault composition, geometry and structure at increasing values o f offset.
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In chapter 5, the microscale characteristics of the fault core are examined to understand 

the grain scale mechanisms of deformation throughout the evolution of the fault core.

In chapter 6, the observations from chapters 3, 4 and 5 will be integrated with fault core 

permeability analysis (from this study and published data) to examine the likely 

influence o f deformation band fault core on bulk fluid flow.

Chapter 7 presents a discussion outlining the main conclusions of this thesis and the 

impact o f this research on our understanding of deformation band faults.
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Single deformation band Zone o f deformation bands Slip surface

5 cm

Figure 1.1 Model for deformation band fault growth developed by Aydin (1978) 
based on field observations. A single deformation band forms in pristine host 
rock by strain localisation. As strain accumulates, additional deformation bands 
form to produce a zone o f deformation bands. At some point, a slip surface 
nucleates (red in diagram) along the margin o f the deformation band zone. It is 
not clear at what point the slip surface evolves from this model.

Damage zone

Principal slip 
surface

Fault.Gore
Host rock pods

Damage zone

Principal slip surface on 
margin o f  fault core

Figure 1.2 a Fault 
nomenclature applied to 
deformation band fault. 
The fault core is typically 
composed o f one to two 
principal slip surfaces and 
associated fault rock. 
Damage zone is composed 
of secondary structures 
(deformation bands) 
related to fault growth. 
Photograph from Isle of 
Arran (Cock o f Arran). 
HW is hanging wall and 
FW is footwall.

Plan
view

Cross 
section 
view

Pre-fault core, no principal 
slip surface exists

Figure 1.2 b Sketch o f relationship 
between the fault core and the pre-fault 
core.The pre-fault core refers to the region 
along strike (typically fault tip) where no 
principal slip surface exists. The term pre
fault core is used in chapter 4 when 
examining fault evolution
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D MAXD = 0 D = 0

Figure 1.3 Schematic representation o f  contoured displacements (dotted 
lines) on a fault with maximum displacement (D MAX) in the centre o f the 
fault. Fault length is represented by a chord passing through the centre o f the 
ellipse. Fault tips are at D = 0. Diagram is modified from Walsh and 
Watterson (1988).



Chapter 2 Geological Setting and Host 
Rock Lithologies

2.1 Introduction

One of the objectives of this thesis is to examine the fault core o f deformation band 

faults in a variety o f porous sandstone lithologies and geological settings. This chapter 

presents the geological setting, tectonic history, stratigraphy and host rock lithology for 

each field area studied. There are four field areas, two in Utah, U.S. and two in the 

British Isles (see Table 2.1 and Figures 2.1 and 2.2). Each field area is characterised by 

extensional faulting in porous aeolian and/or fluvial sandstones and only extensional 

faults are examined to remove variability associated with different styles of faulting. 

Field areas were chosen based on exposure, availability of literature and accessibility. 

One field area, the San Rafael Swell, was selected for more detailed mapping due to 

exceptional 3-D exposure and availability of fault offset data. The field areas examined, 

and published literature relating to each fault locality, are summarised in Table 2.1.

Location Field Area Faults(s) Literature

South Central and 

Eastern Utah,

U.S.

San Rafael 

Swell

Big Hole fault Shipton and Cowie, 

(2001) Shipton e t a i ,  

(2002, 2005)

Goblin Valley faults Schultz, (2002); Fossen 

and Hesthammer, (1997); 

Aydin, (1978)

Yellow Cat 

graben

Yellow Cat fault Doelling (2001) Map 180

British Isles Isle o f Arran Corrie and Merkland Point Underhill and W oodcock, 

(1987)

W oodcock and Underhill, 

(1987)

East Irish Sea 

Basin

Thurstaston (2) Meadows, (2004)

Table 2.1 Summary of field area locations and faults in this study. References are given 

for previous work in each area.
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2.2 Chapter Layout

The geological setting, tectonic history and a brief description of the studied faults are 

introduced for each field area in the San Rafael Swell (section 2.3), Eastern Utah 

(section 2.4), East Irish Sea Basin/Cheshire Basin (section 2.5) and the Isle of Arran

(section 2.6). A more detailed description of stratigraphy, host rock appearance and

petrography is presented in section 2.8. Finally, a brief discussion is presented in section 

2.15.

2.3 The San Rafael Swell

2.3.1 Geological Setting

The San Rafael Swell is an asymmetric, north-south trending anticline situated on the 

Colorado Plateau in central Utah (Figure 2.1). The geological evolution of the Colorado 

Plateau is controlled by three main tectonic events, the Laramide Orogeny (90 to 37 

Ma), emplacement of Miocene intrusive rocks (25 to 19 Ma), and Basin and Range 

extension (15 M a to present). The Laramide Orogeny was associated with the 

convergence o f the North American plate and the Farallon plate. Horizontal 

compression was accommodated by thrust faulting, fault-related folding and regional 

uplift. The broad anticlinal structures such as the San Rafael Swell, East Kaibab 

monocline and W aterpocket monocline, SE Utah, formed at this time (Davis 1999; 

Bump and Davis 2003). The San Rafael Swell is approximately ninety miles north- 

south and 40 miles east-west. The eastern limb is relatively steep (50 to 70°) compared 

to the broad gently dipping western limb.

M ultiple fault sets displace the Mesozoic sedimentary rocks of the anticline. Two field 

areas on the San Rafael Swell were chosen for this study. The Big Hole fault and Goblin 

Valley faults are situated on the eastern side of the San Rafael Swell. The Big Hole fault 

is south of the W NW -ESE and ENE-W SW  fault set of the Chimney Rock array (Krantz 

1988) situated in the northern San Rafael Swell. Goblin Valley is situated on the 

southeastern margin of the San Rafael Swell, where faults trend WNW-ESE.
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The Chimney Rock array faults were thought to have formed coevally during uplift of 

the San Rafael Swell (~ 50 Ma) in a 3-D orthorhombic strain field (Krantz 1988). 

However, recent studies by Davatzes et al., (2003) suggested that faulting occurred 

during two separate phases (non coeval). Davatzes et al. (2003) identified two distinct 

mechanisms o f deformation (deformation band formation and joint formation) 

associated with a change in fault strike (ENE to WNW). They suggest that there is a 

transition between each structural event associated with either changes in regional stress 

and/or a change in host rock rheology. Observations o f cross-cutting structures in this 

thesis (see chapter 3) suggest that there was a younger phase (at least in localised areas 

of the San Rafael Swell) of activity. A set of younger joints oriented approximately 

perpendicular to deformation band faults is present in Goblin Valley and Big Hole fault. 

In the case o f Big Hole fault, the joint density is relatively low compared to what 

Davatzes et al. (2003) describe.

Similar ‘young’ joints are observed by Tindall and Davis, (2003) and Tindall, (2006) in 

the San Rafael Swell. Tindall (2006) suggests the joints relate to relaxation of stress 

associated with faulting (since only the fault is jointed) and not a separate tectonic event 

as Davatzes et al. (2003) invoke. It is possible that subsequent uplift and erosion of the 

Colorado Plateau during Basin and Range faulting (~ 15 Ma) contributed to regional 

jointing.

2.3.2 Big Hole fault

The Big Hole fault is part of the Chimney Rock fault array on the San Rafael Swell 

(Figure 2.3) The 4.1 km long normal fault is exceptionally exposed in canyon walls and 

smooth riverbeds. The fault trends ENE-W SW  and dips steeply 70° to the northwest. 

The trend of the fault is parallel to the ENE deformation band dominated faults of 

Davatzes et al. (2003) commonly seen in the Chimney Rock array. Fault throw was 

measured by (Cowie and Shipton 1998) using the overlying Carmel Formation 

limestone as a marker bed; a maximum throw of 29 m was measured. There is no 

exposure beyond the 8 m throw point at the southwestern tip and exposure is poor 

beyond the 23.5 m point on the northeastern tip. The fault exhibits pure dip slip 

slickenlines on slip surfaces. The Big Hole fault is a relatively isolated fault. It does not
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link with any nearby fault systems but it does split into two fault strands along its 

length. There is occasional sporadic carbonate mineralisation along the fault zone.

The Big Hole fault cuts the porous Navajo sandstone (2.10), which is approximately 

130 m thick in the study area and is overlain by the green-purple lower Carmel 

Formation limestone. The Navajo Sandstone was likely at a depth of between 1.5 and 3 

km when faulting occurred (Shipton and Cowie 2001) meaning temperatures associated 

with burial did not exceed 105° Celsius and pressure did not exceed 78 M Pa (assuming 

a lithostatic pressure gradient of 26 MPa/km).

2.3.3 Goblin Valley

A series of < 0.5 km long faults crop out in the Buckskin Spring and M olly’s Castle 

areas of Goblin Valley (Aydin and Johnson 1978; Fossen and Hesthammer 1997). 

Goblin Valley is situated on the southeastern margin of the San Rafael Swell (Figure 

2.4). The faults trend NW -SE which is the dominant trend on the San Rafael Swell and 

dip steeply to the northeast and southwest. The faults occur in conjugate sets and show 

complex linkage along strike and down dip.

Four faults were examined in this study, three in Buckskin Spring (faults A, B and C) 

and one at M olly’s Castle. The faults occur in low relief hills, where the fault strands 

stand proud of the surrounding host rock. Fault offset was measured in this study by 

examining marker horizons and bedding within the Entrada sandstone. The maximum 

offsets recorded for each fault varied from 0.2 m (fault A), to 12 m (fault C).

The faults crop out in the Lower Entrada yellow/grey sandstone and red siltstone 

sequence (Figure 2.5). The deformation bands occur in two 8 to 15 m thick porous 

yellow/grey sandstone beds, separated by red siltstone. There is a sharp transition in 

deformation mechanism between layers. The yellow-grey beds accommodate strain by 

deformation band growth and the red siltstone/shale accommodates strain by shale 

smearing along discrete surfaces. There is occasional manganese cementation along the 

fault plane and in the surrounding host rock. The Entrada sandstone was likely at a 

depth o f 1 to 2.5 km when faulting occurred (Davatzes et al. 2003) meaning that 

temperatures associated with burial where unlikely to exceed 90° Celsius (assuming a 

geothermal gradient of 35°/km, UGS online open access) and pressure did not exceed 65 

M Pa (assuming a lithostatic pressure gradient of 26 MPa/km).
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2.4 Eastern Utah (Yellow Cat graben)

2.4.1 Geological Setting and tectonic history

Yellow Cat graben is part of the ‘fold and fault belt’ of east-central Utah (Doelling 

1988) (Figure 2.6). The Yellow Cat graben cuts the gently folded strata of the north- 

south trending Salt Wash syncline. This region is underlain by the Carboniferous 

Paradox Formation, a thick sequence of interbedded evaporates, clastic and carbonate 

rocks (Doelling 2001). The area is dominated by NW trending faults and folds that were 

intermittently active from the Carboniferous to Triassic times, and were probably 

reactivated in Tertiary times (Doelling 1988). During the Triassic to Tertiary, 

tectonically induced faults, such as the Moab fault, formed along the flanks of thick salt 

accumulations. It is likely that the Yellow Cat graben formed at this time (Doelling 

1988). Host rock mineralisation occurred at this time associated with migration of 

manganese and iron rich fluids along the M oab fault and into adjacent permeable 

sandstones such as the Moab Tongue (Chan et al. 2000). In addition, during the Tertiary 

a period o f compression accentuated salt related anticlines and synclines. Regional 

uplift and erosion of the Colorado Plateau exposed much of these faults and folds.

The western fault o f the Yellow Cat graben is a steeply dipping W NW -ESE trending 

normal fault (Figure 2.7). There are no previous descriptions of Yellow Cat graben in 

the literature although the graben does appear on geological map 180 (Doelling 1988). 

The fault dips steeply 60° to 85° to the northeast and shows predominantly dip slip 

movement. The maximum offset is 26 m, measured using the boundary between the 

Slick Rock and Moab Tongue beds (section 2.11). The footwall has been preferentially 

eroded so the fault plane is exposed as a cliff face running the length of the fault. Fault 

cross-sectional detail can be observed in steep canyon walls at Lost Spring and Fish 

Seep Canyons, which run perpendicular to the fault.

The fault displaces and juxtaposes the Moab Tongue and Slick Rock Members of the 

Entrada Sandstone. The Moab Tongue accommodates strain by deformation band 

growth and the underlying Slick Rock tends to form fractures and gouge. The Moab

2.4.2 Yellow Cat fault
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Tongue is overlain by the Tidwell M ember of the Morrison Formation and underlain by 

the Slick Rock Member. Manganese mineralisation in the form of pipes, nodules and 

‘staining’ occurs along the fault plane and occasionally within the Moab Tongue host 

rock. Carbonate mineralisation occurs sporadically in the surrounding host rock.

2.5 East Irish Sea Basin/Cheshire Basin

2.5.1 Geological Setting and Tectonic history

The Wirral peninsula is situated on a structural high (Llyn-Rossendale Ridge after 

Meadows 2004) separating the East Irish Sea Basin (EISB) from the Cheshire Basin 

(CB) (Figure 2.8). The East Irish Sea and Cheshire basins are part of a series of Permo- 

Triassic basins that evolved in response to the earliest stages o f extension associated 

with the opening of the NE Atlantic (Meadows 2004). The basin structures are 

controlled by fault systems striking NW -SE and N-S with some minor secondary faults 

striking E-W. The faults are exposed onshore in the early Triassic Sherwood Sandstone 

group. The maximum thickness of the Sherwood Sandstone (~ 1 km) typically occurs in 

the basin centre, with deposits thinning (< 500 m) towards basin margins. The onshore 

sediments along the Wirral at Thurstaston form part of the Helsby Sandstone Formation 

(Meadows 2004).

A series of conjugate E-W trending normal faults are exposed at Thurstaston Common 

(Figure 2.9). The faults are probably minor secondary faults associated with the larger 

basin structures. There is approximately 30 m^ o f plan view fault exposure on the hilltop 

and small (~ 10 m high) cross-sectional views on the Thurstaston road cut. The faults 

are similar in weathering style to the Utah desert faults. There are no offset indicators 

on the hilltop but two offsets were measured (2.5 m and 5 m) using distinctive aeolian 

marker beds along the road cut exposure. There are approximately 70 m of topographic 

relief between the road cut and the hilltop. The road cut faults could possibly be the 

down-dip equivalent of the hilltop faults. The faults at Thurstaston are coincident with 

north-south extension. The overburden at the time of faulting is unknown but lack of 

quartz cementation in the host sandstone suggests that temperatures did not exceed 120° 

C. If one assumes a geothermal gradient o f 30° C for each km depth, the sandstone was 

not buried greater than 4 km.
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2.6 Isle of Arran

2.6.1 Geological setting and tectonic history

Faulting on the Isle of Arran is thought to relate to two igneous intrusions that are part 

of the greater Tertiary Igneous Province (Figure 2.10). Coastal outcrops of the porous 

Corrie sandstone show evidence of faulting and dyke intrusions. The fault system was 

described in detail by W oodcock and Underhill (Woodcock and Underhill 1987) to 

determine if there is a relationship between granite emplacement and faulting. 

W oodcock and Underhill (1987) suggest that the faults were active during granite 

em placement but that fault nucleation could have occurred during initial basin 

development in the Permian or before. The Permian basin structure is controlled by 

NW -SE striking fault systems (Underhill and W oodcock 1987). The faults on the Isle of 

Arran accommodate NE-SW extension (Corrie) and NW-SE extension (Merkland 

Point). The relative timing of the faults is unknown. Fault displacement could not be 

measured due to lack of marker horizons within the Corrie Sandstone.

The amount of overburden at the time of faulting is unknown but thought to be in the 

region of 1 to 2 km based on onshore bed thickness observations in Northern Ireland 

and the Inner Hebrides (Woodcock and Underhill 1987).

The Corrie Sandstone, originally termed the Old Red Sandstone, is composed of aeolian 

and fluvial sediments that were deposited in a small, rapidly subsiding intermontane 

basin (Clemmensen and Hegner 1991). The Corrie Sandstone is comprised of aeolian 

and fluvial packages that dip to the east. Two main field areas are situated on the eastern 

coast of Arran along the Corrie foreshore and M erkland Point (Figure 2.10).

The Corrie shoreline fault is oriented NNW -SSE and dips steeply (80° to 82°) to the 

northeast. The fault is exposed in plan view and short vertical views (10 to 30 cm) for 

12 m along the shoreline. The fault does not stand proud o f the surrounding host rock 

like deformation band faults exposed in the Utah desert (see chapter 3). Exposure is 

limited due to occasional grass (close to road), sand and seaweed cover. Slickenlines on 

slip surfaces indicate pure dip-slip movement.

Two faults oriented ENE-W SW  (050° to 075°) are exposed on the foreshore at 

M erkland Point. The faults are reasonably exposed in plan view and 10 cm cross-
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sectional views. The faults dip steeply (75°) to the northwest and are surrounded by a 

damage zone o f deformation bands. The deformation bands and fault core stand proud 

of the outcrop, similar to the Utah desert faults. Slickenlines exhibit pure dip-slip (pitch 

o f 90°) and occasional oblique slip movement (pitch 45° east).

2.7 Summary

The geological histories of the faults along the San Rafael Swell are quite similar. 

However, the geological histories of the Yellow Cat graben, Thurstaston faults and the 

Isle o f Arran faults are quite different. The common thread underlying each area is the 

deposition of porous sandstone units and subsequently one or more periods of faulting 

and/or folding and occasionally mineralisation. A summary of fault characteristics for 

each locality is shown in Table 2.2. The type and quality of exposure also varies 

considerably. Variability driven by exposure is difficult to isolate from tectonic or host 

rock variability. A desert-polished slip surface can look remarkably different from a slip 

surface along a shoreline fault with seaweed cover. This dependence of fault core 

appearance on weathering is one likely reason why many of the fault core features 

discussed in chapter 3 have not been previously described.

Fault

Name

Type of 

Exposure

Fault

Length

(km)

Max

Offset

(m)

Geological Setting Mineralisation

Big Hole 

fault

Canyon wall 

and smooth 

wash

4.1 29 Fault related folding 

and uplift. Laramide 

Orogeny (90- 37 Ma)

Sporadic carbonate

Goblin 

Valley faults

Hill top and 

channel

0.02 to 0.5 12 Fault related folding 

and uplift. Laramide 

Orogeny (90- 37 Ma)

Sporadic carbonate 

and manganese

Yellow  Cat 

fault

Steep

canyon wall

1.5 26 Faulting along margins 

o f weakened evaporite 

deposits (Triassic to 

Tertiary)

Manganese and 

sporadic carbonate
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Corrie and 

Merkland

Poor exp. 

shoreline

>0 .1 7 Faults reactivated 

during granite 

emplacement (Tertiary)

Thurstaston Poor exp. 

hill top

>0.1 7 Rift faulting (Permian 

to Triassic)

Authigenic clay

Table 2.2 Summary of faults, exposure, characteristics and geologica setting.

2.8 Host Rock Lithology

Seven host lithologies (Table 2.3) occur in the field areas presented in sections 2.3 to 

2.7. Five of the sandstones are porous sandstones that deform initially by deformation 

band growth. The remaining two host lithologies are low porosity siltstones. Antonellini 

et al. (1994) recognised that host mineralogy, in particular clay mineralogy, influenced 

the geometry, appearance and structure of deformation bands. One aspect of this study 

is to examine the impact of host rock variability on fault core character. Therefore, the 

grain size, porosity and mineralogy of each sandstone lithology are examined in this 

section.

2.9 Samples and methodology

2.9.1 Samples

Host rock samples were collected using a hand-held diamond drill. Every effort was 

made to choose samples representative o f the lithology. The weathered ‘rind’ was firstly 

scraped away leaving a fresh surface for sampling. Cores measure 3 -  6 cm in length 

and 2.5 cm across. Core recovery is successful for slightly cemented host rocks and 

poor for poorly cemented fissile rocks. In the case of poorly cemented host rocks, 

hammer samples were taken o f the fresh surface and placed in sealed bags. A sample 

list is presented in Appendix I and petrography results in Appendix II.

2.9.2 Point Counting

Point counting is a well-established method of removing user bias from petrographic 

measurements. A mechanical stage, which is connected to a data logger, is fitted to a 

petrographic microscope. The stage is moved in regular increments allowing unbiased
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systematic grain measurement. The grain that occurs at the intersection of the cross 

hairs is selected for measurement. The long axis diameter, grain shape, and grain 

mineralogy is measured at each interval. One advantage of using this technique is that 

small grains (0.02 mm to 0.05 mm) can be differentiated from each other by their 

different angles of extinction. There are however some limitations to point counting. If 

multiple grains occur at the intersection of the cross hairs, one must be chosen for 

analysis and grain selection is typically biased towards larger grains. Host samples from 

the Entrada (Moab Tongue) Sandstone were measured using this technique. The 

remaining samples were measured using backscattered scanning electron microscopy 

(BSEM) images and Image Analysis.

2.9.3 BSEM, EDX and Image Analysis

Backscattered scanning electron microscopy (BSEM) produces an image where the 

greyscale colour relates to the atomic number of a particular mineral (Figure 2.11). 

Typically, quartz is medium grey, K-feldspar is light grey, heavy minerals are white and 

porosity is black. BSEM images are used in this study to calculate the percentage 

porosity (2D), measure grain size and quantify mineralogy o f host samples. In addition, 

energy dispersive X-ray (EDX) is used in conjunction with BSEM to examine element 

composition at specific points in the sample. The BSEM images are imported in to a 

freeware program. Scion Image Analysis (U.S. National Institute of Health). Each pixel 

is assigned a greyscale number from 0 to 255, where 0 is black and 255 is white. In 

some instances, it is necessary to adjust the contrast of the image or outline grain 

boundaries (in Adobe Illustrator drawing program) before importing the image in to 

Scion Image Analysis. This enhances colour contrast especially in samples with 

sporadic cementation that is a similar colour to quartz grains.

For modal mineralogy measurements, the BSEM images are imported in to Adobe 

Illustrator. Each mineral is outlined and shaded (grey scale) in Illustrator to enhance 

image contrast. Then, it is possible to quantify the relative percentage of each mineral in 

the host sample. The modal mineralogy results are compared to petrographic 

observations and XRD results (see section 2.9.4) to test accuracy. It is likely that the 

quantity of feldspar is underestimated as plagioclase feldspar and quartz both have an 

atomic number of 14, so they exhibit a similar colour in BSEM images.
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For porosity measurements, the total number of black pixels is compared to the total 

number of pixels in the sample. Porosity is a scale-dependant measurement so a large 

enough area must be chosen to reflect the true porosity of a sample. The BSEM scales 

chosen for this measurement are either x30 or x35 magnification. In this study, 2D 

porosity analysis is assumed a good approximation of 3D porosity, as the sandstones are 

relatively isotropic. This method of measuring porosity has been used by other authors 

(Antonellini et al. 1994; Johansen et al. 2005).

For grain size analysis, the major and minor axes of each grain are measured using the 

‘Analyse Particles’ tool in Scion Image Analysis. There is an inherent error involved in 

using 2D thin sections for detailed analysis of 3D phenomena (grains). This is 

especially evident in fault rock where structural anisotropies are potentially introduced. 

However, in this dissertation 2D grain size and shape analysis is assumed a good 

approximation of 3D grain size and shape analysis because there are no apparent 

structural anisotropies. In Scion Image Analysis, the best-fit mean ellipsoid of each 

grain is measured and the results are exported in to an Excel spreadsheet. The best-fit 

mean ellipsoid is a close approximation for a rounded to sub-rounded grain but the error 

associated with ‘fitting’ an ellipsoid means it is not a particularly useful technique for 

measuring angular grains (see chapter 5, methods).

Overall, image analysis is a quick and accurate method of analysing samples. It is most 

effective for high porosity host rocks where grain boundaries are distinct. There is a 

small porosity error (approximately 1%) associated with defining grain boundaries. 

Given the error it is not possible to measure porosity values that are less than 1 % 

porosity, as the error will be greater than the measurement.

2.9.4 XRD

Host rock mineralogy is qualitatively investigated using powdered X-ray diffraction 

(XRD); (see appendix II). The host rock samples are ground using a pestle and mortar. 

Care is taken to pound rather than grind samples to avoid damaging any clay minerals 

present (Brown and Brindley 1980). The ground samples are separated and dried prior 

to analysis. If clay is present in sufficient quantities, the samples are glycolated to 

expand the clay fraction (< 2|im). XRD traces show the bulk qualitative mineralogical 

content of the rock sample.
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2.10 Navajo Sandstone

The Jurassic Navajo Sandstone forms prominent smooth cliff faces and rounded 

outcrops with a distinctive light honey brown colour. The Navajo Sandstone lies 

conformably above the Kayenta Formation and is unconformably overlain by the 

Carmel Formation (Figure 2.12). The Kayenta Formation, which is not exposed at Big 

Hole fault, is a mixed sandstone, limestone and siltstone sequence. The Carmel 

Formation is a limestone and siltstone sequence, which is distinctively purple or green 

at Big Hole fault and exhibits sedimentary structures such as ripples.

The Navajo Sandstone is approximately 110 to 130 m thick in the study area and is 

informally divided in to three units based on outcrop character. These units are: a lower 

cross-stratified aeolian dune unit (30 to 50 m); a massive unit (~ 60 m); and an upper 

cross-stratified dune unit (~ 20 m).

The Navajo sandstone is a quartz arenite with greater than 89 % quartz, 4 to 6 % 

feldspar (K-feldspar and plagioclase feldspar) and trace amounts o f clay and iron oxides 

(Figure 2.13). Grain size alternates between very fine to fine sand (0.1 to 0.25 mm) 

layers and occasional fine to medium sand (0.25 to 0.5 mm) layers. The average grain 

size of the finer layers is 0.17 mm. Grains are generally subrounded and typically well 

sorted. There are healed microfractures (secondary trail of fluid inclusions) in the host 

detrital sand grains related to ‘inherited’ deformation. The majority of microfractures 

are intragranular and do not penetrate quartz overgrowths.

Cementation in the host rock is variable. There is sporadic carbonate (see EDX in 

Figure 2.13) cementation and more frequent iron oxide cements. The finer grained 

sandstone tends to be more cemented than the coarser grained sandstone. The host rock 

porosity varies from 18 to 20 %, depending on grain size and amount of cementation. 

The permeability shows similar variation from 100 to 1000 mD (Hood and Patterson 

1984) and 1000 to 6000 mD (Antonellini and Aydin 1995). The large variability is due 

to the variation in grain size and cementation between aeolian lithofacies (Shipton et al. 

2002).
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2.11 Entrada Sandstone: Moab Tongue and Slick Rock

Members

The Moab Tongue and Slick Rock Members of the Entrada sandstone are Jurassic in 

age. The older Slick Rock member is salmon pink in colour and forms knolls or smooth 

rounded outcrops. The overlying Moab Tongue Member is a cliff former that appears 

yellow to grey in colour. The Moab Tongue is capped by the Tidwell Member, a thinly 

bedded, red siltstone with siliceous concretions. The Tidwell M ember is part of the 

Morrison Formation (Figure 2.12).

The Slick Rock Member is composed of aeolian sandstone interbedded with low 

permeability sabkha siltstones (Garden et al. 2001). At Yellow Cat graben, the Slick 

Rock M ember is approximately 65 m thick (Doelling 1988). Areas of lighter, grey to 

white regions occur in the Slick Rock siltstone, which is thought to be evidence of 

reducing fluids bleaching the original iron oxides (Chan et al. 2000). The bleaching is 

confined to certain foresets within the dune system or within large horizontal bands.

The Slick Rock Member is a well-sorted siltstone with an average grain size of 

approximately 0.065 mm (Figure 2.14). The sub-rounded quartz grains sit in an iron 

oxide matrix. The porosity of the Slick Rock Member is approximately 9 % and 

permeability is measured at 10 to 50 mD (this study, see chapter 6) and 10 to 1000 mD 

(Antonellini and Aydin 1995). The higher permeability values of Antonellini and Aydin 

(1995) possibly correspond to aeolian dune sets in the Slick Rock sandstone, not the 

siltstone M ember observed at Yellow Cat fault.

The M oab Tongue Member is exposed in the hanging wall of Yellow Cat fault and 

occasionally thin erosional remnants cap the Slick Rock M ember in the footwall. The 

Moab Tongue sandstone is compositionally and texturally mature with negligible clay 

content. It was deposited on the southeastern margin of the Sundance Sea where 

prevailing winds caused the reworking o f deflated Slick Rock dunes (Garden et al. 

2001). It is approximately 24 m thick and exhibits occasional low angle cross

stratification. It is composed of brown to black manganese nodules and lenses. The 

contact between the Moab Tongue M ember and the underlying Slick Rock Member is 

distinctive due to the marked colour change (yellow grey to salmon pink) and difference 

in weathered appearance.
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The M oab Tongue M em ber is a w ell-sorted fine-grained quartz arenite w ith > 93 % 

quartz and 5%  feldspar (Figure 2.14). There are very little iron oxides or clay m inerals 

present, m aking  it rem arkably ‘c lean’ sandstone. There is sporadic carbonate cem ent in 

the host rock. G rains are typically sub-rounded and well sorted and have a m ean grain 

size o f  approxim ately  0.17 mm. Healed m icrofractures are com m on in the m ajority of 

quartz grains. The orientation o f the m icrofractures appears random  suggesting they are 

inherited from  a previous deform ation event. The porosity o f the M oab Tongue M em ber 

is 21 to 23 %. The perm eability  is typically high, 600 to 5000 m D  (Antonellini and 

Aydin 1995), due to low levels o f clay and iron oxides. Localised reduction o f porosity 

and perm eability  is associated with sporadic carbonate or m anganese cem entation.

2.12 Lower Entrada sandstone and siltstones

The Low er E ntrada Sandstone at G oblin V alley consists o f a series o f sandstone and 

siltstone layers lying conform ably above the Carm el Form ation. The stratigraphy is 

divided in to four distinct units, a low er porous sandstone layer, an overlying red 

siltstone, and a grey m arker bed overlain by a porous sandstone layer (Figure 2.5).

Both o f  the porous sandstones are yellow to grey in colour. The low er sandstone layer 

is 8 to 9 m thick. It can exhibit an orange to red colour due to run-off from  the overlying 

red siltstone. The upper sandstone layer is greater than 15 m thick (no upper contact was 

observed). The porous sandstones exhibit cross stratification and w eather to form 

rounded sm ooth  outcrops.

The yellow /grey sandstone is fine to m edium  grained with an average grain size o f 0.25 

m m  (Figure 2.15). G rains are sub-rounded and well sorted. The grains are 

predom inantly  quartz (89 %), volcanic lithic fragm ents (7 %) and feldspar (4 %).  The 

lithic fragm ents tend to be 0.3 to 0.5 m m  in diam eter and can be d istinguished in hand 

specim en based on their orange to brow n colour. The porosity o f  the sandstone is 

approxim ately 24 %. The perm eability m easured is 650 to 900 m D (this study) but this 

value m aybe in error by an order o f m agnitude (see chapter 6 for perm eability  analysis).

The in terbedded red siltstone unit is approxim ately 3 to 4 m thick and has an average 

grain size o f  0.05 mm. The quartz grains sit in an iron oxide m atrix, sim ilar to the Slick 

Rock M em ber at Yellow  Cat fault (2.10). The porosity is approxim ately 3 % and the
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permeability ranges from 0.4 to 1.15 mD (this study). The grey marker bed is 

approximately 1 m thick.

2.13 Sherwood Sandstone Group: Helsby Sandstone 

Formation: Thurstaston Member

The Thurstaston M ember outcrops along the roadside and hilltop at Thurstaston 

Common. Twenty m of roadside stratigraphy were mapped by Meadows (2004). The 

sedimentary logs by Meadows (2004) show subtle variations in aeolian sedimentology 

on a m scale. Meadows found the stratigraphy to be dominated by aeolian dunes, 

sandsheets, sandflats, and an occasional fluvial channel fill. In this study, the alternating 

dune complex and sandsheets were observed on the roadside (Figure 2.9) and a similar 

dune complex is observed on the hilltop at Thurstaston Common. The aeolian sandstone 

is generally pink in colour although some individual beds and foresets are bleached 

white.

One host rock sample was analysed from Thurstaston Common. The sandstone is 

medium to coarse grained (0.15 to 0.7 mm), well-sorted sub lithic arenite (Figure 2.16). 

The sandstone is composed of quartz, feldspar, rock fragments and clay. The majority 

of rock fragments are polycrystalline quartz grains and granite. Grains are typically sub

rounded and have thick iron oxide coatings. Modal mineralogy by Meadows (2004) 

shows small amounts (<1%) of authigenic clay (illite and kaolinite) and a greater 

amount (~ 7 %) of non-resolvable clays. The porosity ranges from 15 to 23 %, possibly 

depending on which facies one samples or the degree of pore filling clay present. The 

permeability was not measured but petrographic observations suggest it would be 

slightly reduced compared to the permeability of the Navajo and Entrada Sandstones.

2.14 Corrie Sandstone

The Corrie Sandstone outcrops along the eastern shoreline from Corrie to Brodick Bay, 

Isle of Arran. The entire Corrie Sandstone thickness is estimated to be 700 m 

(Clemmensen and Hegner 1991). The aeolian erg deposits interfinger with alluvial fan 

deposits. It is possible to distinguish two Members, a relatively coarse grained red to
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maroon coloured sandstone and a finer grained salmon pink sandstone. The aeolian beds 

have a tectonic dip of approximately 15° SE.

The maroon coloured Corrie Sandstone is medium to coarse grained with a mean grain 

size of 0.5 mm (AR_1) and is well sorted (Figure 2.17). The salmon pink coloured 

Corrie Sandstone is fine-grained with a mean grain size of 0.2 mm (AR_4). Both 

sandstones are primarily composed of quartz, K-feldspar, and metamorphic lithic 

fragments. The coarser grained sandstone is associated with ‘swelling’ clay, which 

tends to absorb water. The percent clay could not be calculated using XRD but optical 

petrography observations suggest there is approximately 10 % clay. XRD analysis 

showed a consistent muscovite peak, which could be associated with metamorphic rock 

fragments.

The porosity of the Corrie Sandstone is approximately 17 to 18 %. The permeability 

was not measured in this study but the presence of pore filling clays suggest that 

permeability may be reduced compared to cleaner sandstones such as the Moab Tongue 

Member.

2.15 Summary

The host lithologies examined in this dissertation are generally quartz-rich, well sorted, 

medium to high porosity sandstones (15 to 24 %). The Navajo Sandstone and Entrada 

Sandstone showed the smallest recorded grain sizes (very fine to fine grained sand) 

whilst maintaining a relatively high porosity (18 to 20 %). The Moab Tongue Member 

is the most ‘pure’ sandstone studied. It evolved from reworking o f the Slick Rock 

Member, leaving it remarkably sparse in iron oxides and clay minerals. Overall, the 

three porous sandstone lithologies of the Colorado Plateau are quite similar.

The Sherwood and Corrie Sandstone lithologies are sub-lithic arenites as opposed to the 

quartz arenites of the Jurassic sandstones in Utah. The Thurstaston M ember shows a 

high level o f lithic fragments of both metamorphic and igneous origin and a relatively 

larger than average grain size. The Corrie Sandstone, and to a lesser extent the 

Thurstaston Member, have a small proportion (10 to 15 %) of clay minerals. Antonellini 

et al. (1994) studied phyllosilicate deformation bands in detail and notes distinct 

differences between clay bearing deformation bands and quartz rich deformation bands. 

This will be the first study to examine a fault core in clay bearing sandstone.
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There is some degree of variation or heterogeneity within host sandstones especially in 

the type and extent of primary sedimentary structures present. This is typical of aeolian 

sedimentation, which commonly results in laterally discontinuous laminated deposits 

that have subtle variations in grain size (Allen 1997). Sporadic cementation of 

carbonate, iron oxides or manganese introduces another level of heterogeneity. For 

example, localised cementation can dramatically reduce pore space and permeability.

In addition to host rock variation, the mechanical stratigraphy or bed thickness varies 

between lithologies. The bed thickness varies from 8 m (Entrada Sandstone, Goblin 

Valley) to approximately 700 m (Corrie Sandstone), although the Corrie Sandstone, like 

the Sherwood Sandstone Group, is comprised of multiple aeolian and fluvial packages 

that behave differently during deformation.
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Host Lithology Grain Size 
(mm)

Porosity
(%)

Permeability
(mD)

Bed
thickness (m)

Rock type Depositional
environment

Mineralisation

Navajo Sandstone 0.1 to 0.5 18 to 20
100 to 1000 (H &  P) 

1000 to 6000 (A & A )
110 to 130 Qtz arenite Aeolian

Sporadic COj 

Frequent Fe oxide

Moab Tongue 
Member 0.17 21 to 23 600 to 5000 (A & A) 24

Qtz arenite Aeolian
Sporadic CO, 

Frequent Fe oxide

Slick Rock 
Member

0.065 9 10 to 50 65 Aeolian and fluvial Frequent Fe oxide

Lower Entrada 
Sandstone

0.25 24 650 to 900 9, >15 Qtz arenite Aeolian and fluvial Sporadic Fe oxide

Lower Entrada 
Siltstone 0.05 3 0.4 to 1.15 3 to 4

Fluvial Sporadic Fe oxide

Thurstaston
Member 0.25 to 0.5 15 to 23 Sub Lithic 

Arenite
Aeolian and fluvial Frequent Fe oxide

Corrie Sandstone 0.2 to 0.5 17 700
Sub Lithic 
Arenite

Aeolian

Table 2.3 Host rock characteristics o f each lithology studied. Permeability values from Hood & Patterson (1984), Antonellini & Aydin (1994) and 
this study (chapter 6).
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Figure 2.13 Image A. Photomicrograph of Navajo Sandstone host rock (BH_23). Grains 
are subrounded and well sorted. The mean grain size is 0. 16 mm (very fine to fine sand 
using Wentworth scale). Image B. Photomicrograph of Navajo Sandstone (BH_24). Grains 
are subrounded and reasonably well sorted. The mean grain size is 0. 28 mm (fine to 
medium sand using Wentworth scale). Modal mineralogy and EDX (C) are shown on right.
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& BSEM)

F

Quartz 93.5 %

Feldspar 5 %

Lithics/ 1.5%
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Figure 2.14 Image A. Photomicrograph of the 
Moab Tongue Sandstone (YC_20). The mean grain 
size is 0.17 mm with a range fi'om 0.03 to 0.4 mm 
in samples YC_21 and YC_I5. Grains are sub
rounded and well-sorted. Modal mineralogy shown 
(right) Image B. Photomicrograph of the Slick 
Rock Member (YC_16). The mean grain size is 
0.065 mm (point counted). Grains are sub-rounded 
and well-sorted and sit in an iron oxide matrix (red 
to brown colour).
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Figure 2.15 Image A. Photom icrograph o f  yellow 
porous sandstone (ppl) from  sam ple GV_16. Blue 
epoxy resin fills pore space. G rains are sub
rounded and well sorted. The m ean grain size is 
0.25 m m  (BSEM /IA ). M odal m ineralogy and xrd 
shown (right). Im age B. Photom icrograph o f  red 
siltstone (ppl) from  sam ple GV_17. Sub-rounded 
to sub-angular grains sit in an iron oxide matrix. 
The average grain size is approxim ately 0.05 mm.
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Chapter 3 Classification of Deformation 
Band Fault Core Components

3.1 Introduction

Deformation band faults are typically described in terms of individual deformation 

bands, zones of deformation bands and slip surfaces (Aydin 1978; Aydin and Johnson 

1978; Underhill and Woodcock 1987; Fossen and Hesthammer 1997). Recent 

observations by Shipton and Cowie (2001) and Shipton et al. (2005) of a deformation 

band fault (Big Hole fault, which is also a locality in this study) show that deformation 

band faults are more complex than a simple three-component division. Shipton and 

Cowie (2001) described a zone of fine-grained, pale coloured rock as much as 35 cm 

thick, bounded by or containing one or more slip surfaces. They refer to this unit of 

fine-grained fault rock and its associated slip surfaces as ‘fault core’. In this study, 

Shipton’s ‘fault core’ is found to be composed of several components that are termed 

‘fault core components’.

Six deformation band fault core components are defined, which can be recognised in the 

majority of the studied faults. The six distinct deformation band fault core components 

are defined based on outcrop observations in five different sandstone lithologies (see 

chapter 2). The components are: (1) zones of deformation bands; (2) condensed 

deformation bands; (3) cemented condensed bands; (4) slip surfaces (two sub

categories); (5) breccia; and (6) gouge. The occurrence and appearance of each fault 

core component is examined in all studied lithologies leading to the production of a 

robust classification scheme. The fault core sub-divisions in this chapter will provide a 

framework for examining fault growth (chapter 4), microscale deformation mechanisms 

(chapter 5) and the influence of fault core on bulk fluid flow (chapter 6).

3.1.1 Objectives

The objectives of this chapter are to fully describe the fault core of five deformation 

band faults in outcrop with emphasis on previously unrecognised fault core 

components. The fault core components are classified according to their outcrop-scale
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appearance, a similar approach to Foxford et al. (1998). The aim is to develop a robust 

classification scheme for deformation band fault core components, which can be used 

by other workers to identify similar deformation band fault components in other faults 

and different host lithologies.

3.1.2 Rationale

The first step in fault analysis relies on accurate descriptions of naturally occurring 

faults in the field. The composition of the fault is primarily dependant on how the fault 

grew and accommodated strain. Therefore, by studying the composition and geometry 

of faults we are likely to learn something about the processes of fault growth. In order 

for the divisions of the fault core to be robust and transferable to other field sites, I have 

restricted my analysis and definitions to outcrop scale appearance and geometry. 

However, chapter 4 will show how the fault core components and fault core geometry 

evolved with accumulated offset and chapter 5 will show how deformation was 

accommodated on the grain-scale. Therefore, this chapter is meant purely as an 

introduction to the fault core components.

3.2 Deformation band fault core

The fault core is divided in to six components in this study. The components are;

• Zones of deformation bands

• Condensed deformation bands

• Cemented condensed bands

• Slip surfaces (minor and major)

• Fractures/joints and breccia

• Gouge

Zones of deformation bands, condensed deformation bands and minor slip surfaces 

form part of the fault core and damage zone in all faults examined. The cemented 

deformation bands, major slip surface, breccia and gouge are only found in the fault 

core. The deformation bands observed in this study were cataclastic deformation bands.
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The thickness of deformation bands (0.7 mm to 1.2 mm) and colour (white to pink) 

varied between host lithologies (Figure 3.1). The reader is referred to the following 

literature for thorough field descriptions of deformation bands (Aydin 1978; Aydin and 

Johnson 1978; Underhill and Woodcock 1987; 2005) in the Navajo, Entrada and Corrie 

sandstones. The remaining fault core components are described in detail from 

observations made at all localities.

3.2.1 Condensed deformation bands and cemented condensed bands

Condensed deformation bands are closely spaced, sugary textured deformation bands 

that are typically white to cream in colour (Figure 3.2). I use the term ‘condensed 

deformation bands’ to distinguish between a zone of deformation bands where 

elongated pods of host rock commonly appear between individual bands in a zone and a 

more tightly spaced deformation band zone where little or no host rock pods exist. It is 

possible to pick out occasional remnant deformation bands within this unit but the close 

spacing of bands makes it difficult to count individual deformation bands. Condensed 

deformation bands are found in association with major and minor slip surfaces in the 

fault core. Directly adjacent to slip surfaces, the condensed deformation bands can 

appear ‘shiny’ and crystalline in appearance. The shiny crystalline appearing condensed 

deformation bands are referred to as cemented condensed bands.

The cemented condensed bands are texturally smooth and homogeneous and are 

commonly highly reflective in sunlight (Figure 3.3). It is not possible to pick out 

individual bands in cemented condensed bands. The cemented condensed bands show a 

range of appearances, from slightly shiny to an almost mylonitic appearance. The 

cemented condensed bands are commonly white to cream in colour but occasionally 

green or grey coloured cemented condensed bands are observed.

Due to the close association between condensed deformation bands and cemented 

condensed bands, the geometry of both components will be described together as 

condensed bands.

In plan and cross-sectional views, the condensed bands thicken and thin along strike 

forming wedges of material that show resistance to weathering (Figure 3.2). At some 

points, the condensed bands can appear pod-like, showing almost sinusoidal thickness 

changes (Figure 3.4). The thickness of condensed bands varies from 0.4 cm to 33 cm.
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often over short (cm scale) distances. The geometry of condensed bands appears to be 

linked to slip surface geometry. Localised thickening is observed where a slip surface 

splits (bifurcates), changes strike or changes dip angle. Regions of condensed bands can 

occur on one or both sides of a slip surface. W here there are two major slip surfaces the 

condensed bands are typically thicker on one side compared to the other. The thickest 

condensed bands generally occur along the hanging wall margin of the fault core. The 

condensed bands can also occupy the full thickness of the fault core stretching from the 

hanging wall margin to the footwall margin. W here condensed deformation bands occur 

throughout the entire fault core they can be a) continuous across the width or b) 

discontinuous or ‘patchy’. Discrete patches are laterally continuous and narrow (1-5 

cm) and are separated from each other by zones of deformation bands and host rock 

(Figure 3.5).

In cross-section, condensed bands can appear planar or exhibit ladder geometry (see 

Schultz and Balasko (2003)). Ladder geometry is characterised by planar bounding 

deformation bands linked by high angle ‘stepover’ deformation bands (Figure 3.6).

3.2.2 Slip Surfaces

The fault core exhibits slip surfaces in all of the deformation band faults examined. A 

slip surface is a discrete planar feature, often white in colour. Slip surface planes can be 

smooth or rough, polished, striated, and sometimes fractured. In this study, slip surfaces 

are divided in to minor and major slip surfaces. There are distinct differences in 

geometry, slip surface fracturing, and degree of polishing between major and minor slip 

surfaces.

M inor slip surfaces form an anastomosing network within condensed deformation bands 

and on the margin of the fault core. M inor slip surfaces commonly show bi-modal dip 

directions often following the geometry of condensed deformation bands (see chapter 4 

for further details).

On exposed sections through the fault core, the traces of minor slip surfaces are visible 

as thin, distinct white lines. They are always associated with a thin (< 0.5 mm) unit of 

cemented condensed bands. The minor slip surfaces typically occur within condensed 

bands, and often do not form planes o f parting, so it is not always possible to see the 

plane o f the slip surface. Figure 3.7 shows an example of minor slip surfaces occurring
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within condensed deformation bands; note how difficult it is to identify the slip 

surfaces. However, in some cases, it is possible to observe diagnostic polishing and 

striations on minor slip surfaces by breaking open the rock along a slip surface with a 

chisel. Figure 3.8 shows a lightly polished minor slip surface. M inor slip surfaces do not 

exhibit extensional microfracturing that is commonly observed on major slip surfaces.

A major slip surface is commonly situated on the outer edge of the fault core between 

the cemented condensed bands and the surrounding host rock (Figure 3.9). M ajor slip 

surfaces are observed at all points along the strike of a fault from close to the fault tips 

to the point o f maximum offset (see chapter 4 for more details). M ajor slip surfaces are 

always associated with cemented condensed bands.

There are typically one to two major slip surfaces at any given point in the fault core but 

five or six major slip surfaces are observed at complex ‘fault linkage’ points. Fault 

linkage points are associated with complex geometry where slip surfaces can curve 

dramatically over several metres (Figure 3.9).

Major slip surfaces are typically more highly polished compared to minor slip surfaces 

and exhibit well developed slickenlines (Figure 3.10). M ajor slip surfaces tend to be 

planar but occasionally may exhibit low amplitude centimetre to metre wavelength 

corrugations with hinges parallel to the slip direction. M ajor slip surfaces are often 

associated with extensional fractures, which are described in section 3.2.3.

3.2.3 Fractures and Joints

The fault core exhibits evidence of brittle fracturing at every deformation band fault 

examined in this study. Extensional fractures (cm scale), shear fractures and joints (m 

scale) are observed in the fault core.

3.2.3.I. Extensional and shear fractures

Two extensional fracture populations are observed deforming major slip surfaces and 

associated fault core components. The fractures can be divided into a prominent array of 

downward-pointing arcuate fractures (parallel to strike) and a wispy horsetail-like 

fracture array (perpendicular to strike) (Figure 3.11). The fractures have a wispy 

appearance and are commonly associated with brown to black coloured iron oxides, 

which make them stand out compared to the surrounding white coloured slip surface. In
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cross-section, the arcuate (parallel to strike) fracture forms an angle of 15° to 35° with 

respect to the slip surface plane. Fracture aperture is rarely greater than 1 mm and 

fracture length varies from 2 to 6 cm. The fractures occasionally are continuous through 

the fault core (but disappear in the surrounding host rock and deformation bands). This 

type of extensional slip surface fracture has been previously referred to as a comb 

fracture (Hancock and Barka 1987; Mayer et al. 2000).

The arcuate fracture set can be purely extensional (see above) or can accommodate 

small amounts of shear. The shear fractures occur in normal and reverse offset pairs that 

accommodate 1 to 3 mm of offset each (Figure 3.12). When shear occurs along the 

fractures the major slip surface and condensed deformation bands are offset. A 

distinctive ridge and groove texture is produced on the slip surface by the successive 

small offsets along the fractures. Increased offset is associated with a slip surface 

breccia sheet or, with increased offset, a fault core breccia pod (see 3.2.4).

3.2.3.I. Joints

Deformation band faults are occasionally crosscut by joints. The San Rafael field areas 

exhibit jointing perpendicular and oblique to the fault core. The joints dip at 

approximately 90° and are spaced approximately every 30 cm to one metre along fault 

strike. The joints cross through the fault and into the adjacent pristine host rock and 

create a distinctive weathering step like pattern in the fault core along strike (see Figure 

3.13). The joints typically terminate approximately 0.5 to 1 m away from the fault in the 

surrounding host rock.

3.2.4 Breccia

Lens-shaped pods o f breccia are intermittently found in association with major slip 

surface and shear fractures throughout the fault core (Figure 3.14). The breccia can 

either occupy the full width of the fault core (fault core breccia), or occur as a veneer or 

sheet of breccia directly adjacent to a major slip surface (slip surface breccia). The pods 

of breccia are typically 5-15 cm in length (along fault strike), 0.5-6 cm in width, and are 

composed of angular clasts (0.2 to 0.6 cm across) of fault core with very little matrix. 

The fault core clasts are composed of a combination of slip surface, cemented
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condensed bands and condensed deformation bands. Occasionally slip surface features 

such as fracturing or slickensides are recognisable within the clasts. The clasts can often 

be matched back into their original position.

Breccia pods weather out distinctively forming a rough irregular texture unlike the 

smooth polished slip surfaces and cemented condensed deformation bands. Breccia 

colour is typically the same colour as the fault core but occasionally breccia pods are the 

site of iron oxide mineralisation giving the unit a brown to black colour in outcrop. The 

distribution o f breccia is variable but it is most commonly found at junctions of two or 

more fault strands, where slip surface geometry is complex.

3.2.5 Gouge

Hard, chalky gouge is found within the fault core in two of the field areas examined. In 

one field area, the Big Hole fault, the gouge is found intermittently at several localities 

and in another field area, Yellow Cat fault, the gouge forms a continuous layer along the 

length o f the fault core (Figures 3.15 and 3.16).

At Big Hole fault, the gouge is highly localised along the major slip surface and is 

found in association with other fault core components (Figure 3.16). The colour of the 

gouge varies from white to yellow or pink. The thickness of the gouge varies from 2 to 

50 cm and often has a wedge-like geometry in plan view and cross-section. 

Occasionally the gouge contains a vague linear fabric, which appears similar to thin 

deformation bands in outcrop.

3.2.6 Summary

In summary, deformation band fault core is composed of one to four major slip surfaces 

that occur on the margins of the fault core. The bounding major slip surfaces are always 

associated with cemented condensed bands and condensed deformation bands that often 

contain an anastomosing network of minor slip surfaces. Zones of deformation bands 

(with host rock) can occur between the bounding slip surfaces and condensed 

deformation bands. Major slip surfaces exhibit extensional comb fractures and shear 

fractures that occasionally are associated with pods and lenses of breccia. Rarely, 

localised areas o f the fault core are composed of fault gouge. In the San Rafael Swell,
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joints are observed crosscutting the fault core forming step-like weathering geometry. 

3.3 Discussion

Deformation band fault zones are not simply composed of deformation bands and slip 

surfaces as previously documented (Aydin and Johnson 1983). The fault core is 

com posed o f multiple structural features that include deformation bands, condensed 

deformation bands, cemented condensed bands, slip surfaces, fractures, joints, breccia 

and gouge. The fault core components described here are similar to fault core 

components derived from lower porosity sedimentary and crystalline rocks (Chester and 

Logan 1986) as opposed to more porous lithologies (Aydin 1978).

In this section, the differences between zones of deformation bands and condensed 

deformation bands will be discussed along with a more in-depth look at minor slip 

surfaces, the relationship between fracturing and breccia, gouge development and the 

variability of fault core in different host rocks and geological settings.

3.3.1 Condensed deformation bands

The region of increased deformation band density (condensed deformation bands) in 

association with slip surfaces has been recognised (Antonellini and Aydin 1994) but not 

highlighted as a unique component thus far. Antonellini and Aydin (1994) refer to the 

region associated with slip surfaces as ‘wall rock’. Condensed deformation bands are 

highlighted in this study as a unique component primarily due to their appearance and 

their close association with slip surfaces. The first occurrence o f slip surfaces in 

deformation bands faults represents a change in deformation style (Aydin and Johnson 

1978, 1983; Shipton and Cowie 2001; Schultz and Siddharthan 2005) from deformation 

band addition to localised failure along a plane. The conditions associated with slip 

surface nucleation will be investigated in more detail in chapter 4 and 5 but for now, a 

cut-off is placed between zones of deformation bands and condensed deformation bands 

based on band density.

The distinguishing feature between zones of deformation bands and condensed 

deformation bands is deformation band density. A cut-off of six deformation bands per 

centimetre is chosen to distinguish between zones of deformation bands and condensed 

deformation bands. Where there are greater than six deformation bands per centimetre
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of fault core (occurring perpendicular to the fault core) the component is termed 

condensed deformation bands. However, the 6-bands/ cm cut-off may not be 

appropriate for other field areas with different lithologies. The cut-off is based on the 

observation that closely spaced deformation bands are found in association with slip 

surfaces. The validity if this observation is rigorously tested in chapter 4 by examining 

the density of deformation bands associated with slip surfaces.

3.3.2 Slip surfaces

Slip surfaces have been previously documented as occurring on the margin of 

deformation band faults (Aydin and Johnson 1978). Previous authors (Aydin and 

Johnson 1978; Antonellini et al. 1994; Fossen and Hesthammer 1997) did not 

distinguish between major and minor slip surfaces in deformation band faults. Shipton 

and Cowie (2001) identified discontinuous slip surfaces in the damage zone of a 

deformation band fault but not the fault core. This study has shown that a network of 

minor slip surfaces occurs within the fault core associated with condensed deformation 

bands. Minor slip surfaces within deformation bands have not been recognised before, 

possibly due to difficulty distinguishing between deformation bands and slip surfaces in 

plan view. The following criteria can be used to distinguish between minor slip surfaces 

and condensed deformation bands.

• Unlike a deformation band, a slip surface has a plan view thickness of less 

than 0.1 mm at outcrop scale.

• The traces of slip surfaces appear as a sharp discontinuity within a zone of 

condensed deformation bands.

• The slip surface trace is bright white and is always associated with cemented 

condensed bands that are approximately 0.1 to 0.3 mm thick, highly reflective 

and white to grey in colour.

• In some cases, the white slip surface trace cuts across and offsets (mm scale) 

condensed deformation bands, but typically, it is not possible to observe cross 

cutting features.

• Minor slip surfaces form distinctive networks where slip surfaces link, 

bifurcate and can terminate (splay) along their lengths.
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3.3.3 Fracture and breccia development

Extensional comb fractures are commonly observed on major slip surface planes in this 

study and by previous authors (Hancock and Barka 1987; Stewart and Hancock 1991; 

M ayer et al. 2000). The timing of extensional fracturing is uncertain. The fractures may 

have formed coevally during slip surface propagation, during continued offset along a 

slip surface, or perhaps associated with later regional uplift. The fractures are highly 

localised along the majority of slip surfaces examined and rarely penetrate into the 

surrounding host rock. There are no regional fracture sets in a similar orientation within 

the host rock suggesting that perhaps the fractures formed in association with 

deformation band faulting.

Some of these comb fractures accommodate millimetres to centimetres of shear. The 

sheared comb fractures observed in this study offset major slip surfaces and associated 

condensed deformation bands. The slip surface offsets form a ridge and groove texture, 

which has not been worn away by subsequent sliding. This indicates that the shear 

fractures were active after slip ceased. The timing between slip ceasing and shear 

fracturing is unknown. A similar relationship is observed along active normal fault 

traces in western Turkey by Hancock and Barka (1987). Hancock and Barka (1987) 

describe multiple fractures cutting slip surfaces and in some cases offsetting the slip 

surface.

The occurrence o f shear fractures in association with breccia suggests a continuum of 

deformation from shear fracturing to breccia development. The blocky breccia clasts 

have typically not moved very far from the original position, similar to jigsaw breccia 

described by Sibson (1986). Figure 3.17 shows a possible explanation for breccia pod 

development, from the initiation of shear, offset of slip surfaces and adjacent condensed 

deformation bands, to the formation of breccia sheets.

Hancock and Barka (1987) suggest that the purely extensional component of the comb 

fractures formed during stress relaxation post faulting and the shear fractures possibly 

formed during subsequent reactivation. A similar conclusion is suggested for the breccia 

observed in the fault core of deformation band faults. A period of extensional fracturing 

could be due to slip surface propagation, continued offset along a major slip surface, or
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stress relaxation. The extensional fractures were possibly sheared during later tectonic 

reactivation.

3.3.4 Joint development

Vertical extensional joints are observed in Goblin Valley (oriented approximately NE- 

SW) and Big Hole fault (oriented approximately NW-SE). Joints occupy a principal 

plane normal to the least compressive stress during fracturing. This indicates that joint 

formation at Big Hole fault is associated with NE-SW extension and joint formation in 

Goblin Valley is associated with NW -SE extension. In each case, the joints dip 

approximately 90°. The joints at Big Hole fault are in the same orientation as joints 

observed in the northern Chimney Rock array by Davatzes et al. (2003). Davatzes et al. 

(2003) describe a joint and sheared jo in t network. No sheared joints are observed at Big 

Hole fault but purely extensional joints strike approximately 120°, consistent with the 

orientation o f Davatzes et al. (2003) regional joint set (oriented 110° to 140°). The 

change in deformation mechanism from deformation band faulting (ENE-WSW) to 

joint development (NE-SW extension) could be related to a change in rheology or 

deformation environm ent (Davatzes et al. 2003). There is no evidence of a change in 

host rock rheology (via cementation) in the Navajo or Lower Entrada Sandstones.

Tindall (2006) observed crosscutting joints in deformation band faults in Goblin Valley 

and further south along the Colorado Plateau. The joints described by Tindall (2006) are 

perpendicular jo in t sets that are localised along deformation band faults. Tindall and 

Davis (2003) find joint spacing to be related to mechanical layer thickness (deformation 

band fault thickness). Tindall (2006) hypothesises that the joints formed in response to 

relaxation o f the stresses responsible for deformation band faulting, not during a later 

regional event as Davatzes et al. (2003) suggests for the Chimney Rock array joints.

Joint development in Goblin Valley and Big Hole fault certainly occurred post

deformation band faulting. The timing o f jo in t formation is unknown but it could relate 

to regional extension during post-Laramide shortening (Tindall and Davis 2003).

3.3.5 Gouge

Cataclastic gouge is a common fault core component in low porosity sedimentary and
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crystalline host rocks at shallow depths in the crust (Chester and Logan 1986; Sammis 

et al. 1987). Fault gouge is thought to form by wear along major slip surfaces 

(Blenkinsop 2000) and is typically observed as forming a continuous layer along the 

length of the fault core (Caine et al. 1996). Fault gouge is not typically associated with 

high porosity sandstone deformation. The occurrence of intermittent pockets of gouge 

could relate to localised changes in host rock porosity.

3.3.6 Fault core variability associated with host rock properties and

geological setting

Table 3.1 summarises the characteristics of each fault core component in each 

geological setting and host lithology (see chapter 2). There are only minor differences in 

fault core character between the Navajo Sandstone and Entrada Sandstone (Moab 

Tongue Member and Lower Entrada). This is probably because the host lithologies and 

the geological setting are quite similar. The most obvious differences in fault core 

character were observed in the Corrie Sandstone, Isle of Arran. Fault core variability is 

discussed here with reference to host rock properties and geological settings.

Deformation bands, condensed deformation bands and slip surfaces

The thickness of deformation bands varies from 0.7 mm to 1.2 mm between host 

lithologies. The thin bands (0.7 mm) are typically associated with a smaller mean grain 

size (< 0.18 mm) that is observed in the Navajo and Moab Tongue Sandstones (see 

chapter 2). Thicker bands of approximately 1.2 mm are observed in coarser grained 

sandstone such as the Lower Entrada and some parts of the Corrie Sandstone. Similar 

observations of grain size dependency on deformation band thickness have been made 

by previous authors (Aydin 1978; Tordesillas et al. 2004).

Deformation band colour appears to depend on the colour of the associated host rock. 

Pale coloured host rock is associated with pale coloured deformation bands and red 

coloured host rock is associated with red-coloured deformation bands. Subsequent 

mineralisation with carbonate or iron oxides can cause localised colour changes to black 

(iron oxides) or pink (carbonate) (Parry et al. 2004).
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Condensed deformation bands show a similar variation in colour associated with host 

rock colour. The thickness of the condensed deformation bands is related to the 

thickness o f the individual deformation bands, which is stated above to relate to grain 

size. However, condensed deformation band thickness is highly variable along strike 

and likely to be closely associated with fault growth processes such as linkage of fault 

strands, see chapter 4 for further details.

Slip surfaces are consistently white in colour, showing only minor variations associated 

with manganese staining and carbonate cementation. M inor slip surfaces are most 

commonly observed in the Entrada sandstone and Navajo sandstone. At these localities, 

the minor slip surfaces form distinct networks within the fault core. It was more difficult 

to pick out minor slip surfaces in the coastal outcrops of the Isle of Arran and the 

heavily eroded hill-top outcrops of Thurstaston Common.

The most striking difference in fault core character was observed in the Corrie 

Sandstone, which is occasionally enriched in clay minerals (see chapter 2), for example 

at Corrie foreshore outcrop. Deformation in relatively clay rich sandstone is dominated 

by clay smearing rather than cataclasis (Antonellini et al. 1994). The clay-rich bands at 

Corrie weather smooth (as opposed to standing proud) and are commonly deep maroon 

in colour. The fault core is composed of condensed deformation bands and a through- 

going major slip surface. No minor slip surfaces were observed. The thickness of the 

condensed deformation bands varies from 4 to 30 cm showing a similar variation to 

quartz-rich cataclastic condensed deformation bands. Fault core development in porous 

clay-rich lithologies is not the focus of this thesis but it is a potential area of further 

research (See chapter 7).

Fault core breccia

There was greater variability in the distribution of breccia in the fault core compared to 

the other fault core components observed. Breccia pods are found in association with 

shear fractures along major slip surfaces. The shear fracturing occurred after slip ceased 

along the fault, indicated by the successive offsets along the slip surface. The exact 

timing of shear fracturing and brecciation is unknown. The shear fracturing and 

brecciation could be related to reactivation of the faults. The occurrence of breccia is 

therefore associated with the tectonic history of a particular field area rather than the
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processes o f deformation band faulting. For example, the Isle o f Arran exhibited the 

most continuous pods of breccia development in deformation band fault core. Breccia 

was associated with multiple shear fractures oblique to major slip surfaces. Faulting on 

the Isle of Arran was associated with extension during the Permian period and later 

reactivation during Tertiary granite emplacement (See Chapter 2). The occurrence of 

extensive breccia in the fault core in the Isle of Arran is consistent with the model of 

initial deformation band faulting followed by later reactivation in a slightly rotated 

stress regime.

Fault core gouge

Fault gouge is only observed intermittently at Big Hole fault (Navajo Sandstone) and 

continuously at Yellow Cat fault (Entrada Sandstone) on the Colorado Plateau. The 

gouge occurs at a variety o f fault offsets and in localised regions in the same tectonic 

setting. This suggests that the occurrence of gouge is independent of fault offset and 

perhaps tectonic setting. The continuous fault gouge of Yellow Cat fault is described in 

more detail here to examine the influence of host rock properties on fault core 

composition.

At Yellow Cat fault, the low porosity (~ 9 %) Slick Rock M ember (footwall) is 

juxtaposed against the high porosity (21-23 %) Moab Tongue M ember (hanging wall). 

The fault core is therefore derived from the Slick Rock and the Moab Tongue 

lithologies. The footwall damage zone is composed o f extensional fractures and the 

hanging wall damage zone is composed o f clusters o f deformation bands. The Yellow 

Cat fault damage zone is therefore composed of two different primary structures. The 

fault core is composed of gouge, slip surfaces, condensed deformation bands, cemented 

condensed bands and deformation bands. Unlike the intermittent gouge of Big Hole 

fault core, the gouge forms a continuous layer along the length of the fault adjacent to 

the major slip surface (Figure 3.14). The occurrence of gouge along the Yellow Cat 

fault is therefore due to a change in deformation style associated with the lower porosity 

Slick Rock siltstone.

It is clear from examining Yellow Cat fault that there is a relationship between host 

lithology and the mechanism of accommodating strain. There has been much research 

concerning the influence of host rock porosity on deformation style (Dunn et al. 1973; 

Rutter and Hadizadeh 1991; W ong et al. 1997). Wong et al. (1997) find that, in general.
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host rocks with greater than 15 % porosity tend to deform by cataclasis (grain-scale), 

whereas host rocks with less than 15 % porosity tend to deform by brittle fracturing. 

Both mechanisms are essentially the product of brittle fracturing. In deformation bands, 

brittle deformation occurs in a ~ 1 mm wide tabular band and in low porosity rocks, 

single fractures are localised along discrete planes. The cut-off between both 

mechanisms is not solely dependant on porosity. Confining pressure is likely to be a 

critical control too (Rutter and Hadizadeh 1991). In the case of Yellow Cat fault the low 

porosity, finer grained Slick Rock member tends to deform by brittle fracturing and 

gouge production.

The gouge at Big Hole fault is quite similar to the low porosity, finer grained siltstone- 

derived gouge at Yellow Cat fault. It is therefore likely that small pockets of low 

porosity Navajo Sandstone locally altered the deformation mode producing gouge 

within the fault core. Lower porosity regions could be associated with decreased grain 

sorting or perhaps localised cementation.

The host rock surrounding the gouge at Big Hole fault (see Figure 3.15) is thinly 

laminated compared to massive or cross-stratified beds that are typically observed in the 

Navajo Sandstone. The change in depositional style (and perhaps grain size or grain 

sorting) could be associated with a decrease in porosity. There is a strong likelihood that 

the Navajo Sandstone is locally variable as aeolian sediments are heterogeneous 

packages that include laminations, grain size variation, syn-sedimentary deformation, 

bio-turbation and occasional fluvial input. It is therefore quite likely that a localised 

change in host rock properties influenced the mode of failure and ultimately changed 

the character of the fault core.

3.4 Conclusions

• Deformation band fault core is composed of multiple distinct components with 

unique compositional and structural characteristics.

• The fault core can be composed of six distinct units that are identified based on

observations from five different lithologies and four different tectonic settings.

• The fault core is always composed of major slip surfaces, minor slip surfaces.
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cemented condensed bands, condensed deformation bands, deformation bands, 

host rock and extensional comb fractures.

• The fault core components (above) are likely to be closely linked with 

deformation band fault growth.

• The fault core is sometimes composed of gouge, shear fractures, breccia, and 

joints.

• The fault core is only composed of intermittent gouge pockets where the host 

sandstone is locally heterogeneous or offset against lower porosity host rock.

• The fault core is composed of continuous gouge where the host lithology has a 

lower porosity.

• The fault core is offset by shear fractures and composed of breccia in regions 

where reactivation has occurred.

• The fault core is sometimes cross-cut by younger joints. The occurrence of 

joints could be related to the interaction of the fault core and far-field 

extensional stress.

• The fault core classification scheme developed here is intended to act as a 

guide for future field studies in porous lithologies.
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oniponent

Rock
Fault

Deform ation
Bands

Condensed
Bands

Cemented
Condensed

Minor Slip  
Surface

Major Slip Surface Breccia G ouge

Navajo Sst. 
Big Hole 
fault

0.8 to 1mm wide, 
cream to white colour, 
anastomosing geometry 
with some ladder 
structure.

Cream colour 
and sugary 
texture.

Glassy, white to 
green in colour 
and often 
fractured.

Anastomosing 
networks o f 
wliite coloured 
lightly polished slip 
siu-faces.

Lightly polished to very polished slip 
surfaces. Multiple surfaces (1-3) 
throughout. Generally fracmred and/or 
smooth and always slickensided. Both 
'open' or closed surfaces observed.

Present at 2 localities. 
Small pods with 
cliaracteristic 
lumpy texture that stands 
proud o f fault core. Often 
stamed black.

Pink and yellow 
coloured gouge 
observed. Distinct 
linear fabric 
present.

Lwr Entrada 
Goblin 
Valley faults

1 nim wide, 
ofY-white colour and 
exliibits
anastomosing geometry 
with ladder structure.

White to 
cream colour 
and sugary 
textiu"e.

Glassy, 
white colour 
with specks of 
redyblack.

.Anastomosing 
networks of 
white coloured 
lightly polished & 
striated slip surfaces.

Lightly polished/polished shp surfaces. 
Frequent cun'ature at linkage points. 
Occasionally heavily fractured and 
commonly slickensided,
2 surfaces+ are common.

Large breccia pods and 
sheets that 
weather proud.
Stained brown/black 
colour.

No gouge 
observed.

Entrada (Moab 
Tongue) 
Yellow Cat 

.AND 
Entrada 
(Slick Rock) 
Yellow Cat

0.7 nun wide, 
white colour and 
exliibits planar & 
anastomosing geometry.

Primary deformation 
element is fractures.

Thin units 
o f  white 
coloured 
and sugary 
textured 
bands.

Glassy, white 
colour and 
occasionally 
stained black (iron 
oxides).

Few
anastomosing slip 
surfaces possibly 
due to
poor exposure?

Very polished & liighly reflective 
shp surfaces.
Occassional linkage points with 
characteristic slip surface curvature. 
Siu'faces are somtimes 
fractured but generally smooth, and 
occasionally stained black/brown 
(iron oxides) in colour.

Extensional comb 
fractures present but 
no breccia observed.

Continuous white to 
pmk coloured gouge 
present the entire 
length o f fault 
adjacent to major 
slip surface. Powder 
texture.

Corrie Sst. 
Isle o f .Arran

0.5 mm wide, maroon 
colour and 1-1.2 mm 
wide pink/red coloured 
bands. Anastomosing 
geometry.

Thin units o f 
maroon or 
pink 
coloured 
bands.

Glassy, 
maroon to 
pink colour.

Rarely
observed

Lightly polished slip surfaces that are 
maroon to grey/white in colour. In plan 
view, there are multiple surface 
onentations, parallel and oblique to 
fault core. Slip surfaces are striated and 
slickensided.

Multiple breccia outcrops, 
relatively wide (10 cm +), 
Characteristic rough 
texture. Stained black 
colour at one locality.

No gouge 
observed.

Sherwood Sst. 
Thurstaston

1 nun wide, 
white to pink colour. 
Conjugate and 
anastomosing geometry.

Pink coloured 
bands.

Glassy, grey to 
green colour 
with occasional 
pink staining.

Not Observed Polished to highly polished slip 
surfaces. Generally 
smooth with little fracturing.

No breccia or gouge observed.

Table 3.1 Sum mary o f  fault core com ponent characteristics in a variety o f  porous host rocks and geologica l settings
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Figure 3.1 Outcrop images of deformation bands in the 
Navajo Sandstone (A), Moab Tongue Sandstone (B), 
Lower Entrada Sandstone (C), Corrie Sandstone (D, E), 
and Sherwood Sandstone (F). Figure G, image of clay 
rich deformation bands in the Corrie Sandstone, offset 
along this deformation band is 3.5 cm.
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Figure 3.2 Sugary textured condensed deformation bands in the Lower Entrada 
Sandstone, A . is Fault B, Goblin Valley. Hand is on hanging wall slip surface. 
C ondensed deformation bands are directly adjacent to the slip surface. N ote the 
'ladder geom etry' adjacent to condensed bands where high angle deformation bands 
link to a zone o f  deformation bands. B. is M olly's Castle, Goblin Valley. C ondensed  
bands adjacent to major slip  surface (7  m offset) at M olly's castle, Goblin Valley. 
N ote w edge-lik e geom etry o f  condensed bands. FW is footw all.

Plan view

FW

^ Figure 3.3 C em ented condensed bands 
(beige/green in colour) adjacent to major 
slip surface from locality 4 B ig  H ole  
fault. FW  is footw all.

r—  Major slip 
surface

view

Figure 3 .4  Fault core (cem ented condensed bands, condensed deformation bands 
and major slip surface) is outlined in black. N ote the h ighly reflective (white) 
cem ented condensed bands and the thickening and thinning geom etry along  
strike. Im age from the Sherwood Sandstone, Thurstaston C om m on hilltop. HW  is 
hanging wall and FW  is footwall.



Condensed deformation 
bandsPoor Exposure

Major slip Surfaces 

Deformation bands

2 cm
Major slip surface

Patches o f  condensed 
deformation bands

Figure 3.5 Outcrop photograph (A) and sketch (B) of condensed bands 
(some sections of cemented condensed bands) in the fault core in the Lower 
Entrada Sandstone, Fault C, Goblin Valley. There are 3 major slip surfaces, 2 
on the hangingwall (HW) and one on the footwall (FW). Condensed bands 
are situated adjacent to the slip surfaces and as patches at linking 
deformation bands between the bounding slip surfaces.

Figure 3.6 Ladder geometry (see Schultz 
& Belasko, 2003) in zones of 
deformation bands and condensed 
deformation bands. Short segments link 
longer zones of deformation bands. GPS 
for scale.

Clusters of bounding deformation 
bands

Short high-angle deformation 
bands link to bounding 
deformation bands



Plan view

"Slip surfaces

Figure 3.7 Outcrop image of condensed deformation bands in the fault core in the 
Lower Entrada Sandstone, Fault B, Goblin Valley . The minor slip surface is 
observable in plan view (this image) and cross section (along strike). It is difficult 
to differentiate between minor slip surfaces and condensed bands. Minor surfaces 
appear as sharp white to grey lines that cut through condensed bands. A close up 
view (A) shows white to grey cemented condensed bands adjacent to the minor 
slip surface.

 ̂i  Cross- 
E , section view

Plan view

Minor slip surface (plan view)
'open' minor slip 
surface

Figure 3.8 Outcrop image from Lower Entrada Sandstone, Fault B, Goblin Valley, 
showing 'open' minor slip surfaces and associated condensed bands in plan view (A) 
and cross-section (B). It is possible to chisel open the 'open' slip surfaces and observe 
striations on the plane of the slip surface.



Figure 3.9 Outcrop images of major slip surfaces (A) from fault B, Goblin Valley 
and (B) Yellow Cat fault. The major slip surface in A is on the margin o f the fault 
core, the slip surface curves away from a junction with another major slip surface. 
The major slip surface in B is planar and highly polished. HW is hanging wall and 
FW is footwall.
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directit5h ■(' l̂ hear 

 ̂ fi^ireetioi

Figure 3.10 Highly polished major slip 
surfaces at: (A) Yellow Cat fault, taken close 
to Figure 3.9; (B) Thurstaston Common, a 
highly reflective major slip surface; and (C) 
Yellow Cat fault, a striated slip surface with 
distinctive manganese oxide staining. HW is 
hanging wall and FW is footwall.
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Direction o f shear

Figure 3.11 Photograph taken looking towards plane o f slip surface (NE). 
Extensional and shear fracture sets from Molly's Castle, Goblin Valley. A. Sub
parallel fracture set form a 'ridge and groove' texture. B. Wispy fractures sub
perpendicular to slip surface strike (iron oxides occupy fractures).

Cross-section view

Slip
Surface

Shear fractures

Condensed bands 
1 cm

Comb fractures

Slip surface

Figure 3.12 A. Cross-sectional outcrop 
photograph (left) and sketch showing 
the relationship between major slip 
surfaces and extensional/shear fractures. 
Picture taken at Molly's Castle, Goblin 
Valley. HW is hanging wall and FW is 
footwall. B. Equal area lower 
hemisphere stereonet showing the 
relationship between major slip surface 
orientation and associated comb fracture
orientation.
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Figure 3.13 Outcrop image 

^
' j '  ̂ ^  *’*̂  '.'< Goblin Valley. Joints

d  ' ‘ ir '*  * (black lines in photograph)
are oriented perpendicular 

V  ^  * >a1v  ^ '‘S ^  to the fault core. Spacing 
- ' V ^ ::^  * between jo ints is

;*>jV ! /
j approximately 30 cm at

. this location.

host rocfe>' ' vvJ“,

bands entraiii^ Into 
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jpii^p surface

Figure 3.14 Breccia pod in the C orrie sandstone, 
M erkland Point. Breccia occurs betw een two 
m ajor slip surfaces with m ultiple oblique (1 
shown) m inor slip surfaces. The insert (right) 
shows a close-up plan view o f  the rough texture 
and blocky angular clasts.



Figure 3.15 White continuous 
fault gouge at Yellow Cat fault. 
The gouge occurs on the 
footwall margin of the fault 
core along strike. HW is 
hanging wall and FW is 
footwall.

yellow Thinly ^ 
gouge bedded

Trace o f major 
slip surface

Cemented condensed deformation (Fig. 3.3)

Figure 3.16 Fault gouge (yellow) occupies a localised portion (1 metre along 
strike) of the fault core of Big Hole fault (locality 4). Further along strike the fault 
core is composed of more typical cemented condensed bands. The footwall (FW) 
host rock is thinly bedded compared to the more massive aeolian beds typically 
observed in the Navajo Sandstone.

Plan view
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1 cm

Irregularly 
'pitted' slip I 
surface, see A ^

Shear fractures 
1 to 2 mm offset

3.

' Condensed bands 
1 cm

slir) '  /Dissaggregaled slip 
surface

Shear fractures 
>  2 mm offset

Stage 3: Merkland Point, Isle o f 
Arran

Condensed bands 
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Figure 3.17 Cross-section sketch o f  breccia sheet development via 
accumulation o f offset along shear fractures associated with major slip 
surfaces. 1. Shear fractures offset a slip surface by 0-1 mm forming a rough 
texture. 2. Further offset (> 2 mm) creates ridges and grooves on a slip 
surface (A) 3. Slip surface is dissaggregated with greater offset along each 
shear. Distinctive blocky and angular clasts form a breccia veneer, the clasts 
have not migrated far (B)



Chapter 4 Fault Geometry and 
Component Evolution

4.1 Introduction

In Chapter 4, the evolution of deformation band faults is examined by comparing fault 

composition, geometry and structure at increasing values of offset. Two small-offset 

normal faults (maximum offsets: 20 cm, 1 m) and two larger offset faults (maximum 

offsets: 12 m, 29 m) are examined. There is very good plan view and frequent cross- 

sectional (canyon or wash wall) exposure along each of the dip slip faults. Each fault 

has been mapped at a scale of 1:200 and individual fault components are identified 

using the criteria outlined in chapter 3. Fault transects were made at a range o f intervals 

(1 to 3 m) along strike to quantify fault component dimensions and architecture. Three 

of the faults (20 cm, 1 m and 12 m offset) outcrop in the Lower Entrada Sandstone 

(Goblin Valley) and the largest offset fault (29 m) outcrops in the Navajo Sandstone 

(Big Hole fault).

This chapter aims to address gaps in the understanding of deformation band fault 

evolution highlighted in Chapter 1. Offset accumulation is used as a proxy for fault 

growth with time, i.e. small faults represent the early stages of larger fault development 

for example, (W alsh and Watterson 1988; Dawers and Anders 1995; Fossen and 

Hesthammer 1997; Cowie and Shipton 1998; Shipton and Cowie 2001). This method is 

commonly referred to as a ‘space for time substitution’. It relies on the assumption that 

faults exhibit radial growth within a volume of rock, propagating at the tips and 

accumulating maximum offset in the centre.

The purpose o f this study is to establish if there are any relationships between fault 

character and accumulated offset. Insight in to fault growth and associated scaling 

relationships is o f great importance for fault fluid flow modelling in reservoir rocks 

(Antonellini and Aydin 1995; Manzocchi et al. 1999) (see chapter 6).

4.2 Objectives

The ultimate objective of this chapter is to understand the development of the fault core 

as a) slip surfaces nucleate and b) as offset is accumulated. There are three specific
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areas to examine; 1) deformation band fault composition evolution; 2) deformation band 

structure and geometry evolution; and 3) fault core variability between the Navajo and 

Entrada Sandstones at similar offsets.

4.2.1 Deformation band fault composition

Aydin (1978) created a model for deformation band fault growth based on the 

sequential development o f deformation bands and development of slip surfaces. Aydin’s 

model does not specify at what point slip surfaces evolve or what the controlling factors 

are. In this study, the evolution of components from very low offsets (cm) to higher 

offsets (m) has been examined to gain insight in to the conditions preceding slip surface 

nucleation, and in particular, at what fault offset do slip surfaces nucleate?

This chapter also aims to examine the temporal evolution of the other fault core 

components, e.g. condensed deformation bands, cemented condensed bands, and 

breccia. To date no work has been done on the evolution of the fault core components at 

different offsets in deformation band faults. Is there a sequential development similar to 

the early stages of deformation band fault growth?

4.2.2 Deformation band fault structure and geometry

Deformation band fault structure is compared along strike and at increasing offsets to 

examine the variability in fault orientation, slip vector and modes o f deformation. 

Deformation band fault geometry is broadly described in chapter 3 and in the literature 

(Aydin 1978; Fossen and Hesthammer 1997; Schultz and Balasko 2003). The geometry 

has been described in different host rocks, geological settings and mode of views but 

rarely in terms of evolution with offset. One objective of this study is to examine if 

there are any changes in deformation band geometry with offset, in particular 

deformation band fault core thickness. There is a large amount of literature concerning 

the scaling relationship between fault thickness and offset. Some workers have 

suggested that there is a linear increase in fault thickness with increasing offset (Scholz 

1987; Hull 1988). Recent work (Blenkinsop 1989; Evans 1990) and (Shipton et al. ‘in 

press’) shows that the relationship between offset and thickness is more complex than a 

simple linear increase and that fault thickness is likely to be dependant on mechanisms 

of deformation active during faulting. In addition, preliminary results from the Big Hole
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fault (Shipton et al. 2005) show no linear correlation between fault core thickness and 

accumulated offset. This study aims to examine the relationship between thickness and 

offset across four normal faults, including the previously examined Big Hole fault. Big 

Hole fault thickness is re-measured to incorporate the new fault core component 

divisions completed as part of this study (chapter 3).

4.2.3 Comparison between Entrada sandstone and Navajo sandstone

There are similar exposures of deformation bands faults at the same values of offset in 

the Navajo and Entrada host sandstones. Both field areas have had a very similar burial 

history, tectonic history and have a similar host rock lithology. The degree of variability 

between the faults will be examined to assess the influences of small differences in host 

rock (chapter 2) and bed thickness on deformation band fault character.

The model developed for fault growth in porous sandstones will be applied to the other 

field areas visited to verify its robustness in different tectonic settings and host rocks. 

Fault offset is not well constrained for the UK faults (Isle of Arran and Thurstaston) so 

some inferences have to be made about the stages of growth observed.

4.3 Methodology

Each fault strand (A, B and C) in Buckskin Spring, Goblin Valley was mapped on to 

graph paper at a 1: 200 scale. The fault maps (e.g. figure 4.1) show the transect 

localities (see below for method), host lithology, offset measurement localities and 

exposure quality. Additional outcrop maps at a larger scale (1:4) were made at selected 

localities in Goblin Valley to show more detail. Fault maps for the Big Hole fault were 

adapted from Shipton and Cowie (2001). New outcrop maps were constructed at the Big 

Hole fault to account for new fault core divisions as described in chapter 3.

Quantitative data on the density, orientation, spacing and thickness of fault structures 

were collected from fault transects. In Goblin Valley, transects were made 

perpendicular to the fault core every 1 to 3 m along strike (Appendices III and IV). In 

Big Hole fault, outcrop maps were used to record information on fault core component 

thickness and orientation (Appendix V). Fault core thickness includes the cumulative 

width o f major slip surfaces, minor slip surfaces, condensed deformation bands,
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cemented condensed bands, zones of deformation bands (with host rock pods), breccia 

and gouge. The fault core in Goblin Valley typically stands proud of the surrounding 

outcrop, allowing for easy measurements. The fault core in Big Hole fault tends to be 

polished on the canyon floor but the transition from fault core to the surrounding 

damage zone is distinct. The number o f deformation bands or slip surfaces in the fault 

core is counted by laying a tape perpendicular to the fault core and counting each time a 

deformation band or slip surface crosses the tape. This method provides some insight in 

to the 2D variability o f the fault core components.

The data collected is analysed statistically using probability values (p values), which are 

calculated in Excel using the regression tool in ‘data analysis’. A p value is a number 

that reflects the likelihood that statistical results have occurred by chance. If the p value 

is less than 0.1 one can accept with 99% confidence that the observed relationship is 

statistically highly significant. If the p value is 0.5, one can accept the with 95 % 

confidence that the observed relationship is statistically significant. If the p value is 

greater than 0.5 the hypothesis that there is a relationship is rejected (Daly et al. 1995).

In Goblin valley, fault offset was recorded where possible by stratigraphic offset 

measurements made adjacent to the fault plane. The faults traverse through a medium 

bedded sequence of sandstones and siltstones. The hilly terrain provides many cross- 

sectional views that allows for reasonably regular offset measurements to be taken 

along strike. The fault offset measurements represent the total offset accommodated in 

the fault core, i.e. they do not include the damage zone offset. The geometry of fault C 

is relatively complex, exhibiting multiple linkage points between adjacent faults. Every 

effort was made to choose the main through-going surface when measuring offset. In 

some cases where the fault split into two strands (e.g. localities 5 and 11), the sum of 

the two offsets is chosen to represent the total offset at that particular point.

Big Hole fault offset measurements were made by Shipton and Cowie (2001) using a 

total station surveying instrument. Fault offset was measured by extrapolating the 

stratigraphic boundary between the Navajo Sandstone and the overlying Carmel 

Formation to a vertical plane. Fault offset measurements represent the total offset 

accommodated in the fault core and the damage zone (measurements were made at a 

distance to the main fault plane). However, the damage zone throw is likely to be 

minimal (Shipton 1999).
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4.4 Geological Setting and Host Lithology

A detailed description of the geological setting and host rock lithology for each fault is 

presented in chapter 2. Only a brief summary of the faults and associated host 

lithologies is presented here (see Table 4.1). Each fault is exceptionally exposed 

allowing investigation of plan view and cross-sectional view fault surfaces. A range of 

offsets is examined, from 0 m (tip of fault A) to approximately 23 m (Big Hole fault).

Fault Length

(km)

Strike Dip/dip

direction

Maximum 

Offset (m)

Host lithology

G
ob

lin

V
al

le
y

Fault A 0.074 133 70/NE 0.2 Entrada

Fault B 0.1 124 66/NE 1 Entrada

Fault C 0.5 124 63/NE 12 Entrada

Big Hole fault 4.1 077 69/N 29 Navajo

Table 4.1 Brief summaries of faults chosen for this study. For more details, see 

geological setting and host lithology sections in chapter two.

4.5 Fault A

Fault A is approximately 74 m in length and has a maximum offset of 0.2 m. The 

average strike o f the fault is 133° and it dips steeply (~ 70°) to the northeast. The fault is 

exposed on hilltops and canyon sides in low relief hills (see section 2.3.3 for more 

details). The fault outcrops in the upper yellow sandstone and red siltstone of the 

Entrada sandstone. The fault is divided into 3 regions (2 fault tips and pre-fault core) for 

this study (figure 4.1).

Fault A ’s offset/length profile is constructed using five reasonably spaced offset 

measurements (see figure 4.2). There are no offset indicators northwest of the maximum 

offset (towards the NW tip). The offset gradient to the NW is therefore uncertain but it 

is likely to decrease rapidly over 10s of m evidenced by fault disappearance. Given this 

observation combined with the data for the SE tip, fault A has a roughly asymmetric
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displacement (D) to length (L) profile with a gentle SE gradient and a relatively steep 

NW displacement gradient. The profile is similar to DL  profiles for and faults that 

interact with nearby faults (Dawers and Anders 1995).

4.5.1 Fault A: Fault zone components

The area within one to two m along strike ahead of the tip of fault A is well exposed in 

plan and cross-sectional views (see region 1 on Figure 4.1). The tip is composed of a 

dispersed network of deformation bands with some small zones of deformation bands. 

No zones of deformation bands are greater than 5 cm wide. The deformation bands form 

a conjugate network within which the deformation bands dip steeply (~ 70°) to the NW 

and SE (Figure 4.3). The conjugate geometry forms a compartmentalised host rock 

ahead of the main fault trace where individual deformation bands can be up to 40 cm 

apart. The width of the network associated with fault A is uncertain due to close 

proximity with nearby fault strand damage zones. However there is a reduction in 

deformation band density, which could mark the edge of the fault A damage zone. If 

this is the case, the area ahead of the tip is between 4 to 6 m wide. There were no offset 

indicators in this region but offset is likely to be on a centimetre scale as there were 

approximately 20 to 30 deformation bands, where each individual band accommodates 

only ~ 1 mm of offset.

The tip of fault A is therefore composed of a zone of deformation bands with a 

surrounding network of deformation bands (damage zone), similar to previous 

descriptions by Aydin, (1978). There are no condensed deformation bands or other fault 

core components present. The maximum fault offset in region 1 is 5 cm.

In region 2 (see Figure 4.1), the fault composition includes condensed deformation 

bands, cemented condensed bands and minor slip surfaces. The condensed deformation 

bands are present along the hanging wall and footwall margins of the pre-fault core. The 

condensed deformation bands have a sugary texture with only small amounts of 

cemented condensed bands occurring adjacent to minor slip surfaces. The minor slip 

surfaces tend to be only lightly polished with faint striations. The number of slip 

surfaces measured across the fault varies from 1 to 4 along strike. The slip surfaces are 

located within the condensed deformation bands and on the margin of the pre-fault core.
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The pre-fault core offset increases from 5 cm to 20 cm (maximum offset of fault A) in 

region 2.

In region 3, the NW tip of fault A is comprised of a dispersed network of deformation 

bands. There are several fault strands in close proximity (m), which make it difficult to 

distinguish the tip of fault A. There are no condensed deformation bands or minor slip 

surfaces present. The offset is assumed to decrease from 20 cm to 0 cm in this region as 

evidenced by the disappearance of the continuous fault strand.

4.5.2 Fault A: Structure

Linear corrugations on the edges of deformation bands and slickenlines on slip surfaces 

indicate dip-slip movement along fault A. Minor slip surfaces, where the plane of the 

slip surface is exposed, are lightly polished and have faint striations that pitch at 84° E.

The orientation of minor slip surfaces is compared to deformation bands in the stereonet 

in figure 4.4. The stereonet shows that minor slip surface orientation is approximately 

sub parallel to the orientation of the deformation bands. The analysis is limited by slip 

surface orientation data (n = 8), which are difficult to acquire in the field (see chapter 3 

for more details).

In fault A, the number of minor slip surfaces measured perpendicular to strike in the 

fault core is variable (1 to 4) along strike. A p value of 0.7 indicates there is no 

relationship between the number of minor slip surfaces and offset accumulated (Figure 

4.5).

4.5.3 Fault A: Geometry

The fault zone shows distinct variability in thickness and geometry along strike at a 

number of scales (e.g. outcrop and fault trace). The fault trace meanders slightly in plan 

view direction, varying by ± 12°. The dip ranges from 50° to 90° with a mean of ~ 70°. 

On an outcrop-scale, the fault plane is corrugated along its edges. The corrugations 

indicate dip-slip movement along the fault and have wavelengths of less than 1 m.

The geometry o f the fault at all scales is controlled by linkage with nearby deformation 

bands, zones o f deformation bands and more well-developed fault strands (Figure 4.6). 

It is quite common for an individual strand to divide into two strands and then rejoin
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several metres along strike, forming discrete lenses of fault rock. In plan view, 

deformation bands link obliquely with the main fault strand and acquire the orientation 

o f the main fault strand. In cross-section, deformation bands often link by short, 

obliquely oriented ‘stepover’ deformation bands, as described by Schultz and Belasko 

(2003). Linkage leads to localised thickening of the pre-fault core and juxtaposes 

several fault core components against each other.

The pre-fault core thickness for the entire length of fault A varies from 1.2 to 19 cm 

along strike (n = 22) (Figure 4.7a). The mean fault core thickness is 6.6 cm with a 

standard deviation of 5 cm. Pre-fault core thickness is plotted against offset for fault A 

in Figure 4.7. There is a statistically significant increase, with 95 % confidence, in pre

fault core thickness with offset (p value is 0.05). The thickness data is inherently 

variable with a standard deviation of 5 cm. In fact, thickness can vary by up to two 

orders o f magnitude in less than a metre along strike. Thick points coincide with areas 

of fault linkage in both dimensions (Figure 4.7b).

Condensed deformation bands are observed in region 2 of fault A. The bands are tightly 

spaced as described in chapter 3. Deformation band density is plotted against fault 

offset for fault A (Figure 4.8). The graph in figure 4.8 shows a good deal of scatter 

between density measurements. There is an increase in fault density from 2 to 4 bands 

per cm to greater than 6 bands per cm (condensed deformation bands) with accumulated 

fault offset. The condensed bands all plot along the > 6 bands per cm line due to 

difficulties distinguishing between individual bands. There are deformation bands 

within the fault core (post condensed band formation) that remain relatively low density 

(0.5 to 4 bands/cm) that are not plotted. Some scatter in density measurements is 

associated with condensed deformation band thickness variability.

The thickness of the condensed deformation bands (including cemented condensed 

bands) varies from 0 to 3.5 cm with a mean of 1.8 cm and a standard deviation of 0.24 

cm. There are no condensed deformation bands in region 1 of fault A correlating to 0 

thickness. The thickness o f condensed deformation bands is plotted against fault offset 

in figure 4.9. There is no statistically significant (p value is 0.16) increase in condensed 

band thickness with offset along fault A. The thickness of host rock and zones of 

deformation bands within the fault core varies from 1.2 to 18.5 cm with a mean of 5.1 

cm and a standard deviation o f 5.1 cm.
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4.5.4 Fault A summary

Fault A is a dip-slip fault that shows a steady progression from a fault tip dominated by 

a zone of deformation bands to a pre-fault core composed of condensed deformation 

bands, cemented condensed bands, minor slip surfaces and zones of deformation bands. 

The thickness of the fault core is highly variable but shows a statistically significant 

increase with accumulated offset. Localised thickness increases are associated with 

linkage to nearby fault strands. The density of deformation bands increases to form 

condensed deformation bands in the fault core, which are associated with minor slip 

surfaces.

Fault B is approximately 114 m in length and has a maximum offset of approximately 1 

m. Fault B and fault A occur along strike of each other, see Figure 2.4. No evidence of 

linkage between fault A and B was observed but they may be linked at depth (Walsh 

and Watterson 1991). The average strike of the fault is 126° and it dips steeply (~ 60°) 

northeast. The fault is exposed on hilltops and canyon sides in low relief hills (see 

section 2.3.3 for more details). The fault is split into two regions; the first part of the 

fault outcrops in the upper yellow sandstone in region 1 and the second part outcrops in 

the lower yellow sandstone and red siltstone in region 2 (Figure 4.10).

An offset/distance profile is constructed for fault B based on three offset measurements 

along strike (Figure 4.2). It was not possible to measure offset along fault B on the NW 

tip as the fault cuts through a relatively homogeneous lithology (Carmel Formation) 

with no marker horizons.

Ahead of the fault tip, there is a dense network of deformation bands where fault A 

terminates and fault B begins. The network of deformation bands is situated between 

the NW tip of fault A and several other fault strands, one oriented approximately 

northeast and two oriented approximately northwest. There are some small clusters of 

deformation bands within this complex tip region (Figure 4.11).

4.6 Fault B

4.6.1 Area ahead of fault tip (SE)
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The first exposure of Fault B occurs within the lower yellow sandstone. The fault core 

is approximately 5 cm in width and contains a major slip surface on the hanging wall 

margin. The slip surface exhibits oblique slickenlines (Pitch of 60° E). Fault exposure is 

obscured as it cuts through the overlying grey shale lithology. At the next exposure, 

there are two fault strands, one o f which dies out within 10 m. The major northwest 

trending strand is examined in this study (fault B).

4.6.2 Fault B: Fault zone components

In region 1, the majority o f the pre-fault core is composed of zones of deformation 

bands, condensed deformation bands, cemented condensed bands and minor slip 

surfaces. An exception is a 6 m (transects 6,7 and 8) area along strike where no 

condensed deformation bands or minor slip surfaces exist. No major slip surfaces are 

observed at transect localities 1 through 13.

One to five minor slip surfaces are associated with the condensed deformation bands. 

The surfaces can be traced for metres along strike, forming an anastomosing network 

within the condensed deformation bands. The area adjacent to the slip surfaces contains 

cemented condensed bands, exhibiting a distinctive grey colour (as opposed to 

cream/white).

The fault cuts through the red siltstone strata and into the underlying lower yellow/grey 

sandstone. Fault outcrop is patchy for several metres before excellent plan view 

exposure reappears.

In region 2 (1 m offset), the fault core is composed of zones of deformation bands, 

condensed deformation bands, cemented condensed bands, minor slip surfaces, and 

major slip surfaces. The condensed deformation bands typically mark the edge of the 

fault core, the centre portions being composed of zones of deformation bands and host 

rock. M inor slip surfaces are anastomosing planar features that occur on the margin and 

within the condensed deformation bands. The number of slip surfaces observed ranges 

from 1 to 4. M ajor slip surfaces occur on the outer edge of bounding condensed 

deformation bands, between the fault core and the surrounding host rock. The major slip 

surface is polished and exhibits dip-slip striations.

The fault splits in two (figure 4.10) and enters the red siltstone lithology for several 

metres. The fault, which can be traced through the siltstone, is a highly localised zone of
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shale gouge. Deformation is localised onto typically one or two surfaces. The shale 

gouge is generally a darker colour compared to the surrounding host rock.

The fault outcrops again in the porous lower yellow sandstone up to the junction with 

the State Park road. The fault core is composed of major and minor slip surfaces 

associated with condensed deformation bands, cemented condensed bands, zones of 

deformation bands and host rock.

4.6.3 Fault B: Structure

Linear corrugations along the margins of the fault core and slickensides indicate 

predominantly dip-slip movement along the fault plane. Major slip surfaces 

predominantly dip northeast but minor slip surfaces are observed dipping both northeast 

and less commonly southwest within the deformation bands (Figure 4.12). Minor 

extensional comb fractures are observed on major slip surfaces.

Two outcrops examined had slip surfaces with oblique-slip slickenlines. The first 

outcrop was close to the southeast fault tip (prior to splitting) where the slickenlines 

pitched 60° E. The other slickensided surface occurs in the lower yellow sandstone in 

region 2 where the fault curves dramatically in plan view. The slickenlines pitch at 55° 

E.

The number o f minor slip surfaces in the fault core varies from 1 to 5 along strike. 

There is no relationship between the number of slip surfaces and the amount of offset 

accumulated (Figure 4.13).

4.6.4 Fault B: Geometry

The geometry o f fault B is similar to that described for fault A with some minor 

differences. The fault trace shows some degree of strike (± 12°) and dip (± 8.8°) 

variation along its length. Slip surface corrugations are similar to those observed on the 

margins of zones o f deformation bands. In some cases, the corrugation wavelength 

increases by an order of magnitude creating a dramatic shift in the slip surface 

orientation. M assive (approximately 10°) shifts in the slip surface strike are associated 

with fault splitting in to two strands (fault bifurcation). The bifurcation and subsequent

re-linkage of strands forms a lens shaped fault zone. W here two or more strands link
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there can be more than four major slip surfaces present. These are separated by thick (5 

to 10 cm) regions of condensed deformation bands.

The fault core thickness varies from 1.5 to 38 cm with a mean thickness of 12.2 cm and 

a standard deviation of 9.3 cm (Figure 4.14). Particularly thick measurements (> 20 cm) 

are associated with fault bifurcation and fault linkage. Fault thickness is plotted against 

fault offset in Figure 4.14. There is no increase in fault core thickness with offset 

accumulated along fault B.

Condensed deformation band thickness varies from 0.5 to 10 cm with a mean of 2.6 cm 

and a standard deviation of 2.3 cm. The thickness of condensed deformation bands is 

plotted against fault offset in Figure 4.15. There is no increase in condensed 

deformation bands thickness with accumulated offset along fault B.

4.6.5 Fault B summary

Fault B is a dip-slip fault with approximately 1 m of maximum offset. The fault core is 

comprised of multiple components: major slip surfaces; minor slip surfaces; cemented 

condensed bands; condensed deformation bands; and zones of deformation bands. The 

geometry of the fault core is more complex than fault A and is influenced by fault 

linkage and slip surface curvature. The thickness of the fault core shows no increase as 

offset accumulates. Localised thickening occurs at fault linkage points.

4.7 Fault C

4.7.1 Introduction

Fault C can be traced for over 1 km through the upper and lower yellow sandstone and 

red siltstone sequence of the Entrada Sandstone (Figure 4.16). Northwest of the State 

Park road the fault occurs within the underlying red siltstones and shale o f the Carmel 

Formation. This section of the fault was not investigated. To the southeast the fault 

outcrops in the Lower Entrada for several hundred metres but quality o f the exposure is 

quite variable along its length. The best-exposed sections (~ 200 m) o f the fault are 

examined here. The irregular topography (topographic profile. Figure 4.17) means that

different vertical points along the fault are examined at each locality. Despite this, there

is a good degree of continuity between individual fault core components.
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The fault C offset/distance profile is constructed from five offset measurements, see 

figure 4.17. The NW  and SE tip are not exposed so the profile only represents a central 

portion of the fault. It is impossible to tell if the maximum offset recorded in this profile 

is the maximum offset for the entire fault.

4.7.2 Localities 1 through 6

At locality 1, fault C consists of two fault strands, which join within metres along strike. 

The offset is partitioned along the two strands, so that the north strand accommodates 

approximately 11 m of offset and the southern strand accommodates less than one metre 

of offset. At this point, the fault is clearly exposed in a canyon wall. The two strands 

link and the fault is exposed in plan view on a low relief hilltop for several metres 

(localities 2 to 5). Locality 5 consists of a through-going fault strand and several shorter 

strands oriented obliquely to the predominant strike direction. The strands link with the 

main fault strand and are locally separated by a dense network of deformation bands.

4.7.3 Localities 6 through 9

Localities 6 through 9 are at a lower elevation so the fault predominantly outcrops in the

underlying red siltstone strata. The boundary between the two lithologies is sharp. There

is a distinct change in deformation mechanism between the two host rocks from 

deformation band development to a narrower zone of gouge and associated damage 

zone fractures. Deformation bands do occur in the transition between the two lithologies 

but quickly die out in the red siltstone. The offset increases from approximately 10 m to 

12 m (locality 9) along strike.

4.7.4 Localities 9 through 12

Localities 9 through 12 are well exposed in the yellow/grey sandstone. The fault core is 

relatively more complex at specific localities (locality 10) compared to localities 1 

through 6 due to more frequent fault linkage and interaction with nearby fault strands. 

The offset measured at this point decreases from 12 m to 6.5 m.
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4.7.5 Fault C: Components

The fault core of fault C is composed of major slip surfaces, condensed deformation 

bands, cemented condensed bands, minor slip surfaces, zones of deformation bands and 

occasionally breccia. M ajor slip surfaces are polished, striated and frequently fractured 

by mode I fractures (comb fractures). Occasionally the comb fractures penetrate and 

offset the entire width o f the fault core, particularly at complex linkage points, forming 

localised pockets o f breccia (see chapter 3). Zones of deformation bands occur within 

the centre o f the fault core.

4.7.6 Fault C: Structure

Linear corrugations and slickenlines along major slip surfaces indicate predominantly 

dip-slip movement along the fault. There are exceptions; some slickenlines show 

evidence o f oblique slip motion (pitch of 60° E). There is also evidence o f complex fault 

bifurcation and slip surface curvature. Locality 10 shows a good example of this where 

three fault strands occur in close proximity to each other. The main slip surface curves 

dramatically seemingly in the opposite sense to the slip vector (Figure 4.18). The 

curvature is associated with intense brittle fracturing of the slip surface and associated 

fault core. A veneer of breccia (chapter 3), approximately 3 to 5 cm thick, covers the 

major slip surface in this area.

There are also minor slip surfaces within condensed deformation bands, which indicate 

dip-slip movement. The number of minor slip surfaces varies from 1 to 8 along strike.

In addition to deformation bands and localised comb fracture sets along slip surfaces, 

the fault core is fractured by a set of regularly spaced joints. The joints occur every 15 

cm to 30 cm  and are oriented perpendicular to the fault core.

4.7.7 Fault C: Geometry

The geometry o f fault C shows significant variability along strike. There is frequent 

evidence of fault linkage creating structurally complex areas with multiple major slip 

surfaces and thick accumulations of condensed deformation bands and cemented 

condensed bands. The mean fault strike is approximately 124° with a standard deviation 

of 12°. The dip o f the fault varies from 40° to 85° with a mean dip of 63° (Figure 4.19).
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Mean fault core thickness (n =189) is 20 cm with a standard deviation of 15.7 cm 

(Figure 4.20). Thickness ranges from 6 to 100 cm. The thickness varies rapidly along 

strike, with the most pronounced changes seen in proximity to bifurcation points. 

Indeed, the highest measurements (> 30 cm) are all located at fault linkage points. There 

is no statistically significant increase in fault core thickness with offset accumulated (p 

value is 0.16).

The mean thickness of condensed deformation bands is 7 cm (standard deviation of 5.6 

cm) based on 82 measurements. The mean thickness is plotted against fault offset in 

Figure 4.21. There is no statistically significant change in condensed deformation bands 

(including cemented condensed bands) thickness with accumulated offset.

4.7.8 Detailed outcrop maps

Detailed outcrop maps were made at selected localities to show fault geometry, 

composition and structure. The outcrop map in Figure 4.22 shows a splay of fault C. 

The offset is unknown at this locality but it must be less than 10 m as the total offset 

along fault C is 10 m at this point. The map depicts 5 m o f plan view exposure and a 

short vertical exposure. The condensed deformation bands and cemented condensed 

bands contain approximately five minor slip surfaces and one major slip surface. The 

slip surfaces are continuous over several metres of outcrop but the number of slip 

surfaces varies along its length.

4.7.9 Summary

Fault C is characterised by multiple major slip surfaces, minor slip surfaces in 

condensed deformation bands, cemented condensed bands, dense networks of 

deformation bands and breccia. The fault thickness shows a range of values from 4 to 

100 cm, the thickest points being associated with complex points of fault linkage. There 

is no change in the thickness of the fault core with accumulated offset.
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4.8 Big Hole fault

4.8.1 Introduction

The Big Hole fault (2.3.2) is an ideal setting to examine later stages (> 8 m offset) of 

deformation band fault growth. This study builds on previous work completed by Cowie 

and Shipton (1998) Shipton and Cowie (2001) and Shipton et al. (2002, 2005) on the 

damage zone structure and fault displacement profile at Big Hole fault. The fault is 

approximately 4.1 km in length (Figure 4.23). The fault is exposed in polished canyon 

floors and steep canyon walls in the porous Navajo Sandstone.

The Big Hole fault displacement profile (Figure 4.24) shows a maximum offset of 29 m 

in the centre and a steady decrease in offset towards the eastern tip. The lowest offset 

measurement is at the eastern end of the fault and is approximately 8.4 m. The eastern 

tip is further extrapolated based on field observations of a nearby similar fault. The tip 

displacement gradient is 0.014, which falls within the range of previously documented 

fault tip displacement gradients (Shipton and Cowie 2001).

Six localities are described in detail. A brief description of each locality is presented 

along with an introduction to the fault character and composition.

At this location, the fault is exposed in a sloping cliff face and in the polished canyon 

floor. The fault core is comprised of zones of deformation bands, condensed 

deformation bands, cemented condensed bands and slip surfaces (Figure 4.25). One to 

two major slip surfaces are observed at any particular point along strike. The mean fault 

core thickness is approximately 16.3 cm with a standard deviation of 10.2 cm. The 

thickest pods of fault core are approximately 32 cm wide. There is sporadic carbonate 

mineralisation (pink in colour) along major slip surfaces. The major slip surface is 

relatively planar and is associated with curvy anastomosing minor slip surfaces. The slip 

surface is fractured by wispy comb fractures and has dip-slip striations.

4.8.2 Locality 1 (8 to 9 m offset)
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4.8.3 Locality 2 (12 m offset)

At this location, the fault occurs as two distinct strands that stand proud of the 

surrounding host on the edge of the Big Hole canyon wall. There is no linkage between 

the two strands exposed at this locality. The fault core is mineralised with carbonate 

cement that weathers a light pink colour. The fault core is occasionally comprised of a 

crumbly pink gouge. Damage zone deformation bands are also cemented with pink 

carbonate cement.

4.8.4 Locality 3 (17 m offset)

At this location, the fault is still partitioned along two distinct strands that are exposed 

in a highly polished river floor exposure. The offset accommodated by each individual 

strand is > 3 m for the northern strand and < 14 m for the southern strand (Shipton and 

Cowie 2001). The northern strand was examined in detail in this study (Figure 4.26). 

The mean fault core thickness is approximately 17.4 cm with a standard deviation of 9 

cm. The fault core is composed of zones of deformation bands, condensed deformation 

bands, cem ented condensed bands, slip surfaces and breccia. The breccia is localised 

into an elongated pod associated with the major slip surface.

4.8.5 Locality 4 (20 m offset)

At this location, the fault is exposed for several metres as a single strand in a canyon 

floor outcrop. The cemented condensed bands are a unique shade of green for a portion 

(approximately 1 m) of the fault. The fault core also exhibits a yellow coloured powdery 

gouge just a metre along strike o f the cemented condensed bands. There is no fault 

breccia at this locality. The mean fault core thickness is 12.8 cm with a standard 

deviation of 4.3 cm. There are up to four major slip surfaces along strike that exhibit a 

com plex interconnected geometry.

4.8.6 Locality 5 (22 m offset)

At this location, the fault stands proud from the surrounding host on a canyon top 

exposure. The fault appears yellow-grey or pink in places and is occasionally entirely 

com posed of hard gouge. There are no deformation bands, condensed deformation
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bands, cemented condensed bands, or breccia in the fault core. There are one to three 

major slip surfaces adjacent to/running through the gouge. The fault core is mineralised 

with carbonate cement. The fault core is approximately 20 cm in thickness. There are 

deformation bands in the footwall and hanging wall damage zone.

4.8.7 Locality 6 (23 m offset)

At this location, the fault is exposed in a canyon wall outcrop. This section of the fault 

displays a complex geometry due to multiple (3 to 4) linking major slip surfaces (Figure 

4.27). The fault core is composed of major slip surfaces, minor slip surfaces, cemented 

condensed bands, condensed deformation bands, zones of deformation bands, fractures, 

and breccia. The mean fault core thickness is anonymously large, approximately 121 cm 

with a standard deviation of 32 cm. A blocky breccia composed of clasts of host rock 

and deformation bands occurs between several of the major slip surfaces. This breccia is 

unlike the breccia described in chapter 3, which is composed of clasts of slip surface 

and cemented condensed bands.

4.8.8 Fault Core composition summary

The outcrop maps at localities 1, 3 and 6 show the composition, geometry and structure 

of the fault core. The maps show that the fault core is typically composed of major slip 

surfaces, cemented condensed bands, condensed deformation bands, minor slip 

surfaces, zones of deformation bands and pods of undeformed host rock. Fault core 

breccia is observed at only one locality (locality 3) and fault gouge is observed at three 

localities (localities 2, 4 and 5).

The zones of deformation bands (with a high deformation band density) surrounding the 

major slip surfaces have been highlighted in the outcrop maps. The surrounding host 

rock (damage zone) has deformation bands but at a lower density than the fault core 

deformation bands, see Shipton and Cowie (2001) for more details. The condensed 

deformation bands in Big Hole fault core are predominantly cemented condensed bands. 

The cemented condensed bands at locality 3 are almost mylonitic in appearance and are 

light green in colour.
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Both major and minor slip surfaces are observed at Big Hole fault. The minor slip 

surfaces within the condensed deformation bands and are less common than at Goblin 

Valley. There are typically 2 to 4 minor slip surfaces visible in the condensed 

deformation bands. The major slip surfaces are highly polished, striated and often 

fractured (comb fractures). The number of major slip surfaces varies from 1 to 4 at any 

given point along the entire fault. Breccia pods associated with major slip surface shear 

fracturing occur at locality 3 and locality 6. The fault core is cut by cross-fault joints 

that are oriented either perpendicular or oblique to the fault core (Figures 4.25 to 4.27). 

The fault gouge exposed at Big Hole fault is a hard powdery gouge that is easy to break 

apart. It is always associated with fault mineralisation. At locality 2, the gouge is 

associated with carbonate cement that weathers pink. At locality 5, the gouge is again 

associated with mineralisation that weathers a distinctive yellow and pink colour. The 

surrounding host rocks in both localities appear not to be mineralised.

4.8.9 Fault core structure and geometry

Slip surface slickenlines and linear corrugations predominantly indicate dip-slip 

movement. The fault trace is relatively planar and dips steeply from 65° to 80° to the 

north. M ajor slip surfaces are relatively planar and polished. However, geometrical 

complexity arises when two or more strands occur in close proximity (see Figure 4.27). 

W hen there are more than two slip surfaces, one slip surface tends to appear more 

planar and exhibits less geometrical complexity.

The outcrop maps (Figures 4.24 to 4.27) show no discemable differences in fault core 

geometry or structure associated with offset along the fault. This suggests that the fault 

character o f an 8 m offset fault is indistinguishable from a fault with 23 m of offset.

Figure 4.28a shows a graph of fault core thickness plotted against distance for locality 1 

and locality 4. Distance is normalised for each fault section. The fault core thickness is 

plotted against offset for all localities along Big Hole fault (Figure 4.28b). The graph 

shows there is no significant relationship between the thickness of the fault core and 

offset along the fault. The mean fault core thickness is approximately 17 cm.

Similarly, there is no relationship between condensed deformation band thickness and 

fault offset (Figure 4.28c). Condensed deformation band thickness generally increases 

with the thickness o f the fault core (fault core shows no relationship with offset
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accumulated). The condensed deformation band thickness for the entire fault studied 

varies from 0.6 to 20 cm. The mean thickness is 4.2 cm with a standard deviation of 4 

for 140 measurements.

4.9 Discussion

4.9.1 Fault Core thickness

It is apparent from examining four dip-slip deformation band faults that fault core 

thickness is highly variable along strike. The mean fault core thickness (including pre

fault core) of all four faults (n = 395) examined is 17.7 cm with a standard deviation of 

13.5 cm and a range from 1.2 cm to 100 cm. This does not include locality 6 at Big 

Hole fault, which is anonymously large. If it were included, the mean thickness would 

be 22.6 cm with a standard deviation of 26 cm.

The mean thickness tells us about the average width of the fault along strike but says 

nothing about the spatial variability. Is there a regular thickening and thinning 

relationship or is there a mean increase in fault core thickness with offset? Previous 

work (Scholz 1987; Hull 1988) has suggested there is a power law scaling relationship

between fault thickness and offset that has been used by Manzocchi et al. (1999) to

determine permeability of faults. Table 4.2 lists the mean pre-fault core and fault core 

thickness for each fault examined (Figure 4.29a).

Fault Mean Standard Variance Count Max Min

(max offset) thickness

(cm)

deviation

(cm)
(cm )̂ value

(cm)

value

(cm)

Fault A 6.65 4.9 24 22 19 1.2
(0.1 m)

13
>

3

Fault B

(1 m)

12.25 9.3 86.6 24 38 1.5

oo Fault C

(12 m)

20 15.7 247 189 100 4
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8.4 m 16.3 10.2 104 36 32 2

-4->
3 17 m 17.4 9 81 95 44 2

"o
S

20 m 12.8 5 20 12 20 10

.2P 23 m 121 32 1076 17 165 75

Table 4.2 Comparison o f mean fault core thickness statistics for each faults A to C, 

Goblin Valley and Big Hole fault.

It is apparent from Table 4.2 that the mean thickness does not exhibit a simple scaling 

relationship with offset. Looking firstly at the Goblin Valley faults, there is a clear 

increase in fault core thickness between fault A and fault C. The increase in thickness is 

accompanied by an increase in the variance (24 to 247 cm^). The mean fault core 

thickness at Big Hole fault shows no clear increase with offset accumulated. Likewise, 

the variance shows no clear relationship with offset accumulated. In both cases, 

variance is associated with fault/major slip surface linkage. For instance, the highest 

variance is from locality 6, Big Hole fault where multiple major slip surfaces link 

(Figure 4.27).

Fault core thickness is dependant on multiple variables such as the amount of host rock 

incorporated into the fault core, the thickness of the condensed deformation bands and 

the number of major slip surfaces. The relationship between multiple variables and a 

single variable (offset) is difficult to analyse. In fact, one should not expect a simple 

trend when analysing a value (fault core thickness) that depends on multiple variables 

against a single variable (offset accumulated). In order to reduce uncertainty the mean 

fault core thickness is calculated without the thickness of host rock and zones of 

deformation bands (Table 4.3 and Figure 4.29b).
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Fault (max Mean Standard Variance Count Max Min

offset) thickness deviation (cm )̂ value value

(cm) (cm) (cm) (cm)

Fault A 1.8 0.24 1.1 18 3.5 0

>>
(0.1 m)

>
c
Z

Fault B

(1 m)

2.6 2.3 5.2 25 10 0.5

O Fault C

(12 m)

7 5.6 32 82 33 0.5

8.4 m 3.8 3.4 11 36 12 1

17 m 4.8 4.7 22 166 24 1

Ji"oa
20 m 2.64 1.2 1.6 17 6 1

00
n

23 m 7.8 6.6 43 17 20 1

Table 4.3 Mean fau t core thicknesses minus lost rock and zones of deformation banc

for faults A to C, Goblin Valley and Big Hole fault.

The mean thickness of the fault core minus host rock and zones of deformation bands is 

3.8 cm. The highest values are observed in fault C (7 cm) and locality 6, Big Hole fault 

(7.8 cm). Likewise, the highest variances are observed along fault C (32 cm^) and 

locality 6, Big Hole fault (43 cm^).

4.9.2 Fault thickness and offset accumulation

The relationship between fault thickness and offset cannot be described using a simple 

power-law model as previously proposed (Hull 1988). Results from this study show that 

there is a non-linear increase in fault thickness with offset accumulation. There is a clear 

increase at lower offsets, for example, from fault A to fault B and from fault B to fault 

C. The increase in fault thickness from fault B to fault C is complicated because of the 

high variance observed in fault C. Highly variable thickness measurements typically 

correspond to fault linkage points. Multiple fault linkage points will therefore increase
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the mean thickness value. The same issue applies to 23 m offset (locality 6, Big Hole 

fault), which is composed of multiple linking strands.

Two possible models of fault core thickness development with offset accumulation are 

fitted to the data (Figure 4.30). These models are chosen based on qualitative field 

observations where the fault core is observed to thicken and thin (20 to 40 cm) along 

strike, only exhibiting increased thickening at linkage points. It is understood there are 

many possible models that could fit the data presented. Model 1 shows a linear increase 

in fault thickness with offset accumulation in the initial stages of faulting and no 

correlation at higher offsets. The point where the model changes from a clear increase to 

no increase is uncertain because o f the large standard deviation.. Modal 2 shows a non

linear increase in the initial stages of faulting that gradually decreases (parabolic 

relationship). This model predicts that the change in fault geometry with offset 

accumulation is not quite as sharp. Instead, it occurs over m of offset accumulation. 

Both models predict that there will be no increase (or perhaps a very slight increase) in 

fault core thickness at higher offsets. However, further field studies o f higher offset 

faults in porous sandstones are needed to verify this prediction. In order to better-fit 

potential models to the data, the recognised linkage zones must be removed (see further 

work in Chapter 7).

Both models suggest that fault thickness does not grow according to a single physical 

process. There appears to be different ways of accumulating strain throughout the 

growth of a deformation band fault. This fundamental observation could relate to the 

mechanisms o f deformation that are active throughout faulting. Deformation band faults 

are shown to form by deformation band accumulation during the early stages of faulting 

and by slip surface nucleation and propagation during the later stages. The evolution of 

fault components will be discussed in section 4.9.4. Firstly, the processes that typically 

control fault core thickness will be discussed.

4.9.3 What controls deformation band fault core thickness?

This study has shown there are several ways to widen deformation band fault core. One 

possible way is to add deformation bands to a zone, causing an increase in width and 

density of the fault core with increasing offset. This mechanism of deformation band 

addition primarily applies to low offset faults prior to slip surface nucleation (pre fault
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core). The growth of deformation band zone thickness has been observed by many 

authors in the field (Aydin and Johnson 1978; Underhill and W oodcock 1987; Fossen 

and Hesthammer 1997; Shipton and Cowie 2001; Schultz and Balasko 2003; Johansen 

et al. 2005) and in experimental analysis (Mair et al. 2000).

A second method of widening the fault core is by linkage of a nearby zone of 

deformation bands or fault strand to the main fault strand (Childs et al. 1996; Peacock 

2002). This study has shown that linkage with nearby strands and deformation bands is 

quite common and leads to localised thickening of the fault core, which tends to 

increase the statistical variance. The mean thickness of a ‘linked zone’ is approximately 

65 cm, with a range from 27 cm to 100 cm. Linkage points are defined as the position 

on the fault where two strands (which were adjacent to each other) join to form one 

complete strand. The geometry at linkage points is complex but returns to a more 

regular pattern within metres of linking. Fault segment linkage is a commonly observed 

phenomenon in normal fault zones (Mansfield and Cartwright 2001; W alsh et al. 2003).

A third possible method of fault zone widening and a commonly cited method (Scholz 

1987) is the breakdown of host rock via wear and attrition along a slip surface. This 

process should potentially scale with offset (Scholz 1987). In deformation band faults, 

slip surfaces are always associated with condensed deformation bands and cemented 

condensed bands. Are cemented condensed bands deformed during slip events? At low 

offsets, the cemented condensed bands appear to grow in thickness with accumulated 

offset. The cemented condensed bands tend to be only mm thick in association with 

minor slip surfaces and cm thick in association with major slip surfaces. However, at 

higher offsets, cemented condensed band thickness shows a regular, almost sinusoidal, 

thickening and thinning relationship along strike (see chapter 6). Despite no discernible 

thickness changes at higher offsets, it is possible that the cemented condensed bands are 

undergoing deformation during slip events. This will be investigated fully in the 

microstructural analysis of chapter 5.

On a macro-scale, slip surface asperities may have been worn away with slip 

accumulation (Childs et al. 1996) to produce more planar major slip surfaces. Certainly, 

the geometry o f major slip surfaces tends to be more planar compared to anastomosing 

minor slip surfaces.
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It is clear from examining three methods of fault thickness accumulation in this study 

that large-scale thickness changes are primarily controlled by fault strand linkage. 

Smaller-scale (cm) thickness changes could be associated with slip surface growth and 

accumulation o f offset. On a large-scale, a linked fault strand consisting of three major 

slip surfaces and the associated condensed deformation bands and cemented condensed 

bands is obviously a lot wider than a single major slip surface. It is clear that the 

processes of major slip surface development and fault strand linkage are crucial to 

predicting fault core thickness. It is unclear however, what controls the growth and 

linkage o f multiple strands as opposed to the development of a single isolated fault. 

Some authors (Schultz and Fossen 2002; Benedicto et al. 2003) suggest there is a 

relationship between fault strand linkage and sedimentary layer thickness.

4.9.4 Fault Linkage and sedimentary bed thickness

Is there a relationship between fault interaction/linkage and the thickness of the unit that 

is faulted? Goblin Valley faults occur within two porous sandstone beds in the Lower 

Entrada sandstone. The lower porous unit is approximately 9 m thick and the thickness 

of the upper porous sandstone is greater than 15 m. There is a lot of interaction between 

fault strands evidenced by frequent linkage along strike (Walsh et al. 2003), a fault 

displacement to length profile with multiple peaks (Dawers and Anders 1995), and 

curving slip surfaces. It is unclear if there is any difference between the amount of 

variability in fault thickness and host lithology at Goblin Valley. Figure 4.31 depicts 

fault core thickness with distance along each fault in relation to host lithology. The high 

variability is primarily controlled by linkage points (see above). The porous lithologies 

mechanically behave differently to the siltstones. The mechanical layer thickness is 

therefore 8 -  9 m thick for the lower unit and greater than 15 m thick for the upper unit.

Big Hole fault, on the other hand, occurs within a relatively continuous unit of 

sandstone that is approximately 140 m thick in the study area. The Navajo Sandstone is 

composed of four sub-facies. The sub facies exhibit a range of sedimentary features 

including large cross-stratification and laminated sandstone. Although the sub facies are 

distinct units that likely have an influence on fault character, the predominant mode of 

deformation remains as deformation banding, therefore the mechanical thickness is 140 

m.
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Does mechanical layer thickness influence the fault character? Fossen and Schulz 

(1997) suggest that the aspect ratio of individual deformation bands is constrained by 

bed thickness. This is likely to have a corresponding effect on the aspect ratio of zones 

o f deformation bands and fault core. Does reduced bed thickness encourage the 

evolution of multiple linking strands rather than an isolated fault such as at Big Hole 

fault? The influence of layer thickness on fault growth is addressed by Benedicto et al. 

(2003). Stratigraphic layers can control the vertical dimensions of faults as long as a 

sufficiently large contrast in mechanical properties exists between the layers (Benedicto 

et al. 2003). In Goblin Valley, the mechanical properties between each layer are 

significantly different (Figure 4.32). Vertical restrictions to fault growth caused by a 

change in mechanical properties at bedding horizons are thought to encourage lateral 

growth. This would have an effect on the displacement length profile of the fault where 

the fault would have significant lateral length (L) compared to height (D). The 

displacement data for faults A, B and particularly C are quite sparse so it is difficult to 

address this question specifically. It is clear however that there is relatively more 

linkage in the thinner porous sandstone beds o f Goblin Valley compared to the Navajo 

Sandstone at Big Hole fault.

4.9.5 Fault component evolution

Aydin (1978) created a model for deformation band evolution based on the sequential 

accumulation o f deformation bands with increasing strain to form a zone of deformation 

bands. The model showed a progressive evolution from zones of deformation bands to 

slip surfaces but did not discuss the conditions or timing of slip surface nucleation. The 

present study first recognised distinct fault components (chapter 3) and in this chapter, 

these com ponents have been put in the context of fault evolution by comparing fault A 

to fault B, fault B to fault C and fault C to Big Hole fault. In this section, a new model is 

described that incorporates the fault core components (chapter 3) with Aydin’s (1978) 

growth model.

Deformation bands increase in density with offset to form condensed deformation 

bands

Not all zones o f deformation bands have condensed deformation bands but condensed 

deformation bands are always found in association with zones of deformation bands. As
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offset accumulates, deformation bands are added to a developing zone causing an 

increase in zone thickness. This has been previously recognised by (Aydin 1978; Aydin 

and Johnson 1978) and experimentally modelled (Mair et al. 2000). Deformation bands 

density also increases indicating that deformation bands are also added to the host rock 

pods between deformation bands. At low offsets, there is a combined increase in 

deformation band density and zone thickness to form condensed deformation bands 

(pre-fault core).

This study has shown that condensed deformation bands evolve with increasing offset 

along a deformation band fault. At higher offsets, condensed deformation bands are 

found in association with other fault core components such as cemented condensed 

bands, minor slip surfaces and major slip surfaces. This relationship suggests a 

sequential development of fault core components from a single deformation band to a 

zone o f deformation bands (Aydin 1978) to the development of condensed deformation 

bands.

Condensed deformation bands highlight an important stage in deformation band fault 

evolution. They represent a point where the fault resembles a coherent, almost 

crystalline solid rather than a granular material (see chapter 5). This change in material 

rheology is likely to be significant when examining the onset of brittle failure and slip 

surface initiation.

Do condensed deformation bands grow in width with accumulated offset? There is no 

statistically significant (p = 0.1) increase in condensed deformation band thickness 

either: 1) along strike in fault A, B or C; or 2) between fault A and B. The mean 

thickness of condensed deformation bands for fault A is 1.8 cm (standard deviation of 

1.05 cm) and fault B is 2.68 cm (standard deviation of 2.3 cm). There is an increase in 

mean thickness between B and C, which is associated with a high variance in fault core 

thickness. The mean thickness o f condensed deformation bands for fault C is 7 cm with 

a standard deviation of 5.5 cm. Fault C shows the highest value of mean fault core 

thickness and condensed deformation bands thickness. Therefore, it is impossible to say 

if the increase in thickness is associated with offset accumulation, linkage or both. The 

thickness of condensed deformation bands at Big Hole fault is approximately 5 cm with 

a standard deviation of 4 cm. It is possible that there is a steady mean increase in 

condensed deformation band thickness from low offsets (1.8 cm) to higher offsets (5
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cm) but more data is needed to verify this. The mean increase is complicated by 

background linkage, which causes localised thickness increases.

The outcrop appearance of condensed deformation bands varies with increasing offset. 

At low offsets (fault A), the condensed deformation bands have a sugary appearance, 

similar to single deformation bands. At higher offsets, the condensed deformation bands 

are shiny and are called cemented condensed bands. It is likely that cementation is 

related to mineralisation during faulting or post faulting and it will be examined in more 

detail in chapter 5.

Minor slip surfaces form within condensed deformation bands

Minor slip surfaces are found in association with condensed deformation bands but not 

with zones of deformation bands. In chapter 3, a cut-off of six bands per centimetre was 

chosen to distinguish between zones of deformation bands and condensed deformation 

bands. Where there were greater than six bands per centimetre the component was 

termed condensed deformation bands. The link between deformation band density and 

slip surface occurrence is examined here.

Deformation band density was measured along 45 transects perpendicular to the fault 

core trace in fault A and fault B, Goblin Valley. Goblin Valley is chosen because the 

low offset faults capture the transition from deformation band addition to slip surface 

nucleation. Density was measured along transects by counting the number of 

deformation bands in a zone and dividing the value by the thickness of the zone. The 

outer edge of a zone is defined as the point where deformation band density decreases to 

less than one band per five cm of host rock. Deformation band density is measured 

adjacent to slip surfaces and compared to deformation band density without slip 

surfaces (Figure 4.33)

The mean density of deformation bands without slip surfaces is 2.7 bands per 

centimetre of host rock. In deformation band zones with slip surfaces, the mean density 

is 9.8 bands per centimetre of fault core. A minimum count of 10 bands per cm is made 

in high-density condensed deformation bands. The histogram shows that where there 

are less than six bands per cm of host rock, no slip surfaces are present. When 

deformation band density is greater than six bands per cm slip surfaces may, or may not, 

be present. This suggests that slip surfaces tend to nucleate along closely spaced
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deformation bands (> 6 bands per cm) rather than zones of deformation bands with 

frequent pods of host rock.

M inor slip surfaces are first observed in the fault core of fault A at approximately 10 cm 

offset. The geometry of minor slip surfaces is similar to deformation band geometry. 

Figures 4.4 and 4.12 show deformation band orientations plotted along with minor slip 

surface orientations. Slip surface orientation data is sparse due to difficulties measuring 

slip surface orientation within condensed deformation bands. There is a good deal of 

scatter for deformation band orientation; the mean orientation is 130 with a standard 

deviation of 15°. The slip surface planes plot within the range o f deformation band 

orientations. This observation could suggest that slip surfaces nucleate along optimally 

oriented remnant deformation band boundaries. The deformation band boundaries could 

potentially be ‘weaker points’ within condensed deformation bands. It is difficult to 

assess this phenomenon fully without a petrographic analysis (chapter 5).

Remnant minor slip surfaces are visible within the fault core after a major slip surface 

has evolved e.g. fault C and Big Hole fault. It is assumed that the minor slip surfaces 

were not active at higher offsets due to the presence of a major planar discontinuity. 

Major slip surface ‘sliding’ would likely have been the most efficient method of 

accommodating strain.

Offset is rarely observed along minor slip surfaces. It is difficult to isolate total fault 

core offset from offset along an individual slip surface. At one interval in fault A the 

fault core is comprised of 3.5 cm o f condensed deformation bands, 2 cm of host rock 

and single deformation bands, and 3 minor slip surfaces. The total offset measured at 

the interval is 16 cm. There is likely to be 3 to 4 cm of offset accommodated by 

deformation bands (given approximately 35 or 40 deformation bands), leaving 12 cm 

that could potentially be accommodated by slip surface sliding. If slip is partitioned 

evenly there is likely to be 4 cm accommodated by each slip surface.

The number of minor slip surfaces does not show an increase with offset, indicating that 

continued slip is accommodated on existing slip surfaces rather than creating new slip 

surfaces (Figure 4.34). Outcrop observations suggest that thicker zones of condensed 

deformation bands have more minor slip surfaces than thinner zones o f condensed 

deformation bands. Figure 4.35 shows the relationship between the thickness of 

condensed deformation bands and the number of slip surfaces present. The number of

72



Fault Core Evolution

minor slip surfaces varies from 1 to 8 and the thickness of condensed deformation bands 

varies from 0.5 to 10 cm. Statistically, there is a highly significant increase (p value < 

0.1) in the number of minor slip surfaces as condensed deformation band thickness 

increases. This suggests that more slip surfaces nucleate in thicker regions of condensed 

deformation bands. Thicker regions of condensed deformation could potentially present 

more nucleation points than thin regions of condensed deformation bands.

In summary, this study has shown that deformation bands evolve to form condensed 

deformation bands prior to slip surface nucleation. The condition favouring slip surface 

nucleation is therefore a high density of deformation bands.

Major slip surface evolution

The majority o f major slip surfaces form on the margins of the fault core. In the Entrada 

sandstone, major slip surfaces are first observed at approximately 1 m of fault offset. 

Major slip surfaces are typically more planar compared to minor slip surfaces and are 

usually more polished. There are less major slip surfaces (1 to 2) than minor slip 

surfaces (1 to 5). Typically, one major slip surface dominates with another major slip 

surface present on the opposite side o f the fault core. It is possible that major slip 

surfaces evolved from the minor slip surfaces that were situated in the most optimal 

orientation or position. However, it is not clear if minor slip surfaces are a necessary 

precursor to major slip surface development.

Major slip surfaces do not show significant changes with offset accumulation. In Big 

Hole fault, a major slip surface associated with approximately 8 m o f offset is very 

similar to a major slip surface associated with 20 m o f offset. It is unclear if there is any 

bulk deformation associated with major slip surface propagation within the fault core or 

if all the strain is accommodated by slip along the major slip surface.

The evolution o f the fault core components is presented in Figure 4.36. The histogram 

shows how fault core components are partitioned within the total fault core. The 

histogram shows how the fault core is always dominated by deformation bands and host 

rock. Initially condensed deformation bands grow with offset accumulation but this 

growth eventually (> 12 m offset) levels out. The histogram does not show the 

important stage of cemented condensed band formation within the developing fault 

core. More detailed quantitative analysis is needed to show the relative proportions of
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condensed deformation bands to cemented condensed bands. Qualitatively it is apparent 

that the majority o f the condensed deformation bands are cemented condensed bands at 

offsets greater than 8 m in the Navajo and Entrada Sandstones.

4.9.6 Fault zone thickness scaling

It is clear from examining the evolution of deformation band faults that the relationship 

between fault thickness and offset is different prior to major slip surface nucleation and 

post slip surface nucleation (Figure 4.30). Fault offset and thickness scaling is a 

common approach taken when determining the size and frequency o f sub-seismic faults 

i.e. faults that is smaller than the resolution of seismic imaging (10 m) (Manzocchi et al. 

1998; Steen et al. 1998; W alsh et al. 1998). This approach relies on the assumption that 

the same physical processes occur throughout the lifetime of fault. However, the same 

physical processes do not occur throughout faulting in porous sandstones. Faulting in 

porous sandstones can be divided in to strain hardening processes (deformation bands 

and condensed deformation bands) and strain softening (slip surface nucleation), see 

chapter 5.

Deformation band faults grow to their full thickness at relatively low offsets at which 

point, given a sufficient density of deformation bands and perhaps correct strain rate, a 

slip surface will nucleate within or along the margins o f condensed deformation bands. 

The fault thickness data in this study suggests that soon after a major slip surface 

nucleates, the fault thickness scaling of the fault zone change. The onset of minor slip 

surface nucleation in the Entrada Sandstone is at approximately 0.1 m offset and major 

slip surface nucleation is approximately 1 m of offset. For comparison, the onset of 

(major?) slip surface nucleation in the porous Penrith sandstone occurs at approximately 

0.3 m offset (Knott 1994).

4.9.7 Comparison between the Goblin Valley faults and the Big Hole

fault at same values of offset

The mean thickness o f the fault core at Big Hole fault (17 cm) is similar to the Goblin 

Valley fault C mean fault core thickness (20 cm). The difference between the two 

values is quite low and is possibly related to fault linkage. The fault core is similar in 

both host rocks except that gouge is not present in fault C, Goblin Valley. This could be
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because the lower Entrada Sandstone is not as locally variable as the Navajo Sandstone. 

Similar breccia pods are observed at both localities indicating that shear faulting is a 

common feature post slip surface movement in both deformation band faults.

There are less minor slip surfaces at Big Hole fault compared to Goblin Valley. Minor 

slip surface networks are frequently observed at Goblin Valley. At Big Hole fault, there 

typically only 2 to 3 minor slip surfaces observed. A similar relationship is seen for 

major slip surfaces: at Goblin Valley there is usually at least two major slip surfaces 

compared to Big Hole fault where one major slip surface can occur in isolation for part 

o f the fault trace.

The similarities of fault core appearance and architecture in both the Entrada and 

Navajo Sandstones suggests that inferences about other faults in similar lithologies can 

be made without surface outcrop exposure. This conclusion is potentially useful for 

reservoir modelling (Chapter 6).

4.9.8 Fault evolution in the Moab Tongue, Sherwood and Corrie

sandstones

The fault core at Big Hole fault and Goblin Valley is similar to fault core at other 

localities visited, such as Yellow Cat fault. Isle of Arran and Thurstaston. All of the 

other localities examined exhibit well-developed fault core with associated major slip 

surfaces indicating that the offset accumulated is at least on a metre scale. Observations 

from all localities support the sequential model developed for the Entrada and Navajo 

Sandstone faults.

The Thurstaston faults are characterised by highly polished slip surfaces with associated 

extensional comb fractures. There are no offset indicators along the Thurstaston 

common faults. The fault core thickness is highly variable. One fault strand, exhibiting 

complex linkage, has a mean thickness o f 52 cm with a standard deviation of 34 cm (n = 

54). This value of mean fault core thickness is higher than Big Hole fault and Goblin 

Valley. As at the other localities thick fault core measurements coincide with multiple 

major slip surfaces and complex linkage.

The Isle o f Arran faults also exhibit highly polished slip surfaces. There are no offset 

indicators along any of the faults examined. The geometry o f the major slip surfaces is 

relatively more complex exhibiting curvature and irregular linkage with nearby strands.
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There is also some evidence of oblique-slip movement along certain slip surfaces at 

Merkland Point. Fault zone complexity, like at Goblin Valley and Big Hole fault, is 

associated with breccia development. The most striking example of breccia pods in 

deformation band faults occurs at M erkland point. Isle of Arran. A thick accumulation 

12 to 15 cm long (along strike) of breccia occurs adjacent to a major slip surface.

The Yellow Cat fault is characterised by major slip surfaces that are reflective in 

sunlight, polished and fractured. The maximum offset at Yellow Cat fault is 

approximately 26 m. The evolution of the fault core at Yellow Cat fault is complicated 

due to interaction between two host rocks with different mechanical properties (see 

chapter 3). The evolution of the fault core appears similar in five different host rocks 

and different geological settings.

4.10 Conclusions

The main conclusions of this study on fault core evolution in the Entrada and Navajo 

Sandstones are summarised here.

• Deformation band fault tips are characterised by dispersed zones of deformation 

bands with thin clusters of deformation bands.

• As offset accumulates, deformation bands are added to form a zone of 

deformation bands. Deformation band density increases within the developing 

zone of deformation bands to form condensed deformation bands.

• Deformation band density is a potential tool to distinguish between components 

in hand samples or in core samples where there is no other fault information. 

Density measurements could potentially indicate the likelihood o f slip surface 

occurrence along fault strike. This information could be useful in the 

hydrocarbon industry where limited borehole data may be available, for 

predicting the presence o f slip surfaces which may act as conduits for fluid flow.

• M inor slip surfaces nucleate at low offsets (approximately 0.1 m) within 

condensed deformation bands and link up to form anastomosing networks.

• The number of minor slip surfaces increases as the thickness of condensed 

deformation bands increases.
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• Condensed deformation bands are cemented condensed bands when they occur 

in association with slip surfaces.

• M ajor slip surfaces form at approximately 1 m of offset along the margin of the 

fault core in association with cemented condensed bands.

• M ajor through-going slip surface could evolve from optimally oriented minor 

slip surfaces. Remnant minor slip surfaces are visible in the fault core after 

major slip surfaces evolve.

• Fault core thickness is highly variable along strike and is dependant on multiple 

variables such as condensed deformation band thickness, host rock pod 

thickness and the number of slip surfaces. There is typically a one to two order 

of magnitude variability in thickness along strike.

• Thick areas of fault core are consistently associated with complex linkage of 

nearby fault segments.

•  Mean fault core thickness increases either linearly or non-linearly with offset 

prior to major slip surface nucleation. After major slip surface nucleation (at 

approximately 1 m to 8 m of offset), the thickness of the fault core does not 

show a discernible increase with offset accumulation.

• There may be a relationship between fault linkage and sedimentary bed 

thickness but further field studies are needed to examine the influence of bed 

thickness on fault growth.
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Figure 4.13 Minor slip surfaces 
plotted against fault offset (m), 
Appendix III. There is no 
relationship between the quantity 
o f slip surfaces and accumulated 
offset.
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Figure 4.14 A. Fault core 
thickness (y axis) is plotted 
against fault offset (x axis) 
along fault B (Appendix III). 
The dotted line represents the 
mean fault core thickness of 
12.2 cm. Statistically, there no 
correlation between fault core 
thickness and offset 
accumulated B. Fault Core 
thickness versus distance (m) 
along fault B. Note the 2 order 
o f magnitude variation in 
thickness along strike.
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Figure 4.15 Condensed deformation band thickness (y axis) is plotted against 
fault offset (x axis) along fault B (Appendix III). The dotted line represents 
the mean condensed band thickness along fault B, which is 2.6 cm. There is 
no statistically significant increase in condensed band thickness with offset 
accumulated.
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Offset/distance profile for fault C. Maximum offset is 12 m. The profile 
represents a portion o f the fault (fault not well exposed to SE or further 
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Figure 4.18 Locality 10, Fault C. The major slip surface strikes NW-SE (looking west) 
and is curved (updip in photo) and fractured. The offset at this locality is 
approximately 6.5 m. The fault occus at the transition from yellow sandstone and 
underlying red siltstone.
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Figure 4.19 Major slip surface (triangle) and deformation band (square) orientation 
plotted as poles to plane on an equal area stereonet (Appendix IV). The major slip 
surfaces consistantly dip NE. The geometry o f the deformation bands and major 
slip surfaces is similar.



Fault core th ickness (Fault C)

120

100

80

60

40

20

0

♦  ♦ 
♦

X X ♦ ♦ ♦

6.0 7.0 8.0 9.0 10.0

Fault O ffset (m)

11.0 12.0

Figure 4.20 A. Fault core 
thickness (cm) against fault 
offset (m) (Appendix IV).
Fault offset is extrapolated 
between measured points. The 
dotted line represents the mean 
fault core thickness o f 20 cm. 
There is no correlation 
between fault core thickness 
and offset accumulated. There 
is a cluster o f measurements at 
locations with 10 to 11 m o f 
offset, where there is frequent 
fault linkage.

B Fault corc thickness/distancc

120 

I 100
S 80 

I  60

402ou
20■3

b
0 50 100 150 200 250

Distance (m)

Figure 4.20 B. 
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Figure 4.28c Mean condensed deformation band (including cemented 
condensed bands) thickness is plotted against fault offset (m) (Appendix V). 
The mean thickness is represented by a dotted line (4.2 cm). The highest 
measurement is recorded at locality 6.
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Figure 4.29a Mean fault core thickness for each fault plotted against offset 
accumulation. Error bars represent two standard deviations. 4.29 b Thickness of 
fault core minus host rock and deformation bands against fault offset (m). There 
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Figure 4.30 Two possible models are presented. There are many possible models given 
the size and distribution of error bars (2 standard deviations). However, the two models 
presented fit with qualitative field observations. Model 1 is a '2 stage' trend where there 
is a linear increase in thickness (< 1 m offset) followed by (> 8 m offset) no correlation 
in thickness with offset accumulation. Model 2 is a parabolic model that indicates a 
non-linear increase in thickness in the early stages that eventually plateaus. Both 
models predict no correlation between fault core thickness and offset accumulated at 
higher offsets (> 8 meters).
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Figure 4.31 Summary diagram of fault core thickness m relation to distance for fauhs A to C, Goblin Valley. 
The relationship between host lithology and thickness is investigated by matching thickness measurements 
with host lithology. The host litohologies (lower and upper porous members) are identical meaning the only 
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needed to examme this reahionship fully. In fault C, there is no apparent difference between vanance and 
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Figure 4.32 Deformation in red siltstone layer, Lower Entrada Sandstone, fault 
core is composed o f shale gouge (A). Change in deformation mechanism is 
sharp (B) and highly localised (C). HW is hanging wall and FW is footwall.
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Figure 4.33 Frequency distribution o f density measurements (bands per cm) in 
zones of deformation bands (black) and condensed deformation bands associated 
with slip surfaces (grey) from Faults A and B, Goblin Valley (Appendix III). 
Density measurements were made along transects perpendicular to the fault core. 
The mean density o f condensed bands with slip surfaces is 9.8 bands per cm 
(dotted black line), measurements above 10 are limited (n = 8) due to difficulties 
distinguishing between adjacent deformation bands. The mean density o f bands in 
a zone o f bands in the fault core is 2.7 bands per cm (n = 43) (dotted black line).
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Figure 4.35 Minor slip surface quantity is compared to condensed deformation band 
(including cemented condensed band) thickness (cm) for faults A, B and C, Goblin 
Valley. Statistically, there is a highly significant correlation (p value < 0 .1 ) between 
the number of slip surfaces and the thickness o f condensed deformation bands.



co
c«
U

Entrada Sst

20

I-*o
H
(D

o 
U
3

CO 

U i

10

Entrada Sst

Navajo Sst 
Loc. 1

Navajo Sst

Loc. 3
Loc. 4

0.2 8 12 17

Metres o f offset (not to scale)

20

Host rock and deformation bands

Condensed deformation bands and cemented condensed bands

Minor slip surface 

Major slip surface

Figure 4.36 Histogram showing partioning o f different fault core components 
for faults A, B and C, Goblin Valley and localities 1, 3 and 4, Big Hole fault 
(Appendices 111, IV, V). The histogram depicts the evolution o f deformation 
band fault core components. Condensed deformation bands in the fault core 
where total offset is greater than 8 m are primarily cemented condensed bands.



Chapter 5 Deformation Mechanisms in 
Deformation Band Fault Core

5.1 Introduction

In chapter 5, the microscale characteristics of the fault core are examined to understand 

the grain scale mechanisms of deformation throughout the evolution o f the fault core. 

Sixty-two fault core samples (Appendix I) were collected and analysed using a variety 

of techniques including petrographic microscopy, scanning electron microscopy (SEM), 

image analysis (lA), and cathodoluminescence (CL).

From macroscale outcrop observations, it is apparent that the fault core is primarily 

composed o f a shiny, glassy-like material that thickens and thins along strike, 

deformation bands and slip surfaces. In chapter 3, the fault core was divided into several 

distinct components. Chapter 4 presented an evolutionary model for the development of 

the fault core based on outcrop observations. In this chapter, the grain scale properties 

of each component are analysed to examine the mechanisms of deformation, which are 

not recognisable from outcrop studies.

A mechanism of deformation is a process on one scale that accommodates an imposed 

deformation on a larger scale. Examples of mechanisms of deformation are cataclasis, 

diffusive mass transfer by solution, intracrystalline plasticity, solid-state diffusive mass 

transfer and phase transformations (Blenkinsop 2000). Deformation mechanisms are 

controlled by a variety of intrinsic and extrinsic variables. The intrinsic variables are 

grain size, grain shape, mineralogy and porosity. The extrinsic variables are stress, 

temperature, strain rate and pore fluid pressure. The type of structure that forms in a 

developing fault zone is largely due to a combination of intrinsic and extrinsic variables. 

One of the most crucial intrinsic properties is porosity (Dunn et al. 1973; W ong et al. 

1997). For example, in a low porosity (< 5 %) host rock the principal mode of failure is 

tensile microfracturing whereas in a higher porosity host rock (> 15 %) the mode of 

failure is pore space collapse and brittle grain fragmentation (Rutter and Hadizadeh

The processes o f faulting alters the material properties of a host rock in a variety of 

ways to produce a fault rock. The grain scale analysis of fault rock allows one to

1991).
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interpret the physical conditions during faulting, hence placing some constraints on the 

pressure and temperature conditions during deformation. Figure 5.1 shows typical 

deformation mechanisms associated with relative differential stress and temperature 

conditions in the crust.

5.2 Objectives

There are several specific objectives of the microstructural study. Firstly, what is the 

microstructure o f condensed deformation bands? Single deformation band 

microstructure has previously been described in detail (Aydin and Johnson 1978; 

Antonellini et al. 1994; W ibberley et al. 2000). In this dissertation deformation bands 

were termed ‘condensed deformation bands’ when greater than six bands per centimetre 

was encountered. The objective of this part of the study is to examine whether 

condensed deformation bands are solely associated with an increase in density of 

deformation bands, or if there are other mechanisms of deformation contributing to their 

formation. If condensed deformation bands are simply densely packed deformation 

bands, one would expect there to be a similar mean porosity and a similar grain size 

distribution in condensed deformation bands compared to zones of deformation bands.

The second objective of this chapter is to understand the microstructural properties of 

minor and major slip surfaces. A clear distinction was made in section 3.2 between 

minor and major slip surfaces. M inor slip surfaces were seen to form at quite low 

offsets (~ 0.1 m) in association with condensed deformation bands and major slip 

surfaces tended to evolve after approximately 1 m offset on the margin of the fault core. 

One objective o f this chapter is to examine the microstructural properties of minor and 

major slip surfaces including the influence of offset accumulation on slip surface 

microstructure. Slip surfaces are associated with a region o f intense crushing (Aydin 

and Johnson 1978; Shipton et al. 2005). This study aims to uncover whether this region 

of increased crushing is always found in association with slip surfaces, and if so at what 

point it evolves. Aydin (1978) found no evidence to suggest a relative timing 

relationship between the area of increased crushing and slip surface development, but 

this study has highlighted a critical intermediate component (condensed deformation 

bands), which could potentially preserve relative timing evidence.
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The third objective is to understand the occurrence of brittle fracturing in the fault core. 

The fault core is commonly fractured by multiple different fracture modes. The grain 

scale features of the fractures have not been investigated previously. Chapter 3 showed 

that fault reactivation leads to fracturing, shearing and breccia development. One of the 

objectives of this chapter is to understand the grain scale mechanisms of deformation 

during breccia development.

Finally, in chapter 3, the fault core was divided in to six distinct components based on 

observations from a range of different host rock lithologies. Chapter 5 aims to 

characterise the grain scale features of each component to examine if there is significant 

differences in microscale character as observed in outcrop studies.

5.3 Samples and methodology

5.3.1 Samples

Oriented hammer samples and core plugs were collected from the fault core and damage 

zone of all the faults examined. The core plugs were collected using a hand-held petrol- 

powered diamond drill, which allowed samples to be oriented in position. The drill 

allows specific points along the fault to be sampled, even in well-polished outcrops that 

potentially could be difficult to sample using a geological hammer. Cores are typically 

3 -  6 cm in length and 2.5 cm across. A sample list is shown in appendix I. Standard 

thin sections (30|jm  thick) were made of each sample for petrographic studies.

5.3.2 Techniques

The analysis o f microstructures was conducted using a variety of techniques including 

traditional optical petrography, scanning electron microscopy (SEM), backscattered 

SEM (BSEM) and Cathodoluminescence (CL). Initial studies were carried out using 

standard optical petrographic microscope. Digital photographs of microstructures and 

fabrics were taken using a digital camera attached to the optical microscope.

Backscattered SEM was used to examine the mineralogy and porosity of the fault core.

In BSEM, each greyscale shade corresponds to the atomic number o f the mineral. 

BSEM images therefore help clarify the mineralogy and identify pore space of a 

material. BSEM images were used in conjunction with Scion Image Analysis to 

measure porosity and grain size (see section 2.9 for more details). CL is a technique
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commonly used to study mineral growth in sedimentary rocks. CL works by firing 

electrons at a sample causing excitation and luminescence of mineral phases. The 

luminescence intensity varies depending on multiple factors including minor variations 

in trace chemistry (Passchier and Trouw 1998). CL can also be useful in micro-tectonic 

studies because it can reveal mineral growth from solution, for example in microcracks. 

CL has previously been used to show detail in cataclasite by Blenkinsop and Rutter 

(1986). Standard thin sections were prepared at Trinity College Dublin and carbon 

coated at the University of Glasgow for CL analysis. Samples were examined in a CL 

system in Trinity College Dublin and a combined CL-SEM at the University of 

Glasgow. It was found that luminescence intensity and clarity is greater from a 

combined system as opposed to a stand-alone CL apparatus.

5.3.3 Methods

Grain size is measured in single deformation bands and sugary textured condensed 

deformation bands only. The same grain size analysis techniques described in section 

2.9 are used here with some minor differences. After the BSEM images are acquired 

(magnification o f times 35), they are imported into Adobe Illustrator. In Adobe 

Illustrator, a large selection (~ 200) o f grains are manually outlined and shaded. It was 

found that Scion Image Analysis could not distinguish between grains in close 

proximity to each other so each grain was manually moved away from each other in 

Adobe Illustrator. It was not possible to measure grain size, using Image Analysis, in 

intensely deformed fault core samples (i.e. cemented condensed bands) due to the 

combined effects o f pressure solution and quartz cementation. An example of an 

intensely deformed sample in BSEM is shown in Figure 5.2. In Figure 5.2, the fault core 

appears as a solid homogeneous medium where quartz cement occupies pore space and 

grain boundaries cannot be distinguished from one another. It is likewise difficult to 

distinguish between grains in optical petrography where re-precipitated quartz is in 

optical continuity with detrital grains. It is possible to distinguish between individual 

grains using the combined SEM/CL system. However, the resolution of the equipment 

is not great enough to observe the smallest grain fractions (< 0.01 mm). Qualitative 

observations of grain size are made using optical petrography, SEM and CL. Best 

results are achieved from a combined SEM/CL system where you can switch between 

both modes of analysis. Grain shape is also qualitatively described for each sample.
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Porosity is measured using the same technique outlined in section 2.9 where BSEM 

images are imported into Scion Image Analysis. In this microscale study, porosity 

transects spanning 10 to 15 mm are made perpendicular to the fault strike in condensed 

deformation bands. BSEM images are captured every 2 to 3 mm at a magnification of 

times 35. Porosity is measured for each image captured and then plotted against 

distance (mm) along each transect. The images are then joined to form a mosaic using 

Adobe Photomerge and compared to the transect data. In addition to porosity 

measurements in image analysis, thin sections were stained with blue epoxy to highlight 

pore space. Thin section staining is ideal for recognising ‘open’ microstructures such as 

fractures and slip surfaces in the fault core using the optical microscope.

5.4 Microstructure of deformation bands

Given the depth of pre-existing literature concerning the microstructure of deformation 

bands (Aydin 1978; Underhill and W oodcock 1987; Antonellini et al. 1994; Menendez 

et al. 1996; M air et al. 2000; W ibberley et al. 2000; Ogilvie and Glover 2001; Johansen 

et al. 2005; Milliken et al. 2005) only a brief optical microscope study o f deformation 

bands from each field area is conducted in this study. The purpose of studying single 

deformation bands is primarily to establish the type o f deformation band observed (see 

introduction for types of deformation bands) and to confirm the dominant mechanisms 

of deformation in the deformation bands.

The deformation bands in this study typically have an inner core (0.5 mm wide) of 

intensely comminuted grains surrounded by an outer margin of low porosity sandstone 

with occasional intragranular fractures. The inner core is composed o f fragmented sub- 

angular to sub-rounded grains. Microfractures are rarely observed in the inner core of 

the deformation band. In the outer margin, some larger grains preserve evidence of 

curved intragranular fractures that have been described in detail by Aydin (1978). The 

curved microfractures can be open or healed. Under the optical microscope, the healed 

fractures are marked by distinct lines of secondary fluid inclusion trails. In CL, healed 

intragranular microfracturing is highlighted by different degrees of luminescence 

between the detrital grain and the cement occupying the fractures. In general, the 

fracture fill is more luminescent than the detrital grain.
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5.4.1 Grain size, grain shape and mineralogy

There is a decrease in grain size from host rock (0.15 mm to 0.6 mm, see chapter 2 for 

host lithology grain size) to deformation band (sub micron to 0.6 mm) in all samples 

analysed. Deformation band grain size can be divided in to two categories: framework 

grains (0.02-0.6 mm) and matrix grains (< 0.02 mm). Framework grains include 

survivor host-sized grains (0.15 to 0.6 mm) and large fragmented grains (0.02 to 0.25 

mm). Matrix grains, representing the finer gouge fraction, were not discemable using 

the techniques in this study. Deformation bands commonly contain approximately 60 to 

70 % matrix grains and 30 to 40 % framework grains, making the deformation band 

matrix-supported.

The majority of framework grains in deformation bands in the Entrada (Moab Tongue 

and Lower Entrada) and Navajo Sandstones appear to be between 0.08 and 0.13 mm in 

diameter, showing a slight decrease from the mean host rock grain size of 0.1 to 0.5 mm 

(Navajo sandstone), 0.17 mm (Moab Tongue) and 0.25 (Lower Entrada) (Figure 5.3). 

The larger framework grains are typically sub-rounded quartz grains. Feldspar grains 

tend to show more fragmentation than quartz grains and therefore represent the smaller 

framework grains. The matrix grains are sub-angular to sub-rounded grain fragments. 

Matrix grains include shattered quartz and feldspar grains, spalled iron oxide grain 

coatings and possibly cement fragments.

The combination of framework and matrix grains creates a poorly sorted zone of 

cataclasis that is approximately 0.5 to 0.7 mm thick. In thin section, the tips of 

individual deformation bands tend to pinch out. The area ahead of the tip did not appear 

fractured.

5.4.2 Porosity and diagenesis

Deformation band porosity (2 -12  %) is decreased with respect to host rock porosity (17 

-26  %). Mean deformation band porosity is approximately 8 % with occasional lower 

values of 2-5 % observed in diagenetically altered deformation bands (Figure 5.4). The 

greatest porosity reduction is generally seen at the centre of the deformation band. In 

zones of deformation bands, the pods of host rock between bands also show reduced 

porosity with respect to host rock values.
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There is a small amount of quartz cementation present in all deformation bands 

analysed. This occurs as overgrowths on larger grains or occupies small amounts of 

pore space in between grain fragments. The cementation is not widespread, as there is a 

distinct microporosity, highlighted by blue epoxy staining, preserved within the central 

portion of deformation bands.

In some instances, deformation bands are diagenetically altered via iron oxide 

precipitation and cementation of carbonate minerals. Occasional iron oxide rich 

deformation bands are observed at almost all the localities examined. Iron oxides, 

visible as dark-coloured material in plane polarised light, can be evenly distributed 

within a deformation band or confined to the boundary between the deformation band 

and the host rock (Figure 5.6). Occasionally, thin regions of concentrated iron oxide can 

occur in localised strings within a deformation band. Sporadic carbonate cementation 

was observed in deformation bands in the Navajo Sandstone and Moab Tongue Member 

of the Entrada Sandstone.

5.4.3 Summary of observations

There is evidence of grain size reduction, porosity loss and quartz precipitation in all of 

the deformation bands analysed. The degree of porosity loss and grain size decrease 

observed is similar to published work of cataclastic deformation bands in porous 

sandstone (Aydin 1978; Antonellini et al. 1994).

5.5 Microstructure of condensed deformation bands

Forty-eight condensed deformation band thin sections are analysed in this study. The 

samples were collected from faults at different offset intervals and in different 

lithologies. Initial standard petrographic techniques revealed a range of microscale 

features in condensed deformation bands and cemented condensed bands that are 

different from zones of deformation bands. Sugary textured condensed deformation 

bands are described in section 5.5.1. Cemented condensed bands and condensed 

deformation bands, which are associated with minor slip surfaces, are described in 

section 5.5.2. Cemented condensed bands in association with major slip surfaces are 

described in section 5.6.
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5.5.1 Pre-slip surface condensed deformation bands

Sugary textured condensed deformation bands are found at low offsets (< 10 cm) in the 

damage zone, at fault tips (for example fault A, Goblin Valley) and in the fault core. 

The early stage condensed deformation bands form at points of high deformation band 

density. These areas of high density were highlighted as the primary stages of fault core 

development in chapter 4.

5.5.1.1 Grain size, grain shape and mineralogy

Grain size is measured for the transition between zones of deformation bands and 

condensed deformation bands in samples BH_3, BH_7, YC_2 and YC_1 (Appendix 

VI). These samples represent the transition from zones of deformation bands to 

condensed deformation bands in the damage zone of Big Hole fault in the Navajo 

Sandstone and Yellow Cat fault in the Entrada Sandstone (Moab Tongue Member). The 

mean grain size is 0.059 mm with a standard deviation of 0.03 mm (Figure 5.6). Grain 

size could not be measured below 0.005 mm so the grain size distribution is skewed to 

the right in Figure 5.6. The grain size distribution shows a 1 to 2 order of magnitude 

reduction compared to host rock grains and a slight reduction (0.08 mm to 0.059 mm) 

compared to zones of deformation bands. Similar samples of early stage condensed 

deformation bands from the damage zone of the Thurstaston faults in the Sherwood 

Sandstone and Entrada Sandstone show pockets of large survivor grains sitting in the 

comminuted matrix (Figure 5.7).

Condensed deformation bands show areas of increased grain crushing within the already 

comminuted matrix. Figure 5.8 shows thin (< 0.4 mm thick) zones of increased grain 

crushing in condensed deformation bands in the Entrada (Moab Tongue) and Lower 

Entrada Sandstones. They stand out from the surrounding crushed sandstone by having 

a consistent sub micron well-sorted grain size. These areas of increased grain crushing 

are not observed in zones of deformation bands. The thin zones are millimetres to 

centimetres in length and approximately 0.2 to 0.4 mm wide. They often occur near the 

boundary between condensed deformation bands and adjacent host rock. The amount of 

framework grains is reduced compared to zones of deformation bands. The percent
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matrix increases from zones of deformation bands (~ 30 %) to approximately 50 to 60 

% in condensed deformation bands.

Grain shape is similar to zones of deformation bands with a full range of angular to sub

rounded fragments observed. The survivor grains are generally sub-rounded and the 

comminuted grains are angular to sub-rounded.

In BSEM, the mineralogy of condensed deformation bands appears to show no change 

from zones of deformation bands. However, feldspar grains are preferentially broken 

down along cleavage planes and consequently are not as easily recognised in condensed 

deformation bands compared to zones of deformation bands.

5.5.1.2 Porosity

Intergranular porosity is reduced in condensed deformation bands (1 -  6 %) with respect 

to zones of deformation bands (2 -  12 %). Porosity in sample BH_3 varies from 1.5 % 

to 5.1 % across the sample. Porosity is highest where localised pockets of host-sized 

grains occur. There is some overlap in porosity values from 2 -  6 % between

diagenetically altered zones of deformation bands and condensed deformation bands. In

diagenetically altered deformation bands, the porosity reduction is due to cement 

occupying pore space. In condensed deformation bands, however, the porosity reduction 

is primarily associated with pore space collapse, grain fragmentation and occasionally 

cementation.

5.5.1.3 Microstructures and diagenesis

Decreased porosity is associated with grain size reduction and cementation. Condensed 

bands show minor evidence of quartz and rarely carbonate cement. The cement 

occupies intergranular pore space between fragmented grains. The condensed 

deformation bands are however, matrix grain supported rather than cement supported. 

The condensed deformation bands also exhibit evidence of minor pressure solution 

along grain boundaries. Figure 5.8 shows indented grain boundaries in framework 

grains separating two intensely crushed regions.

Quartz overgrowths are visible under the petrographic microscope on the larger grains 

in all samples studied. The majority of overgrowths are irregularly shaped and 

occasionally the quartz overgrowth occurs on only one side of the grain. The original
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grain boundary is often marked by a ring of secondary fluid inclusions. Intragranular 

microfractures do not penetrate the overgrowths.

Iron oxides, visible as distinct brown/black material in plane polarised light, are strung 

out in linear bands forming a fabric parallel to the fault strike within the highly crushed 

regions.

5.5.1.4 Summary

Condensed deformation bands exhibit increased grain fragmentation along localised 

zones and increased porosity loss compared to zones o f deformation bands. The 

condensed deformation bands also show evidence o f minor quartz cementation, similar 

to zones of deformation bands, and minor evidence of pressure solution. A fabric is 

delineated by iron oxide bands running parallel to the fault through the condensed 

deformation bands. The most striking difference compared to zones o f deformation 

bands is the occurrence of thin zones of increased grain crushing within the condensed 

deformation bands.

5.5.2 Minor slip surfaces and condensed deformation bands

Condensed deformation bands are often found in association with minor slip surfaces in 

the fault core. Seven thin sections of condensed deformation bands with minor slip 

surfaces and cemented condensed bands were analysed in this study.

In thin section, minor slip surfaces are anastomosing traces that are associated with 0.1 

to 0.3 mm thick zones of intense crushing. The area of increased grain crushing is 

typically white in plane-polarised light due to removal of iron oxides. There are 

typically one to three larger survivor grains in a matrix of sub 0.005 mm sized grains. 

The grains appear well sorted but show irregular grain boundaries. The area of 

increased grain crushing is similar to that described in condensed deformation bands in 

section 5.5.1.

M inor slip surfaces tend to anastomose along their length, exhibiting more geometrical 

variability (perpendicular to the slip vector) than major slip surfaces (see section 5.6). 

They link to form anastomosing networks both within the condensed deformation bands 

and on the margins o f condensed deformation bands. There is typically a sharp contact
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between the slip surface and nearby regions of host rock or deformation bands. Iron 

oxides can be found either occupying open slip surfaces or in the region adjacent to the 

intensely crushed area.

5.5.2.1 Porosity

Porosity transects were made across five condensed deformation band samples in the 

Entrada Sandstone (Table 5.1). The condensed deformation bands are associated with 

slip surfaces observed in outcrop but not present in thin section. Figures 5.9 and 5.10 

show BSEM mosaics for each sample and an associated porosity transect. Each transect 

begins adjacent to minor slip surfaces in each sample.

Sample Host Lithologv Total Offset Porositv (%) Std. (%)

G V A _lb Entrada Sandstone 8 -  9 cm 5.7 2.1

GVA_2 Entrada Sandstone 8 -  9 cm 3.7 1.5

GVA_4 Entrada Sandstone 20 cm 1.2 0.3

GVB_4 Entrada Sandstone 76 cm 2.4 0.9

GVB 3 Entrada Sandstone 95 cm 2.7 2.0

Table 5.1 Porosity (mean) transect results for condensed deformation bands associated 

with minor slip surfaces. See Figures 5.9 and 5.10. ‘S td’ is standard deviation.

The porosity transects and associated BSEM images show that condensed deformation 

band porosity varies with distance from minor slip surfaces. The mean porosity in 

condensed deformation bands is 3.1 %. Occasionally, there are small pockets of higher 

porosity sandstone (~ 4 to 8 %), which represent remnant host rock pods that originally 

separated deformation bands in a zone. The host rock pockets are discontinuous and are 

most notable in the lower offset samples (Fault A) of Goblin Valley. The lowest 

porosity measurements o f 1 to 2 % correspond to the sites of increased grain crushing 

and cemented condensed bands near to slip surfaces. Figure 5.11 shows a BSEM image 

of a minor slip surface in sample BH_9. There is less than 1 % porosity (black in
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BSEM) adjacent to the slip surface. Thin sections stained with blue epoxy resin to 

highlight pore space show negligible staining adjacent to slip surfaces.

S.5.2.2 Diagenesis and grain fragmentation

There is ubiquitous evidence o f grain fragmentation, cementation and pressure solution 

in cemented condensed bands associated with minor slip surfaces. Figures 5.12 and 5.13 

show CL images o f samples GVA_1 and GVA_2. Both samples are of low offset 

(approximately 0.1 m) condensed deformation bands in association with minor slip 

surfaces. The larger grains show evidence of intense intragranular microfracturing. The 

degree o f fracturing varies from grains having just 2 to 3 curved microfractures to 

complete fragmentation of the original grain. Feldspar grains tend to be completely 

fragmented whereas quartz grains exhibit less intense fracturing. The individual 

fragmented grains (from one single grain) typically have not moved very far from each 

other. The quartz cement that fills fractures and occupies pore space tends to be less 

luminescent than the detrital grains.

Both images show regions of intense crushing. The minor slip surfaces occur on the 

margin o f the region of intense crushing. In one image, the slip surface is associated 

with a later parallel fracture. The slip surfaces in these samples have not accommodated 

more than 10 cm of offset. It is impossible, due to the resolution of grain-size 

techniques used, to discern the microscale features of the grains in the region of intense 

crushing.

There is also evidence of grain-to-grain indentation in both samples in CL. 

Interpenetrating grains and irregular grain boundaries are commonly observed in each 

sample. The grains tend to have a fuzzy appearance and individual grain boundaries are 

difficult to distinguish.

Rarely there are short (mm) shears oriented at approximately 15° to the minor slip 

surface. The shears end at the slip surface. The junction between the main slip surface 

and the shear tends to exhibit a thicker region of grain crushing, similar to the process of 

slip surface linkage on a macroscale. These shears are well developed in association 

with major slip surfaces (see section 5.6).
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5.6 Major slip surfaces

Seventeen thin sections of major slip surfaces were analysed in this study. The amount 

of offset along each major slip surface varies from 1 to 23 m. Major slip surfaces occur 

in association with cemented condensed bands, condensed deformation bands and minor 

slip surfaces.

In thin section, major slip surfaces are sharp linear features. Like minor slip surfaces, 

there is a region of intense grain crushing adjacent to the major slip surface. It is 

impossible to tell, due to resolution of grain-size technique used, if there is any further 

granulation close to major slip surfaces compared to minor slip surfaces.

Figure 5.14 shows petrographic images of major slip surfaces with increasing offsets. 

The thickness of the region of increased crushing varies from 0.02 to 0.35 mm. The 

lower offset slip surfaces (GVA and GVB) show distinct areas of grain crushing but 

poor development of a shear fabric. The larger offset slip surfaces show a well- 

developed shear fabric (see below), marked by iron oxide solution seams and zones of 

intense grain crushing. The thicker sections of increased grain crushing are sometimes 

associated with linkage of obliquely oriented shears. There is no increase in the 

thickness of the region of intense crushing with offset accumulation.

5.6.1 Slip surface shears

The oblique shears are oriented at approximately 15° to 40° to the slip surface and are 

marked by thin zones of grain crushing. The shears end right at the slip surface and 

extend in to the surrounding condensed deformation bands. There is no evidence of 

offset along these shears but the presence of intense cataclasis and grain alignment 

indicates that some degree of shear occurred. The length of the shears varies from 1 mm 

to > 5 cm (visible on larger thin section slides). The long axes of shattered framework 

grains within the condensed deformation bands are aligned parallel to the shear fabric. 

Figure 5.15 shows alternate areas of iron oxide-rich and iron oxide-poor areas that are 

also aligned with the oblique shear zones. The iron oxides form wavy seams that 

alternate with quartz dominated regions. They are clearly visible in plane-polarised light 

(Figure 5.16) in sample BH_14.
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5.6.2 Diagenesis and porosity

Grains are irregularly shaped and have ‘fuzzy’ or jagged grain boundaries (Figure 5.17). 

There is more evidence of grain indentation and pressure solution in cemented 

condensed bands that are associated with major slip surfaces compared to minor slip 

surfaces. Quartz cement occupies pore space and stylolitic seams occur within the 

condensed deformation bands.

There is typically less than 1 % porosity in the region surrounding major slip surfaces. 

Blue epoxy staining shows that the small amounts of porosity that are present are 

associated with mode I fractures and occasional open slip surfaces. Host rock pockets 

are rare within centimetres of major slip surfaces.

5.6.3 Summary

Major slip surfaces occur on the margin of condensed deformation bands in association

with regions of intense crushing and low porosity. The adjacent condensed deformation 

bands contain a shear fabric marked by iron oxides and regions of grain crushing. Long 

axes of grains and strung out grain fragments are parallel to the shear fabric. Quartz 

cementation and pressure solution is ubiquitous in the grains surrounding major slip 

surfaces.

5.7 Fractures

Fractures are present in the majority of cemented condensed bands and slip surface 

samples analysed (see chapter 3). There are two sets of fractures, a mode I fracture set 

oriented approximately perpendicular to major slip surfaces and a set of shear fractures 

(comb fractures) oriented approximately 30° to major slip surfaces. The mode I fracture 

sets are found throughout the entire fault core except in host rock and deformation 

bands. The shear fractures are only found in association with major slip surfaces.

5.7.1 Extensional fractures

The extensional fractures are ‘wavy’ and generally follow framework grain boundaries 

throughout the fault core but most commonly in cemented condensed bands. They can
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be ‘open’ (pore fluid occupies fracture) or cemented with iron oxide or quartz cement. 

Figure 5.18 shows an example of a quartz filled fracture in thin section. The fracture 

density and orientation varies, however the majority of fractures trend approximately 

perpendicular to the fault core.

5.7.2 Shear fractures

Shear fractures, related to later reactivation events, were described in chapter 3. The 

shear fractures occur as major normal and reverse-offset pairs. They are typically 

orientated at 25° to 35° degrees to the major slip surface and cut in to the adjacent 

cemented condensed bands. The fractures can be open or cemented with iron oxides or 

quartz cement. Figure 5.19 shows the geometry and sense of movement along the shear 

fractures in samples GVC_8 and GVC_9. There is approximately 1 to 3 mm of offset 

along each individual shear fractures. The images show how the fractures offset solution 

seams, and the shear fabric formed during slip surface development (see section 5.6). It 

is possible to reconstruct the deformed fault core in some samples especially where iron 

oxide solution seams are clearly offset.

The shear fractures are not associated with a region of grain crushing seen adjacent to 

slip surfaces and slip surface shears. They are relatively ‘clean’ fractures that are 

difficult to recognise when not offsetting marker beds. MC_2 is a major slip surface (7 

m offset) that is associated with early stage breccia development (Figure 5.20). The slip 

surface is rutted and grooved in outcrop (see Figure 3.13) and small offsets of the slip 

surface are apparent when examined in cross-section. The thin section in Figure 5.21 

shows a minor slip surface within the condensed deformation bands. The slip surface is 

cut by multiple fractures at approximately 30° to the slip surface place. The fractures are 

viewed under the petrographic microscope and in BSEM. The fractures are only 

apparent when cutting the slip surface. They are either open or cemented with iron 

oxides.

92



Deformation Mechanisms

5.8 Breccia

Two samples of breccia are analysed in this study. The small number of samples is due 

to the difficulty in making thin sections of breccia, which tends to break along fractures 

and clasts destroying the sample.

Breccia is found in association with major slip surfaces in the fault core (Figure 5.21). 

In thin section, the clasts are sub-angular to sub-rounded and approximately 1 to 4 mm 

in diameter, slightly smaller than the measured clast size in outcrop. The clasts are 

composed of portions of slip surfaces and associated condensed deformation bands. The 

portions of slip surfaces can often be repositioned to resemble the original slip surface 

before shear fracturing.

There are intragranular fractures within the clasts that terminate at clast boundaries. The 

fractures can be cemented or open. The fractures are similar to the mode I fractures 

described in this study (section 5.8.1).

The matrix surrounding the clasts tends to have higher porosity than condensed 

deformation bands as evidenced in blue epoxy-stained sample GVC_4. Condensed 

deformation bands that remain un-brecciated are observed relatively close to the site of 

clasts and intense fracturing.

5.9 Gouge

Only limited regions of specific faults exhibited gouge in the fault core. In thin section 

(BH_4), the gouge is composed of fragmented sub-rounded to sub-angular framework 

grains with thin regions (0.2 to 0.4 mm) of increased cataclasis (matrix grains) (Figure 

5.22). The mean framework grain size is approximately 0.13 mm. The framework 

grains in the gouge exhibit intensive intragranular microfracturing. The matrix grains do 

not exhibit intensive intragranular microfracturing. An estimated 30 % of the gouge is 

made up of matrix grains (grains less than 0.02 mm). The areas of increased grain 

crushing are millimetres apart (6 to 8 mm) and exhibit both low porosity and relatively 

higher porosity regions along their lengths.

XRD analysis shows there is no evidence of clay mineralisation in the gouge 

(Appendix II). Blue epoxy staining shows that the gouge unit remains relatively porous 

(estimated 10 % porosity) compared to cemented condensed bands and slip surfaces.
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5.10 Discussion

5.10.1 Deformation bands

The deformation bands examined in this dissertation are all cataclastic deformation 

bands. Cataclasis is the dominant process goveming deformation band formation in 

porous host rocks (Menendez et al. 1996; Aydin et al. 2006). In this study, a one order 

of magnitude reduction in porosity is observed in most deformation bands, with greater 

reduction in cemented deformation bands. Some grains retain evidence o f grain-to-grain 

microfractures. The majority of fractures are Hertzian fractures, which form in response 

to grain impingement (Aydin 1978; Blenkinsop 2000).

Iron oxide coatings that are present on host grains are missing in deformation band 

grains. Instead, iron oxide is distributed throughout the band, in discrete strings or on 

the boundary o f the b a n d .. Iron oxides at the margins of deformation bands indicate that 

the boundary between the deformation band and the surrounding host was a conduit to 

fluid flow at some point. The mobilisation and accumulation of iron oxide could be 

associated with an initial stage o f dilation (Menendez et al. 1996) in the band associated 

with grain rolling.

There is evidence for localised intergranular quartz cementation in deformation bands. 

Considering deformation band permeability is significantly reduced compared to the 

host rock (Antonellini and Aydin 1994) it is unlikely that fluid flow occurred post 

deformation band development. This indicates a possible coupled mechanical and 

chemical deformation during deformation band development. Milliken et al. (2005) 

compiled CL mosaics of deformation bands and measured the amount o f intergranular 

quartz cementation. They conclude that significant porosity reduction is due to 

cementation rather than compaction. This study found only minor evidence of quartz 

cementation suggesting that it is responsible for only a small portion (1 to 3 %) of the 

porosity loss.
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5.10.2 Condensed deformation bands

Condensed deformation bands show evidence of further grain fragmentation compared 

to single deformation bands and zones of deformation bands. A mean frameworlc grain 

size decrease (0.08 to 0.059 mm) shows that larger grains within the deformation bands 

are being deformed, causing an increase in the percentage of matrix grains. Marone and 

Scholtz (1989) made similar observations in an experimental model simulating fault 

gouge formation. They observe that grain size reduction preferentially affects larger 

clasts that come into contact with each other in a matrix-supported gouge. Localised 

regions of increased grain crushing along the margins and within condensed 

deformation bands indicate that further granulation occurs post deformation band 

development. The areas o f increased grain crushing tend to be parallel to remnant 

deformation bands, which can be picked out by small (mm across) pockets of higher 

porosity sandstone. Similar increased grain crushing is reported by other authors in 

zones of deformation bands (Johansen et al. 2005; Shipton et al. 2005).

5.10.3 Minor and major slip surfaces

Slip surfaces are always found adjacent to regions o f increased grain crushing in 

condensed deformation bands. This suggests that slip surfaces nucleate along areas of 

increased grain crushing. It is unclear, due to limitations in grain size measurement 

techniques, if there is any further grain size reduction in this area after slip surface 

nucleation. Likewise, the region of increased crushing does not grow in thickness with 

offset accumulated along a slip surface (Figure 5.14). If indeed there is no further grain 

crushing, it suggests that this area acts solely as a nucleation point and is not a product 

of slip surface propagation. However, it is likely that frictional movement along the slip 

surface led to an increase in temperature (Di Toro el al. 2005; Rice 2006), which may 

have triggered quartz dissolution and migration in the region of intense crushing (see 

cemented condensed bands). Regardless, these observations suggest that is not possible 

to tell the amount o f offset along a slip surface just from examining the thickness of the 

zone of grain crushing.

The accumulation of offset along minor slip surfaces is associated with porosity 

reduction in the fault core (Figure 5.23). The porosity transects in Figures 5.9 and 5.10 

show that condensed deformation bands have a variable porosity across their length.
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Occasional higher porosity measurements are observed along these transects. Increased 

porosity (5-8  %) is associated with less crushed deformation bands or remnant host 

rock. The mean porosity in condensed deformation bands (3.1 %) is lower than 

deformation bands (8 %)  indicating that significant porosity is lost after zone of 

deformation band development. Condensed deformation bands along Fault A, Goblin 

Valley, show a steady decrease in porosity with the amount of offset accumulated, see 

Figure 5.23. This indicates that porosity reduction occurs in conjunction with minor slip 

surface growth. Petrographic observations suggest that the porosity reduction is due to 

the combined effects of quartz cementation, pressure solution (more details below) and 

grain fragmentation and packing. These observations suggest that cataclasis, quartz 

dissolution, migration and precipitation are active during slip surface propagation. The 

relative contribution of each mechanism to the overall accommodation of strain is 

unknown. Fault B (major slip surface) samples show no relationship with porosity and 

offset. This could simply be because the resolution o f the techniques used could not 

discern any further loss o f microporosity.

Major slip surfaces are associated with highly crushed shear zones in an orientation 

consistent with Riedel shears, i.e. 15° to 20° to the sense of shear (Figure 5.24). The 

shears end against major, and rarely minor, slip surfaces. Riedel shears are thought to 

form prior to the development o f a through-going slip surface (Y shear) (Tchalenko 

1968; Passchier and Trouw 1998). Microstructural observations of condensed 

deformation bands prior to slip surface development show no Riedel-like shears. An 

iron oxide fabric (parallel to sense o f shear) exists in condensed deformation bands but 

this fabric is not in the correct orientation to be a Riedel shear. The microstructural 

evidence here indicates that the Riedel-like shears did not evolve until during slip 

surface nucleation or after slip surface nucleation. Therefore, strictly speaking the 

shears are not classic precursor Riedel shears (Tchalenko 1968) that form prior to the 

development of a through-going Y shear (slip surface). However, there appears to be a 

good deal of uncertainty concerning the timing of Riedel shear development. The term 

Riedel shear is used here to describe the geometry o f the shear, not the sequential 

processes of development.

The oblique Riedel shears are typically the full length of the thin section (maximum of 6 

cm long) but it is possible that they are longer. This observation suggests that they 

penetrate at least 6 cm into the cemented condensed bands. The shears deform the
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condensed deformation bands (and cemented condensed bands) by further grain size 

reduction and pressure solution. The shears are associated with an iron oxide foliation 

(solution seams) and grain alignment. This indicates that bulk movement of the 

cemented condensed bands took place during offset accumulation. The earlier stages of 

deformation band accumulation and slip surface nucleation are overprinted by the later 

stages of major slip surface propagation.

5.10.4 Cemented condensed bands

Condensed deformation bands and cemented condensed bands in association with major 

slip surfaces show evidence of multiple deformation mechanisms. There is ubiquitous 

evidence o f grain indentation, irregular grain shape and intergranular quartz 

cementation suggesting the processes of diffusive mass transfer o f quartz occurred in 

the fault core at some point in its development. Similar observations of cataclastic fault 

rock have been made by Fisher et al. (2000). Two possible mechanisms o f diffusive 

mass transfer by solution are pressure solution and Ostwald ripening (Ngwenya et al. 

2000; W orden and Morad 2000).

Pressure solution results from a chemical potential gradient between grain-to-grain 

contacts under normal stress where a thin film of water is present. W hen examining 

pressure solution one must consider a source of quartz, a driving force for dissolution, a 

pathway for migration and a suitable sink or precipitation point. M ost theories of 

pressure solution rely on the occurrence of a thin film of water surrounding grains, 

which acts as a dissolution medium and a potential pathway (Passchier and Trouw 

1998). Stress is tectonically applied during faulting and drives compaction (Renard et 

al. 2000b). Silica goes into solution at high strain points at grain contacts. The silica 

diffuses through the thin film o f water and precipitates on another part o f a grain or in 

some free pore space. The source o f silica in this case is local quartz grain boundaries 

(Figure 5.25).

In addition to the presence of water, pressure solution is also governed by temperature, 

stress, grain size, and grain geometry (Renard et al. 2000a). Temperature is governed by 

burial depth and frictional sliding along a fault (Di Toro et al. 2005; Rice 2006). Grain 

size reduction during cataclasis favours quartz cementation by creating increased grain 

surface area, which is ideal for nucleation of quartz crystals. In addition, cataclasis
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removes the iron oxide grain coatings, which tend to inhibit quartz cementation, quite 

early on.

Ostwald ripening is the process where small grains preferentially dissolve in the fluid 

and then re-precipitate on the larger grains (Ngwenya et al. 2000). Similar to pressure 

solution, Ostwald ripening is enhanced by reduced grain size and results in lower 

porosity sandstone. Ngwenya et al. (2000) suggest that Ostwald ripening occurs in the 

earlier stages of fault formation whereas pressure solution occurs over longer time 

scales (see section 5.10.5). In this dissertation, it was not possible to distinguish 

between cement derived from Ostwald ripening from cement derived from pressure 

solution.

5.10.5 Timing of quartz dissolution, migration and precipitation

The onset of quartz cementation is shown to be coincident with deformation band 

development. In deformation bands, small amounts of intergranular cement occupy pore 

space. The quartz may have precipitated in pore space or on the edges o f larger grains 

via Ostwald ripening. Post-faulting cementation due to the circulation of quartz rich 

fluids is discounted, as there is very little quartz cement in the adjacent host rock. The 

timing o f cementation therefore coincides with deformation band formation. There is no 

evidence o f pressure solution (interpenetrating grains, irregular grain shape, stylolites 

etc.) in deformation bands and only minor evidence of pressure solution in sugary 

textured condensed deformation bands. Evidence of ubiquitous pressure solution is only 

seen in the cemented condensed bands in association with slip surfaces.

The onset of major pressure solution is therefore coincident with slip surface 

development. This indicates that the temperature and pressure conditions in the fault 

core were suitable for dissolution and precipitation of quartz. The amount of pressure 

solution varied in the samples examined in this study. In general, there were small 

amounts (0.2 to 0.3 mm thick) of cemented condensed bands associated with minor slip 

surfaces and thicker regions 5 to 7 cm thick of cemented condensed bands in association 

with major slip surfaces. This suggests that the volume o f quartz dissolution and 

precipitation is related to accumulated offset. Ngwenya et al. (2000) conducted 

experimental analysis on faulting and silica dissolution. Ngwenya et al. (2000) found 

that faulting transiently increased the total dissolved silica per unit volume by two
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orders of magnitude. Silica dissolution is therefore related to the processes of brittle 

faulting, possibly due to grain size reduction and increased temperature conditions. The 

flux of silica in solution provides some indication o f the capacity of the fault to heal 

post-faulting (Ngwenya et al. 2000). It is likely that repeated episodes of faulting are 

associated with variations in the quantity o f quartz that goes into solution and therefore 

the amount o f precipitated quartz cement.

In summary, the presence of Riedel-like shears and pressure solution features (stylolites, 

interpenetrating grains) suggests that shear related compaction occurred in the cemented 

condensed bands during slip surface propagation. This indicates that the pods of 

cemented condensed bands were bulk-deforming during slip surface propagation. The 

timing of cataclasis and pressure solution in relation to strain rate during faulting is 

uncertain. High strain rates are typically associated with cataclasis and brittle fracturing 

and low strain rates are typically associated with quartz dissolution and cementation 

(Power and Tullis 1989). During faulting, fluids are liberated (Ngwenya et al. 2000; 

Sibson 2000) and frictional heating (Di Toro et al. 2(X)5; Rice 2006) occurs. It is likely 

that cataclasis and perhaps quartz dissolution (Ngwenya et al. 2000) occurred at high 

strain rates during periods of slip. The increased temperatures (Di Toro et al. 2005; Rice 

2006) and fluid circulation combined with a reduction in grain size (increase in surface 

area) are likely to result in silica dissolution at high-stress grain-to-grain contacts. 

Further pressure solution and quartz precipitation may have occurred at lower strain 

rates over longer timescales (Knipe 1993).

5.10.6 Evolutionary model

A summary model for the microscale evolution of deformation band fault core is 

presented in Figure 5.26. The model is based on observations in this chapter and is 

divided into four stages: 1) growth of deformation bands; 2) formation of condensed 

deformation bands; 3) nucleation and growth of minor slip surfaces; and 4) major slip 

surface propagation and bulk deformation of the cemented condensed bands.

S tage 1 is characterised by deformation band growth. Deformation bands nucleate 

within the host rock by strain localisation (Aydin and Johnson 1983). Initial pore space 

collapse is followed by grain rolling/translation. When the tensile strength of individual
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grains is overcome, grain-to-grain fracturing and the formation of Hertzian 

microfractures occurs. At some point, iron oxide coatings are removed from host grains. 

Removal could occur during initial grain rolling or due to rapid migration of pore fluids. 

The microfractures coalesce and individual grains break down. The break down of 

grains is not uniform. Two grain-size fractions are formed; matrix grains (< 0.02 mm) 

and framework grains (0.02 to 0.06 mm), which include a small number of ‘survivor’ 

host sized grains. Grain size sorting is decreased with respect to pristine host rock. A 

small amount of quartz cement, due to Ostwald ripening, precipitates in small pockets 

of pore space between grains. A combination of reduced sorting and irregular grain 

shape is thought to promote interlocking of grain fragments (Mair et al. 2000). 

Interlocked grains are more difficult to deform than pristine host rock, so continued 

deformation is accommodated by forming a new deformation band rather than 

continuing deformation along an individual deformation band. Each deformation bands 

is responsible for accommodating approximately 1 mm of shear offset (Schultz and 

Fossen 2002). Deformation bands are separated by elongated pods of relatively pristine 

host rock.

Stage 2 is characterised by condensed deformation band development. As offset 

accumulates, additional deformation bands are added to a developing zone of 

deformation bands. The new deformation bands are added to the edge of the zone of 

deformation bands and to the relatively pristine pods separating deformation bands. In 

this way, the density and the width of the zone of deformation bands increases. In the 

case of the Entrada Sandstone, when there are more than 6 bands per cm, the zone of 

deformation bands is termed condensed deformation bands. The pods of host rock 

separating deformation bands decrease in size and length as offset accumulates. 

Eventually there are only minor pockets of higher porosity (7 to 8 %) remaining. 

Regions of increased grain crushing evolve in the condensed deformation bands. The 

regions of increased grain crushing occur on the margins of remnant deformation bands, 

typically where a small host rock pod exists. It is unclear why further localisation of 

grain crushing occurs within condensed deformation bands. Perhaps the majority of 

available pore space has been filled and no new deformation bands can be added to the 

side of a developing zone. This idea would suggest that condensed deformation band 

thickness is a controlling factor on the initiation of further grain size reduction. The 

friction or strength of the developing condensed deformation band must be increasing at
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this point due to increased interlocking of grains coupled with minor quartz 

cementation.

Stage 3 is characterised by slip surface nucleation. At some point, a minor slip surface 

nucleates along the regions of increased grain crushing. It is unclear exactly what point 

that is, perhaps when the strain rate reaches a critical point and friction is overcome. 

The minor slip surfaces nucleate along the margins of increased grain crushing between 

a relatively strong area (area of increased grain crushing) and a small area of relative 

weakness (pod of higher porosity sandstone). Multiple minor slip surfaces can nucleate 

along these areas of grain crushing. The anastomosing geometry of minor slip surfaces 

suggests that the propagating tip meanders significantly. This could be due to host pod 

discontinuity or small irregularities in the condensed deformation bands (such as a 

survivor host grain in the path of a propagating slip surface). Nonetheless, a network of 

interconnected minor slip surfaces evolves within the condensed deformation bands. 

The grains surrounding the minor slip surfaces are subject to quartz boundary 

dissolution and subsequent cementation, forming cemented condensed bands.

Stage 4 is characterised by major slip surface evolution. A major slip surface evolves 

along the margin of the fault core. The major slip surface possibly formed from an 

optimally positioned minor slip surface on the margin of the fault core. The onset of 

major slip surface nucleation represents a significant shift in the ability of the fault to 

accommodate offset. The accumulation of slip along a major slip surface is associated 

with deformation of the adjacent cemented condensed bands (with now inactive minor 

slip surfaces). The cemented condensed bands are undergoing compaction and shear in 

association with slip surface propagation. Grain dissolution occurs and iron oxide 

solution seams form in the cemented condensed bands. The fault core (minus host and 

deformation bands) has essentially become a crystalline material, similar to a quartzite, 

rather than a granular material.

The 4-stage model summarises the grain scale evolution of the fault core. This model 

adds significantly to current deformation band faulting models (Schultz and Siddharthan 

2005; Aydin et al. 2006) as the important transition stage from deformation band 

accumulation to slip surface initiation is described. In addition, the processes associated
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with major slip surface evolution are outlined. The deformation mechanisms associated 

with deformation band faulting are summarised in Figure 5.27.

5.11 Fault core fractures, breccia and gouge

The microscale characteristics of fault core fractures, breccia and gouge are now 

discussed. The fractures are divided into mode I fractures, shear comb fractures and 

breccia. The mode I fractures show variability in orientation and continuity. It is likely 

that these fractures formed during uplift/unloading or even during thin section 

preparation. The extensional comb fractures (See section 3.3.3) were not observed in 

thin section.

Shear fracturing in the fault core offsets slip surfaces, shear fabrics and cemented 

condensed bands. These observations indicate that movement along the shear fractures 

occurred after slip ceased along major slip surfaces. The orientation of the shear 

fractures implies that some localised change in the stress field occurred. It is possible 

that the shear fractures formed some time after initial fault development in a 

reactivation event (see chapter 3). The amount of offset is on a millimetre scale 

suggesting that this event was not of a very large magnitude. The shear fractures are not 

associated with grain crushing (like the shears associated with slip surface propagation). 

They are typically open-mode fractures that often contain iron oxide mineralisation.

Accumulation o f shear along comb fractures leads to breccia development. The breccia 

clasts are composed of cemented condensed bands and slip surface, indicating that only 

the margin of the highly strained fault core (where the major slip surface exists) was 

brecciated. The clasts can typically be repositioned in to their naturally occurring state. 

This indicates that the clasts have not moved very far from their original position. The 

matrix shows evidence of increased porosity (stained with blue epoxy) compared to 

typical fault core porosity (< 1 % adjacent to slip surfaces) indicating that perhaps some 

dilation occurs in association with brittle shear.
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5.11.1 Gouge

In chapter 3, it was suggested that a localised area of reduced grain size and/or porosity 

in the host rock could lead to gouge development rather than more typical deformation 

band growth. The fault gouge examined in this study is derived from the Navajo 

Sandstone, which consists of fine-grained sand (0.1 to 0.3 mm) interbedded with 

occasional coarser (0.25 mm to 0.5 mm) layers. The mean gouge grain size is 0.13 mm 

showing a small grain size reduction compared to the mean host rock grain size. The 

framework grains show evidence of intragranular microfracturing possibly as a result 

from grain-to-grain contact under stress.

There are regions of increased grain crushing (relative to the gouge) in localised zones 

in the gouge. The regions of increased grain crushing are recognised in natural and 

experimental gouges (Sammis et al. 1987; Blenkinsop 1991). Blue epoxy staining 

shows that the areas of increased grain crushing exhibit highly variable porosity along 

their lengths. This is likely associated with grain-size sorting. A reduction in grain size 

is not sufficient to cause a reduction in porosity. Porosity reduction can be 

accommodated through either an increase in grain packing or by a change in particle 

size distribution (Marone and Scholz 1989).

The formation of gouge is largely related to a combination o f factors including grain 

size, grain sorting, porosity and burial depth (confining pressure) (Sammis et al. 1987; 

Blenkinsop 1991). M icrostructural observations of grain size reduction via distributed 

cataclasis suggest that the parent rock was more akin to a lower porosity lithology rather 

than porous sandstone, which tends to form deformation bands.

5.12 Conclusions

• A new evolutionary model is presented that shows the early stages of 

deformation band faulting and slip surface nucleation and propagation.

• The new model emphasises the role of fluids in deformation band faulting, in 

particular the role of pressure solution in forming cemented condensed bands.

• There are several grain-scale mechanisms of deformation active during 

faulting.
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• The primary mechanisms of deformation during the early stages of fault core 

development are cataclasis and quartz dissolution and precipitation.

• Late-stage growth is characterised by: slip surface propagation; quartz 

dissolution, migration and precipitation; and shear zone development.

• M inor slip surfaces nucleate along regions of increased grain crushing that 

formed in condensed deformation bands.

• M ajor slip surfaces are associated with Riedel-like shears that deform the 

adjacent cemented condensed bands.

• This microstructural study in conjunction with observations in chapter 4 

supports previous work (Shipton and Cowie 2001) hypothesising that slip 

surface nucleate relatively early in the development of deformation band faults 

cores at offsets o f 0.1 m.

• The development of the fault core on a microscale is possibly derived from 

multiple episodes of faulting followed by periods of quiescence. Strain rate, 

temperature and pressure are likely to vary considerably during this cycle 

(Sibson 1990).

• Post faulting reactivation is associated with dilation and shear within the fault 

core. Distinctive breccia pods form by increased shear offset.

• Localised changes in host rock properties (porosity) affect the growth of and 

development of the fault core. Reduced grain size and pore space tends to be 

associated with gouge.
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Figure 5.1 Simplified deformation mechanism map showing mineral 
response relative to temperature and differential stress. Fracture and 
cataclasis tends to dominate in relatively high differential stress, low 
temperature enviomments (from Davis and Reynolds, 1996).



0.2 mm

Figure 5.2 A. BSEM image o f GVB_2. It is possible to pick out the larger grain 
boundaries only. B. Same portion o f GVB_2 in CL. In CL it is possible to pick 
out grain fragments that have subsequently been healed by quartz cement (which 
shows a uniform grey colour in BSEM). C. Thin section petrographic image of 
B H _11 (plane polarised light). The effects o f grain boundary dissolution and 
quartz cementation have recrystallised the cataclastic fault rock. It is only 
possible to pick out the grain boundaries o f some larger grain fragments. These 
three images show how the methods used in chapter 2 to measure grain size are 
not suitable for fault core measurements.
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Figure 5.3 A. Grain size (mm) distribution for framework grains within 
deformation bands from Navajo and Entrada Sandstones, samples BH_2, BH_8, 
YC_2 and YC_3 (see Appendix VI). Grains between 0.26 and 0.6 are survivor 
host rock grains. The mean of 0.08 mm will be lower when matrix grains are 
considered. B. Pie chart showing ratio of framework to matrix grains in 
deformation bands.

Figure 5.4 Frequency distribution of 
porosity in deformation bands in the 
Navajo Sandstone, Sherwood 
Sandstone and Moab Tongue 
Member. Low porosity values (< 4 %) 
generally correspond to mineralised 
deformation bands see Figure 5.5.
The mean porosity is approximately 8 
%. See Appendix VI.
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Figure 5.5 Thin section images (plane polarised light) o f iron oxide deposition 
on the margins o f  deformation bands in the Sherwood Sandstone, sample TH_2 
(A) and iron oxide deposition within deformation bands in the Moab Tongue 
Sandstone (B). Note occurence o f coarse host grain in A, sample TH_2.



w Host-sized
grain

Pods o f less
crushed
sandstone

Fault
Strike

1 mm

Deformation bands 

Figure 5.6. A. Thin section mosaic (plan view) o f sugary 
textured condensed deformation bands in the Sherwood 
Sandstone, sample TH_1. The bands are closely spaced and 
anastomosing. Pods o f crushed sandstone (with some host 
sized grains) and host rock sized grain occur in the matrix. 
This image is representative o f the transition between zones 
o f deformation bands and condensed deformation bands. B. 
Large scale image of a portion o f A.
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Figure 5.7 Summary frequency distribution of grain size (mm) in condensed 
deformation bands in samples BH_3, BH_7 and YC_2, YC_3 (Appendix VI). The long 
axis o f grains are measured by point counting (See 2.9, Methodology). Grain count is 
330. Grains less than 0.005 mm could not be measured . Mean grain size is 0.059 mm. 
The sample is representative o f condensed deformation bands without associated slip 
surfaces. Pie chart (right) shows ratio o f matrix grains to framework grains ~ 70 : 30
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Figure 5.8 A. Thin section image (plan view & crossed polars) of early stage 
condensed deformation bands in sample YC_2. White arrow points to region of 
increased grain crushing on the margin o f the condensed bands. Iron oxides are 
localised along the highly comminuted region. B. Sketch of sample showing 
relationship between condensed bands and region of increased crushing. C. 
Thin section of GVA_2 (plan view) showing evidence of increased grain 
crushing in condensed bands and minor evidence of pressure solution (fuzzy 
grain boundaries).
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Figure 5.9 BSEM images spanning the width of thin section samples GVA_la (A), 
GVA_2 (B) and GVA_4 (C) (Appendix VI). In BSEM, the medium grey is quartz 
(and possibly feldspar) and the black is porosity. Some samples were slightly 
damaged in preparation and exhibit small holes (black), which would contribute 
slightly (< 1%) to the porosity value measured. The condensed deformation bands 
are associated with minor slip surfaces in outcrop, which are not observed in thin 
section. The first BSEM image o f each transect is closest to the slip surface. A 
porosity value is obtained for each BSEM image and plotted against distance from 
the slip surface (mm).
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Figure 5.10 BSEM images spanning the width of thin section samples GVB_4 
(A) and GVB_3 (B) (Appendix VI). In BSEM, the medium grey is quartz (and 
possibly feldspar) and the black is porosity. Some samples were slightly 
damaged in preparation and exhibit small holes (black), which would contribute 
slightly (< 1%) to the porosity value measured. The condensed deformation 
bands are associated with a major slip surface in outcrop, which is not observed 
in thin section. The first BSEM image of each transect is closest to the slip 
surface. A porosity value is obtained for each BSEM image and plotted against 
distance (mm) from the slip surface.



Figure 5.11 BSEM image (cross-section) o f a minor slip surface in 
sample BH_9. The minor slip surface occurs on the right side o f an 
intensely crushed region (white arrow). The slip surface is roughly planar 
but shows some short jogs around survivor grains, which occur relatively 
close to the slip surface. The amount o f slip accumulated along the slip 
surface is unknown.
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Figure 5.12 CL image (cross-section) o f sample GVA_2. There is an area of 
increased grain crushing running through the image right o f the wavy white 
coloured fracture. The area o f increased crushing is associated with a minor 
slip surface (8 to 9 mm slip). Healed Intragranular microfracturing is visible in 
larger grains (for example, top left). The fracture fill is less luminescent than 
the white detrital grain. Grain indentation and irregular grain boundaries are 
common. Minor amounts o f quartz cement fills fractures and pore space.
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Figure 5.13 CL image (cross-section) o f sample GVA_1 showing a 
minor slip surface with associated intense grain cmshing on the 
margin o f a zone o f condensed deformation bands (left). Total offset 
accommodated is 8 to 9 mm. Host rock grains are fragmented (right), 
microfractured and healed by quartz cement. Fragments have not 
migrated far from original grain, see highly luminescent grain 
fragments in lower right o f image.
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Figure 5.14 Thin section images o f one minor slip surface (A) and three 
major slip surfaces (B to D) in plane polarised light. The images capture 
the evolution o f slip surfaces with increasing offsets from 9 cm to 16.5 
m. The larger offset slip surfaces are associated with well developed 
shears. Direction o f shear is indicated by black arrow. Iron oxides are 
frequently found in association with the slip surfaces. The area o f 
increased grain crushing found in association with the slip surfaces does 
not increase in thickness with offset.
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Figure 5.15 A CL image o f sample GVB_2 showing a major slip surface (1 m offset) 
with associated intense crushing on the margin of condensed bands ( right) and 
fragmented host (left). The smaller grain fragments are below the resolution of 
CL/SEM, which is approximately 0.01 mm. B. A CL image of GVC_9 (6.5 m offset) 
showing a major slip surface associated with grain alignment (white fragments) and 
iron oxide solution seams oriented at approximately 35°to 40 to the slip surface.
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Figure 5.16 Thin section image o f major slip surface and condensed deformation 
bands in sample BH_14 (Total offset accumulated is 15 m). The major slip 
surface is associated with a shear fabric oriented at approximately 15 to 20 to 
the slip surface. Black arrows mark iron oxide solution seams, which are roughly 
parallel to the slip surface shear fabric. Grain indentation and quartz cemenation 
occur in the adjacent condensed bands. Note survivor grains occur in close 
proximity to major slip surface.
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Figure 5.17 Condensed deformation bands, BH_14, in crossed polars (left) and 
in plane polarised light (right) under petrographic microscope. Condensed bands 
a*e associated with a major slip surface (Figure 5.17, above). Interpenetrating 
on tac ts  are highlighted by differences in extinction angles amongst adjacent 
grains. Jagged irregular contacts are common. Note a small amount o f pore space 
filled with carbonate cement in the middle right o f the image.



0.1 mm

Figure 5.18 Thin section image (crossed-polars) o f sample GVA_4 
showing a quartz filled fracture in the fault core. The fracture cuts 
through a grain (in left o f image) and meanders around some larger 
fragments in the matrix.
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Figure 5.19 Thin section sketch o f sample GVC_9. Complex deformation in 
condensed deformation bands associated with post-slip surface shear fracturing. 
Dotted box represents thin section slide. Solid black lines are minor slip surfaces 
observed in outcrop and hand sample. Shear fractures (red line) oriented ~ 30 degrees 
to the HW slip surface offset the major slip surface (not shown) and minor open slip 
surfaces within the condensed deformation bands. The slip related shears and foliation 
(green) are defined by bands o f intense grain crushing separated by iron oxide 
enriched seams. B. Image of a digitally scanned thin section of sample GVC_8. 
Synthetic shear fractures (white) and smaller antithetic (black) shear fractures offset 
the iron oxide solution seams within the condensed deformation bands and cemented 
condensed bands, similar to sketch in A.
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Figure 5.20 Sample M C_2 (7 m offset ) is an image o f  a blue epoxy stained thin section  
in plane polarised light. The slip surface is partially 'open' and is deformed by oblique 
shear fractures that are either open (unfilled) or cem ented with iron oxides. There are 
som e wavy fi'actures cutting perpendicular to the slip surface. There are host-sized  
grains relatively close to the slip surface. The oblique shears do not cut through the 
larger host grains.
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Figure 5.21 T hin section  
m icrograph in p lane  
polarised  ligh t and sketch  
o f  sam p le  M C _ 2 , G oblin  
V alley. T he original slip  
surface p osition  is  a thick  
black  line. Shear fracture 
lo ca tion s are inferred  
from  clast geom etry. T he  
m atrix surrounding the 
cla sts is co m p rised  o f  
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Figure 5.22 Thin section images o f fault core gouge in sample YC_1 (cross- 
section). The thin section is stained with blue epoxy to show pore space. 
Quartz grains contain intragranular fractures (A) and are sub-rounded to sub- 
angular. Thin (0.2 to 0.4 mm) regions o f increased cataclasis occur within the 
gouge (B), labelled gouge string. The cataclastic bands or gouge strings can be 
relatively porous (blue) along their length.
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Figure 5.23. Summary o f porosity transects (Figures 5.9 & 5.10) 
showing the relative decrease in porosity in condensed deformation 
bands adjacent to slip surfaces with increasing offset.
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Figure 5.24 Sketch o f riedel shear orientations with respect to through-going 
Y shear. The synthetic riedel shears are oriented approximately 15“ to 20“ to 
the sense o f shear (sinistral). High angle antithetic shears (R') are oriented at 
approximately 70° to the sense o f shear. The bisecting angle between R and R' 
points in the direction o f movement. After Davis & Reynolds (1996).

Figure 5.25 Model for pressure 
solution where grains are 
surrounded by pore fluid. At 
contact points, differential 
stresses are high (grey shading) 
B. Pressure solution changes 
the shape o f grains. Material 
dissolved at the contact points 
is redeposited in adjacent pore 
space (grey shading). Diagram 
modified from Passchier &
Trouw (1998).
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3. M inor slip surfaces (dotted black line) nucleate along regions o f increased grain crushing 
(green). The porosity in the area away from  the slip surface decreases with offset 
accum ulation. M inor slip surfaces link to form  an anastom osing network.

Major slip surface and bulk deformation o f  the fault core

4. A m ajor slip surface evolves along the m argin of the fault core. The slip surface is 
associated with synthetic shears that penetrate and deform the condensed deformation 
bands. The shears are associated with solution seams o f iron oxides, grain alignment and 
stylolites.

Figure 5.26 Summary diagram (cross-section view) o f  fault core microscale 
evolution from the accumulation o f  deformation bands and initiation o f  slip 
surfaces to bulk deformation o f  the fault core.



Chapter 6 Deformation Band Fault 
Core Permeability and Fluid 
Flow

6.1 Introduction

A fault can act as a conduit and/or a baffle at different spatial points along its length and 

during different parts of a fault’s evolution through time (Caine et al. 1996). Current 

bulk fault zone permeability modelling is dependant on accurate, detailed information 

about fault zone geometry and the petrophysical properties of the fault zone 

components. This study has focused so far on deformation band fault core composition, 

geometry and grain scale microstructures at increasing offsets. The aim of chapter 6 is 

to integrate observations from chapters 3, 4 and 5 with permeability analysis (from this 

study and published data) and to examine the likely influence of deformation band fault 

core on bulk fluid flow.

This study is concerned with single-phase fluid flow, for instance water flow in a fixed 

medium (rock) as opposed to two-phase flow, which is considers two variables 

simultaneously e.g. the fluid (water) and the properties of the medium the fluid is 

passing through. Two-phase flow is an important consideration in hydrocarbon industry, 

especially in exploration when trap potential is being investigated (Manzocchi et al. 

2002). Two-phase flow is governed by capillary entry pressure, which is a measure of 

how well water saturated rock resists the intrusion of a non-wetting second phase 

(Antonellini and Aydin 1994). Fault seal analysis typically relies on detailed capillary 

entry pressure data or in its absence pore throat radii measurements.

Single-phase flow is commonly incorporated into reservoir models for hydrocarbon 

production (Manzocchi et al. 1999). Reservoir fluid flow models are typically created 

using 3D seismic reflection, well-log data (porosity, clay content) and drill core. The 

most readily available reservoir information concerning faults is fault offset and host 

lithology. Fault permeability and fault thickness therefore must be predicted using 

information obtained from 3D seismic reflection, geophysical tools (above) and outcrop 

analogues. However, 3D seismic data cannot identify faults with less than 10 m of 

offset (Walsh et al. 1998). Sub-seismic faults such as deformation bands are shown to 

have a significant effect on reservoir permeability (Walsh et al. 1998) so predicting the
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occurrence and spatial characteristics of deformation bands is important. This issue has 

been addressed by many authors (Pittman 1981; Antonellini and Aydin 1994; 

Antonellini and Aydin 1995; Gibson 1998; Manzocchi et al. 1998; W alsh et al. 1998; 

M anzocchi et al. 1999; Jourde et al. 2002) so it will not be discussed here any further. 

The effect of deformation band fault core on bulk fluid-flow has recently been 

addressed by Shipton et al. (2005) but the fault core components outlined in this study 

were not recognised by the author.

There are two approaches to fluid flow modelling: a deterministic approach based on 

using real data (e.g. outcrop maps, see Jourde et al. 2000); and a stochastic approach 

using predictions based on fault statistics (see Manzocchi et al. 1999). The stochastic 

approach is typically used for reservoir simulations. Predicting fault thickness or fault 

permeability is the first step in fault fluid-flow modelling for reservoir simulations. The 

second step is incorporating the fault thickness or permeability values into a reservoir 

model. The method of incorporating small-scale data into large-scale (100 m wide, 15 m 

thick grid blocks) reservoir simulations is termed up-scaling. Traditionally fault 

thickness and fault permeability have been incorporated into fluid flow models using 

some simple predictive tools. For instance, Manzocchi et al. (1999) used fault 

transmissibility multipliers based on the shale gouge ratio (Yielding et al. 1997) and 

fault thickness and offset relationships (Hull 1988) to model fluid flow. The techniques 

used to up-scale are controversial. It is typically an averaging process where the mean 

thickness of the fault or mean permeability of the fault is chosen for up-scaling. 

However, the problem with fault zone averaging is that a large enough portion of the 

fault must be chosen to statistically represent the fault. The portion is referred to as the 

representative elementary volume (REV), which is typically four times the correlation 

length (Fetter 1994). The correlation length is a measure of the distance in space or the 

period in time beyond which events or data are uncorrelated. The characteristic length 

scale of fault core thickness (horizontal) along strike can be quantified using a 

variogram (section 6.7.5). However, the REV would necessarily include the spatial 

character o f fault core geometry and the inherent permeability variability, not simply the 

fault core thickness. This is a complex problem. A sub-representative REV portion 

could potentially neglect the connectivity of components and spatial structure of the 

fault core. In practice, it is not known what portion or length o f a fault statistically 

represents it, or if indeed, a REV exists.
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6.2 Objectives

• Measure permeability for each fault component

Essential to fluid flow modelling is knowledge of the permeability of the fault core. The 

permeability of the fault core components will be measured using the techniques 

outlined below.

• Integrate permeability measurements with microstructural observations and 

previous work

By integrating permeability measurements with microstructural observations, 

predictions that are more reliable can be made for fault core permeability in all 

deformation band faults.

• Examine the spatial structure and correlation length of the fault core

Is there an inherent correlation length in the fault core? To date, no field geologists have 

addressed whether a correlation length and REV exist for faults (Manzocchi et al. 

1999). The correlation length and REV for fault thickness are calculated by Dr Lunn 

using spatial statistics.

• Critically assess recent fluid flow modelling in light of permeability analysis, 

and fault core geometry results in this dissertation.

6.3 Methodology

The permeability of individual fault core components has been measured using two 

different techniques, nitrogen probe permeability and whole rock water permeability. I 

set up and calibrated a nitrogen probe permeameter at Utah State University in 2003 for 

this study (Appendix VII). Subsequent water permeability analysis was conducted at the 

University of Edinburgh by Dr Steve Elphick in 2004. Core plug samples were 

collected at Big Hole fault. Yellow Cat fault and Goblin Valley using a hand-held 

diamond drill (Figure 6.1). The cores measure from 3 to 6 cm in length and 2.5 cm in 

width.

The fault core is inherently heterogeneous on a centimetre and metre scale. Core plugs 

often contain multiple fault core components including pods of undeformed host rock.
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The gas or water permeant will naturally follow the most optimally oriented conduit 

with respect to flow direction, typically exploiting host or open fractures in the sample. 

This is especially true in water permeability analysis as the permeant utilises the entire 

core plug, increasing the possibility of passing through multiple components.

In probe permeability analysis, specific 1 cm wide regions can be selected for testing. 

The behaviour of the gas is such that it permeates in a radial fashion from the surface, 

similar to an inverted mushroom (see section 6.3.1). Probe permeability analysis is 

slightly more accurate for selecting single components. However, care must be taken 

that the fault component does not incline away from the core surface.

Individual deformation bands are notoriously difficult to analyse, as they are only 1 

mm wide and separated by host rock. All values corresponding to deformation bands in 

this analysis are overestimates due to the incorporation of host rock. Although not 

always possible, every effort was made to choose samples that represented just one 

particular fault component.

M icrofracturing may be incurred during faulting, uplift or during sample retrieval. 

M icrofractures that remain uncemented can act as conduits to gaseous flow increasing 

the permeability measurement recorded. To reduce this uncertainty when interpreting 

the permeability results, once samples had been tested each core plug was thin sectioned 

and examined using the microstructural techniques outlined in chapter 5.

6.3.1 Nitrogen probe permeability

Seventeen core plug samples were analysed using a nitrogen probe permeameter. Core 

plugs collected in the field were typically irregularly shaped so additional cutting was 

conducted at USU to make each edge parallel. Samples were dried in an oven for 12 

hours at 50° C to remove any water that accumulated during cutting.

The gas permeameter was set up and calibrated with samples o f Berea sandstone with 

known permeability. After calibration, samples are set on the automated mechanical 

stage (Figure 6.2). The x, y  coordinates of each probed location is recorded on the 

computer and data logger. Exact x, y  locations on a particular sample can be chosen for 

analysis. The mechanical stage is connected to a probe and associated tubing, which 

connects to the gas source (nitrogen canister) and the data logger. The data logger 

records the flow rate, probe pressure, atmospheric pressure, temperature and the x, y
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coordinates of the probe.

The probe is approximately 1 cm in diameter. It connects under pressure directly with 

the core sample via an ‘O’ ring seal. The nitrogen gas injects at high pressure from the 

probe into the sample. The gas typically dissipates in a radial pattern, similar to a 

mushroom, just below the surface in a homogeneous sample (Tidwell et al. 1999) 

(Figure 6.3). The pressure and flow rate is constantly monitored by the data logger. 

When steady state flow is achieved the permeability of the sample is calculated using a 

modified Darcy’s equation, see equation 6.1 and figure 6.4.

k = (nQL)/AdP  (6.1)

Where, k is permeability (Darcies); /i  is viscosity of the fluid (centipoise); Q is the fluid 

flow rate (ml/s); L is the length of the sample (cm); A is the cross sectional area of the 

sample (cm^); 5P is the pressure difference across the sample (Olsen et al. 1985; Morin 

and Olsen 1987).

The nitrogen probe analysis was found to be precise with reproducible results (± 3 % 

error) for samples from 0.1 mD to 600 mD. High permeability host rock samples (> 600 

mD) were typically in error by an order of magnitude.

6.3.2 Water permeability analysis

Whole rock water permeability is capable of measuring permeability of less than 0.1 

mD, compared to probe permeability analysis that is accurate to only 0.1 mD. A 

selection of fault core samples was sent to the University of Edinburgh’s laboratory. 

For comparison purposes, a set of samples that were previously measured using the gas 

permeameter were also measured.

Permeability was measured using a custom built flow pump permeameter, designed and 

built by the rock mechanics group at Edinburgh University. The design was based on 

the ideas of Olsen et al. (1985) (Appendix VII). The samples were cut to standard 

dimensions and dried (Dr Mike Kay, personal communication).

Prior to testing, the samples were jacketed in a nitrile rubber sleeve and loaded into a
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Corepro 316 stainless steel “quick load” hassler cell. The sample was flooded with 

distilled water and a confining pressure o f 1000 psi was applied. Once the sample was 

confined and the system had been pressurised, the flow pump was activated, and the 

differential pressure was monitored across the sample until it reached a state o f  

equilibrium. All relevant information was then recorded and inputted into equation 6.1, 

to determine sample permeability (Dr Mike Kay, personal communication).

The fault-only permeability is ‘backed-out’ using an average value o f  300 mD for host 

rock permeability and the relative proportion o f the sample that is composed o f fault 

rock. The fault-only permeability k (m ), is

k = p  k,*k2/( k 2 - ( l  - f ) k ] ) (6.2)

Where, p  is the proportion o f  the sample that is composed o f fault; kj (m^) is sample 

permeability (fault and host); ^2 (m^) is host rock perm eability;/is fault width (m). The 

value obtained is converted to millidarcies (mD). See Appendix VII.

6.4 Permeability analysis results

The results o f  the permeability analysis are shown in Table 6.1. Each sample 

corresponds to a core plug number (for example p i, p2 etc.), which relates to the raw 

data in appendix VII. The permeability (k) results are given in millidarcies (mD). 

Permeability is measured perpendicular to fault strike in all samples. The direction of  

flow is shown as either ki (perpendicular to shear direction) or (parallel to shear 

direction). Water k refers to whole rock water permeameter analysis (section 6.3.2). 

Water fault k values are fault-only calculations (see equation 6.2) dependant on the 

volume o f fault rock in each core plug. Probe permeameter values are split into ‘probe 

host’ and ‘probe fault’. These values correspond to the position o f the probe tip in 

heterogeneous samples i.e. probe host values correspond to host rock measurements. 

The results o f the fault-only permeability analysis (Water Fault k and Probe Fault k) are 

shown for each individual component in Figure 6.5.
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Sample Core

Plug

Component Water

k

(mD)

Water

Fault

k(mD)

Probe

Host

k(mD)

Probe

Fault

k(mD)

BH_3 P31 Condensed bands and host 44

(k2)

4.74 (k2)

BH_4 PI Cemented gouge 2.25

(k2)

2.27 (k2) 1.95

(k2)

BH_7 P47 Cemented condensed bands 330

(k2)

BH_8 P2 Cemented deformation band 4.5

(k,)

0.39 (k,) 17.98

(k,)

BH_10 P21 Slip surface and cemented 

condensed bands

1.27

(k.)

0.47 (k.)

BH_15 (2) P3 Deformation Bands and 

host pod

23.27

(k2)

4.07

(k2)

BH_16 P12 Single deformation band 54.5

(k2)

BH_17 P13 Zone of deformation bands 1.13

(k2)

BH_18 P18 Zone deformation bands 

and Condensed bands

14.7

(k2)

6.8 (k2)

BH_19 P36 Slip surface and cemented 

condensed bands

0.4

(k2)

BH_20 P50 Zone of deformation bands 52 (k,)

BH_21 P54 Condensed bands and 

cemented condensed bands

0.5

(k2)

0.182

(k2)

BH_22 P30 Transition from 

deformation bands to 

condensed deformation 

bands, carbonate and iron 

oxide cement

3.28

(k.)

1 1 1
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YC_5 P8 Slip surface and cemented 

condensed bands and host 

pods

16.6

(kz)

15.3 (ka) 114 (k2) 1.59

(k2)

YC_6 P16 Zone of deformation bands 67.7

YC_7 P5 Zone of deformation bands 30.79

YC_8 P45 Condensed bands 25.7

(k2)

22.54

(k2)

YC_10 P51 Zone of deformation bands 

-transition to condensed

57.2

(k,)

32.7

(k.)

YC_15 P6 Host and deformation band 126.5

(k2)

57.6

(k2)

YC_16 P7 Slick Rock host rock 34 30.29

YC_17 P9 Slip surface, cemented 

condensed bands

280 (k,) 1.14

(k,)

YC_18 P14 Zone of deformation bands 37.49 (k2)

YC_19 P17 Host rock 533

GVC_13 PIO Cemented condensed bands 0.07

(k,)

0.8 (k,)

GVC_14 P39 Slip surface, cemented 

condensed bands

0.07 (k,)

GVC_15 P ll Host red siltstone 0.8

Table 6.1 Results table for water and probe permeability analysis, see appendix for 

more details. Merged cells indicate a mix of both host and fault permeability.

6.5 Permeability and microstructural analysis results

The permeability of each component will be discussed with reference to grain scale 

observations made in chapter 5 and previous work (Antonellini and Aydin 1994; Gibson 

1998; Shipton et al. 2002). Each core plug was thin-sectioned and analysed using the 

petrographic techniques outlined in chapter 5. A summary of selected observations is 

presented here as a useful tool for interpreting the permeability results. Close attention
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was paid to open fractures and slip surfaces, as these would have the greatest influence 

on permeability. The permeability values obtained vary depending on what method was 

used. For example, a value of 15.3 mD is obtained for heterogeneous sample YC_05 

using the whole-core water permeability analysis and a value of 1.59 mD is obtained for 

the same sample using nitrogen probe permeability analysis. The large difference 

observed is possibly associated with the different techniques employed. The nitrogen 

probe analysis works on a smaller scale, the tip is positioned on the core and measures 

specific points (section 6.3) where as the whole rock liquid permeability analysis works 

on the entire core and relies on the equation 6.2 to back-out fault-only permeability. For 

homogeneous samples, e.g. sample YC_16, the two techniques yield similar results.

6.5.1 Deformation band permeability

The initial stages of pore space collapse and grain size reduction in deformation bands 

reduces the porosity and the pore throat size (chapter 5). The deformation band 

permeability results (water and probe analysis) in this study show a range from 1 to 67 

mD with a mean of 34 mD. The permeability values primarily represent core plugs 

containing deformation band and host rock. Deformation band fault-only permeability is 

approximately 6.8 mD (using a value of 300 mD for host rock permeability). 

Antonellini and Aydin (1994) recorded values of less than 10 mD for deformation bands 

in the Navajo and Entrada Sandstone using a mini-permeameter.

The lowest permeability measurements in this study are recorded in deformation bands 

that contain significant iron oxides, quartz or carbonate cement such as core plug BH_8, 

which has a permeability of 0.39 mD.

The host rock pods in between deformation bands were sampled using the probe 

permeameter and exhibit a mean permeability of 111 mD. This is significantly lower 

than host rock permeability in the Navajo and Entrada Sandstones, which ranges from 

200 mD to 1000 mD (Antonellini and Aydin 1994; Shipton et al. 2002). Permeability 

reduction in the host rock pods could be associated with the initial stages of pore space 

collapse and/or grain size reduction.
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6.5.2 Condensed deformation band permeability

Condensed deformation bands are associated with an increase in grain crushing and 

quartz cementation with respect to single deformation bands and zones of deformation 

bands. There are occasional pods of host rock within condensed deformation bands with 

a permeability of 114 mD. Six condensed deformation band core plugs are analysed and 

exhibit a range from 3.2 to 32 mD with a mean permeability of 13.9 mD.

Sample BH_3 represents the transition from zones of deformation bands to condensed 

deformation bands from locality 3, Big Hole fault. Regions of the thin section show 

condensed deformation bands with characteristic increased grain crushing and quartz 

cementation. The porosity varies from 1.5 to 5 % across the sample. See section 5.5.1 

for details on grain size distribution. The fault-only (water k) permeability is 4.7 mD, 

assuming a host permeability of 300 mD. This represents a slight reduction in 

permeability from deformation band permeability (5 to 10 mD).

BH_18 is composed of zones of deformation bands, condensed deformation bands and 

small pods of host rock. The permeability of 6.8 mD (fault only water k) is slightly 

higher than other condensed deformation band samples, possibly due to preferential 

flow through host pods.

The lower permeability measurements (0.5 to 3 mD) typically correspond to 

homogeneous samples (very little host rock present) and are therefore more 

representative of the condensed deformation bands-only permeability. Permeability 

reduction associated with addition of deformation bands into zones of bands has been 

previously observed by Antonellini and Aydin (1994) (although the separate component 

of condensed deformation bands was not recognised by the authors).

6.5.3 Cemented condensed bands and slip surfaces

The permeability of cemented condensed deformation bands is typically reduced further 

compared to condensed deformation bands. Eight core plugs of cemented condensed 

bands were analysed. The petrographic analysis showed evidence of intense grain 

crushing and ubiquitous evidence of quartz cementation and pressure solution. 

Permeability ranges from 0.07 to 1.5 mD with a mean permeability of 0.5 mD in
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cemented condensed bands.

Particularly homogeneous samples (no host or deformation bands) such as GVC_13 are 

associated with the lowest permeability values recorded (0.07 mD). BH_19, locality 4, 

Big Hole fault, is entirely composed of cemented condensed bands adjacent to the major 

slip surface and corresponds to a permeability of 0.4 mD. BH-21 is composed of 

condensed deformation bands and cemented condensed bands from locality 3, Big Hole 

fault, and exhibits a permeability of 0.18 mD.

Observations of slip surface ‘wall rock’ by Antonellini and Aydin (1994) show a further 

one order of magnitude reduction (0.007 mD) in permeability compared to this study. 

Gibson (1998) measured the permeability of ‘solution deformation bands’, which he 

describes as ‘tightly packed quartz grains with serrated, interpenetrating grain 

boundaries and irregular concentrations of opaque material’. The microstructural 

description suggests that Gibson (1998) was observing cemented condensed bands. The 

permeability of Gibson’s solution deformation bands varied from 0.03 to 0.2 mD 

(Gibson 1998).

6.5.4 Fractured fault core

The permeability of the fault core is significantly higher in samples exhibiting 

microfractures and occasional pods of host rock. Breccia samples could not be cored, as 

they tended to break along shear fractures. Sample BH_7 is composed of cemented 

condensed bands with irregular accumulations of iron oxides and condensed 

deformation bands with occasional host rock pockets. Extensional fractures crosscut 

some of the core plug. The extensional fractures are occasionally filled with iron oxides 

and are described in chapter 5. The permeability is 330 mD suggesting that the presence 

of fractures has enhanced fluid flow through the sample.

6.5.5 Gouge

The microstructural observations made in chapter 5 showed that gouge maintains 

significant porosity (~ 10 %) when compared to other fault core components. Sample 

BH_4 is a gouge sample from Big Hole fault (Locality 4). Microstructural observations 

show that the quartz grains occur in a matrix of iron oxide and grain fragments. The
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gouge hand sample exhibits a distinctive yellow colour possibly associated with iron 

oxide colouration. The permeability of the gouge is 2 mD. Gouge at Big Hole fault 

typically contains significant iron oxides or extra-formational carbonate in the matrix, 

indicating that at some point the gouge was a conduit to fluid flow.

6.5.6 Permeability summary

In summary, deformation band permeability is less than 10 mD, condensed deformation 

band permeability is less than 5 mD, and cemented condensed band permeability is less 

than 1 mD. Localised microfracturing and remnant host rock pods locally increase 

cemented condensed band permeability by up to two orders of magnitude. Permeability 

is reduced in fault samples that show grain size reduction and diagenesis compared to 

host rock permeability. The fault core component permeability study here highlights the 

important link between mechanisms of deformation (for example cataclasis or pressure 

solution) and component permeability.

6.6 Evidence for palaeo fault fluid flow

The occurrence of mineralisation along a structure indicates that at some point that 

structural feature acted as a pathway to fluid flow. The deformation band faults in this 

study show evidence of mineralisation associated with major slip surfaces.

M ajor slip surfaces at Big Hole fault are occasionally cemented with carbonate or 

quartz along strike. The carbonate cement is localised along slip surfaces at locality 1, 

and locality 2, Big Hole fault (Figure 6.6) suggesting that mineralising fluids exploited 

the slip surface. The Navajo Sandstone host rock is a quartz arenite indicating that the 

carbonate-rich fluids are derived externally, possibly from an underlying carbonate unit 

such as the Moenkopi Formation, Kaibab limestone or the overlying Carmel Formation 

(see Figure 2.12).

The major slip surface at Yellow Cat fault is associated with manganese pipes 

approximately 4 to 10 cm in thickness (Figure 6.6). The pipes are open features that lie 

along the fault plane. Similar manganese mineralisation (manganese and haematite 

nodules, pipes and staining) is observed by Chan et al. (2000) near the Moab fault (see 

Figure 2.6). Chan et al. (2000) relate the occurrence of manganese and haematite
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oxides to the mixing of shallow groundwater with saline brines from the Navajo 

sandstone aquifer. Chan et al. (2000) propose that oxidised meteoric waters caused the 

dissolution o f iron and manganese, which ascended the Moab fault and moved laterally 

through porous lithologies. It is likely that similar fluids circulated from the underlying 

Navajo sandstone along the Yellow Cat fault. The timing of mineralisation is thought to 

coincide with uplift episodes from the Tertiary to the Pliocene (Chan et al. 2000).

There is also evidence of fluid flow in the damage zone of the Yellow Cat fault (Figure 

6.6). Fractures in the footwall damage zone of Yellow Cat fault have bleached halos 

(white colour) making them stand out from surrounding red (iron oxide rich) Slick Rock 

siltstone. Bleaching of iron oxides tends to occur when reducing fluids such as 

hydrocarbons, organic acids, methane, or hydrogen sulphide come in to contact with 

iron oxides (Garden et al. 2001; Parry et al. 2004). Foxford et al. (1998) relate 

widespread bleaching of the Moab Tongue Sandstone in the M oab anticline area to 

migration of hydrocarbon-bearing fluids. A likely source of hydrocarbon would be the 

underlying Pennsylvanian Paradox Formation, which hosts organic-rich shale (Figure 

2.12). It is likely that hydrocarbon-bearing fluids migrated along open fractures in the 

damage zone o f the Yellow Cat fault, which is in the same region.

There are also small amounts o f sporadic carbonate and manganese mineralisation 

associated with slip surfaces and within the Lower Entrada Sandstone, Goblin Valley. 

The extra-formational mineralising fluids migrated along major slip surfaces and 

occasionally through the porous sandstone layers.

6.7 Bulk Fault fluid flow modelling

The fault core component permeability measurements (section 6.5) are representative of 

individual components within the entire fault core. The permeability measurements do 

not reflect the geometry and connectivity o f fluid flow pathways, which are essential to 

predicting bulk fault fluid flow in reservoir sandstones. There are several methods of 

assessing bulk fluid flow. One is to incorporate fault geometry with fault component 

permeability (parallel plate model) or a second method is to incorporate detailed 

outcrop maps with permeability data (numerical simulation).
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6.7.1 Parallel plate model

Antonellini and Aydin (1994) and Shipton et al. (2002) calculated bulk permeability of 

the fault zone using simple harmonic and arithmetic means dependant on fault 

component permeability and fault component thickness. Shipton et al. (2002) divide the 

fault zone into four components; deformation bands, fault core, slip surfaces and host 

rock and assign each component a permeability value. Assuming that fault components 

are parallel, the bulk permeability is calculated parallel and perpendicular to the fault. 

Shipton et al. (2002) find that bulk harmonic mean permeability (flow perpendicular to 

the fault zone) is most sensitive to fault core thickness. Fault core thickness was shown 

by Shipton et al. (2005) to show no simple correlation between thickness and 

accumulated offset. Along-fault fluid flow is most sensitive to open versus closed slip 

surfaces.

The parallel plate model is a simplified representation of generally complex fault zones. 

Most importantly, it fails to take into account along strike/down dip variability in fault 

core thickness and permeability. In particular, it does not represent the connectivity of 

potential pathways for fluid flow.

6.7.2 Numerical simulations using outcrop maps

Jourde et al. (2002) used detailed outcrop maps of a strike slip fault and a numerical 

finite element technique to model fluid flow through the outcrop maps. Detailed outcrop 

maps were made at 6 m, 14 m and 150 m of fault offset. The fault zone outcrops were 

split into five fault components; joints, sheared joint/deformation band, slip surface, 

fault rock and host rock and each component was assigned a permeability value (mD) 

based on previous published work. Slip surfaces, joints and fractures were assigned a 

permeability o f 10^ mD, fault rock, sheared joints and deformation bands were assigned 

a permeability of 0.1 mD and host rock was assigned a permeability of 200 mD. The 

outcrop maps were discretized into a large number (2000 x 2000) of pixels (grid blocks) 

where each pixel has an associated permeability value that depends on the fault 

component it represents. Flow was simulated perpendicular and parallel to the fault 

zone.

The results of the simulation show that for 6 m of offset, flow parallel to the fault zone 

is enhanced and is strongly dependent on the aperture of open slip surfaces. Flow
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perpendicular to the fault is impeded by the relatively low fault rock permeability (0.1 

mD) compared to host rock permeability (200 mD). For 14 m of offset, fault parallel 

flow is similar to the previous simulation for 6 m of offset. Fault perpendicular flow is 

slightly enhanced due to the presence of interconnected slip surfaces that cut across the 

fault rock. For 150 m of offset, flow parallel to the fault is enhanced but not quite as 

much as in previous simulations possibly due to a more developed damage zone. Flow 

perpendicular to the fault is further reduced due to an increase in fault rock thickness 

and the lack of interconnected slip surfaces.

The fluid flow modelling by Jourde et al. (2002) highlights some important 

relationships between fault geometry and fluid flow. In particular, the relationship 

between bulk fluid flow and fault core thickness. An increase in fault core thickness is 

associated with a decrease in bulk fluid flow. There are however some limitations to this 

method. Firstly, if the outcrop map were shifted slightly (for example by 2 m sideways) 

the bulk permeability would be quite different. This technique therefore ignores fault 

geometry variability. In addition, the likelihood of having such detailed fault zone maps 

for faults at depth is zero. Therefore, this technique is not readily applicable to the 

hydrocarbon industry.

6.7.3 Deformation band fault core and bulk fluid flow

In this study, detailed outcrop maps, similar to Jourde et al. (2000) were made of 

deformation band fault core. The outcrop maps show the spatial structure of the fault 

core and are excellent tools to visualise the occurrence of potential conduits and baffles. 

As mentioned above, there is no way such detailed maps can be made for subsurface 

faults. However, by examining the hydraulic properties of a localised region (outcrop) 

some simple conclusions concerning fluid flow can be made.

Figure 6.7 is an outcrop map from this study, see chapter 4, made at locality 3, Big Hole 

fault. The arrows refer to potential fluid flow pathways through the fault core via 

interconnected slip surfaces (if they remain open). Major slip surfaces represent 

potential conduits to along-fault fluid flow. Interconnected slip surfaces, joints, breccia 

pods and fractures represent potential conduits to across-fault fluid flow. In the absence 

of ‘open’ conduits, across-fault fluid flow would be focused on relatively thin regions of 

cemented condensed bands. The thickest regions of cemented condensed bands
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represent significant baffles to fluid flow (Antonellini and Aydin 1994). Most bulk fluid 

flow models (Antonellini and Aydin 1994; Shipton et al. 2002) concerning deformation 

band faults do not take into account the possible occurrence of isolated ‘leaky’ points. 

The outcrop map in figure 6.7 highlights the potential role of breccia pods for migrating 

fluids.

The outcrop map in figure 6.7 is relevant for deformation band fault core at higher 

offsets (> 8 m). Chapter 4 showed how deformation band fault core evolves with 

increasing offset. The geometry, structure and components changed as offset 

accumulated. The bulk hydraulic properties of fault core are likely to evolve too. 

Individual deformation bands baffle flow and compartmentalise reservoir sandstones 

(Pittman 1981; Antonellini and Aydin 1995). Low offset faults (< 1 m) are composed of 

low permeability (< 5 mD) condensed deformation bands and thin units of cemented 

condensed bands (< 1 mD) possibly in association with minor slip surfaces. The minor 

slip surfaces may be open or closed. If minor slip surfaces are open, they could 

potentially be conduits to fluid flow parallel to fault strike. However, the anastomosing 

geometry and occasional discontinuity of minor slip surfaces does not make them ideal 

conduits. Regions of thin condensed deformation bands and cemented condensed bands 

are likely to provide pathways to cross-fault fluid flow.

At higher offsets (> 1 m) deformation band fault core is generally more geometrically 

and compositionally complex. Potential cross-fault leaky points include extensional 

comb fractures, interconnected open slip surfaces and thin regions of cemented 

condensed bands. Along-fault fluid flow is primarily controlled by open slip surfaces.

In addition to offset controls on bulk permeability, fault reactivation and host rock 

heterogeneity can locally change the hydraulic properties of the fault core. Breccia pods 

have been linked with fault reactivation (chapter 3) and are therefore potential 

components of deformation band fault core in regions that have been tectonically 

reactivated. If the geological history is known then the presence or absence of breccia 

could potentially be predicted. Fault gouge is a potential conduit to fluid flow. The 

gouge at Big Hole fault is always associated with either iron oxide or carbonate 

mineralisation indicating that it was a conduit in the past (see section 6.6). The presence 

of gouge is shown to relate initial host rock porosity. Gouge could potentially be 

predicted if there is known host rock heterogeneity.
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6.7.4 Discussion: bulk fluid flow modelling

In practice, the parallel plate model neglects along strike variability and is an over

simplified representation of complex fault zones. Most importantly, the parallel plate 

model fails to predict the occurrence and connectivity of potential fluid-flow pathways. 

The outcrop maps are ideal tools to visualise fluid flow but in reality, this type of data 

will never be available for sub-surface faults. A more suitable approach would be to 

make statistically based predictions of hydraulic properties (Dr R Lunn, personal 

communication). To do this, data pertaining to the permeability character of the fault 

core must be collected. The kind of data needed would likely include the host lithology, 

deformation mechanisms, connectivity of slip surfaces, open versus closed slip surfaces 

and component permeability. Ideally, a large database o f hydraulic properties could be 

collected, which could be used to make multivariate statistical predictions. In addition, 

the spatial structure of the fault would need to be characterised. As shown in chapter 4, 

mean fault core thickness tells one nothing about the thickening/thinning relationship 

observed in cemented condensed bands in the fault core. Cemented condensed bands 

exhibit the lowest recorded permeability (0.07 mD) in deformation band faults and 

therefore represent significant baffles to fluid flow. Understanding the spatial structure 

is an integral part of statistically characterising the fault core.

6.7.5 Spatial structure of the fault core

One method o f describing core variability is to analyse the spatial statistics of a fault 

using a variogram. A variogram is a function that describes the covariance between 

pairs o f points at a given distance (termed the ‘lag’) apart. To derive an experimental 

variogram from a dataset, the squares of the differences in core thickness between all 

possible pairs of data points on the fault are calculated. These are then ‘binned’ as with 

a histogram into lag distance intervals and for each interval, the mean value is plotted. 

The underlying assumption is that if spatial covariance exists then points that are closer 

together will tend to the same value. Hence, the mean sum of squares differences will 

tend to zero. Further, for any pairs o f points beyond a given lag distance called the 

range no correlation will exist and the variogram will be a constant value equal to the 

background variance. The range effectively defines a characteristic length scale for the 

spatial variability in core thickness. Typically, the range is multiplied by four to then 

determine a representative elementary volume (REV). The REV is the statistically

121



Bulk Fluid Flow in Deformation Band Fault Core

representative portion of the fault that should be incorporated into fluid flow 

simulations.

High-resolution (every 10 centimetres) thickness data from Big Hole fault was analysed 

by Dr Rebecca Lunn (University of Strathclyde) to characterise its spatial covariance 

structure and hence quantify a representative elementary volume (REV). At locality 3, 

Big Hole fault, the thickness of the fault core (minus host rock and deformation bands) 

was measured every ten centimetres over a 19-m long outcrop. The variogram produced 

for locality 3 is shown in Figure 6.8. The plot clearly shows spatial correlation at small 

lag distances (<1.5 m) with the experimental variogram (shown by the markers on 

figure 6.8) tending to zero as pairs of points get closer together. Also shown on figure 

6.8 is a fitted covariance function for a spherical distribution, which is an excellent fit to 

the field data. The range on figure 6.8 is shown to be 1.5m, which corresponds to a REV 

of 6 m.

At locality 1, Big Hole fault, the thickness of the entire fault core is measured every 10 

cm over approximately 10 m. The variogram produced for locality 1 is shown in Figure 

6.9. Again, there is clearly spatial correlation in the data and the best fit was achieved 

with Gaussian covariance function, which is also shown on the figure. The range is 

estimated to be 4.3m, which results in an REV of 17.2 (Figure 6.9).

Both variograms indicated that a clear spatial structure exists for both fault core 

thickness and fault core thickness minus host rock/deformation bands. It is interesting to 

note that whilst both sets of data were taken from the Big Hole fault, the covariance 

function and the range are not the same at both locations. This highlights the 

geometrical differences associated with incorporating the entire fault core thickness as 

opposed to fault core thickness minus host and deformation bands. The small-scale, 

almost sinusoidal thickness changes in the cemented condensed bands are clearly 

reflected in the excellent fit of a covariance function for a spherical distribution. The 

larger-scale thickness changes in the fault core reflect the influence of fault strand 

linkage and major slip surface development. To determine the nature of such 

relationships a larger dataset would be required for a number of different locations.

6.7.6 Slip surfaces: conduit or baffle?

The bulk fluid flow modelling (Antonellini and Aydin 1994; Shipton et al. 2002) and
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observations o f deformation band fault core in this thesis highlights the importance of 

open versus closed slip surfaces. The model of Jourde et al. (2002) assumes that slip 

surfaces are permanently open fractures in the sub-surface, an assumption that greatly 

influences flow parallel and perpendicular to the fault zone. The occurrence of open slip 

surfaces is highly dependant on confining pressure, fluid pressure and the local stress 

regime. At greater depths, under normal fluid pressure, slip surfaces are unlikely to 

remain as open conduits (Antonellini and Aydin 1994). However, under elevated fluid 

pressures, fractures and slip surfaces can remain open to significant depths in the crust.

Observations of slip surfaces in surface outcrops in this study and in both surface 

outcrops and drill core by Shipton et al. (2002) show examples of both open and closed 

slip surfaces at seemingly random points along the Big Hole fault (along strike and at 

depth). It is impossible to know if the slip surfaces opened during faulting, during fluid 

over-pressurisation or later during uplift and unloading. The occurrence of carbonate 

mineralisation along Big Hole fault indicates that at some point in the sub-surface the 

slip surface were open and acted as a pathway to extra-formational circulating fluids.

M ajor slip surfaces are laterally continuous (along strike and down dip) making them 

ideal pathways through the fault core. The results o f the fault perpendicular fluid flow 

simulations o f Jourde et al. (2002) highlight the importance of interconnected (cross

fault) slip surfaces. Jourde et al. (2002) observed enhanced fluid flow perpendicular to 

the fault when slip surfaces are open and interconnected. Observations in this study 

show that interconnected oblique slip surfaces are common in deformation band fault 

core.

The occurrence of open versus closed slip surfaces represents an 8 order of magnitude 

shift in permeability from closed surfaces (cemented condensed bands) (0.07 mD) to 

open conduits (10^ mD, from Jourde et al. (2002)), which introduces a large factor of 

uncertainty into fault fluid flow models. It is likely that detailed knowledge of fluid 

pressure in sedimentary basins and fluid pressure during episodes o f faulting will aid 

prediction o f open versus closed slip surfaces (Cosgrove 1998).

6.8 Fault up-scaling for reservoir simulations

Fault zone up-scaling is typically achieved by averaging certain fault properties such as 

fault thickness or permeability. For instance, Manzocchi et al. (1999) analytically model
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fluid flow using fault transmissibility multipliers. Each grid block in a flow simulation 

is assigned a uniform transmissibility based on effective permeability and the distance 

between the centres of two adjacent grid blocks. The transmissibility multiplier assigned 

to each grid-block fault face is an “appropriately up-scaled representation” of the fault 

zone. The multipliers act on flow perpendicular to the fault zone only. Manzocchi et al. 

(1999) represent a fault zone by a particular thickness and permeability where thickness 

is primarily related to displacement (offset) and permeability relates to the quantity of 

shale. Thickness and permeability are highly variable but Manzocchi et al. (1999) 

assume that the correlation lengths associated with this heterogeneity are less than the 

standard grid block size (100 metres), meaning that the area chosen to be up-scaled is a 

representative portion of the fault zone. It is shown in section 6.7 that the REV for 

deformation band fault core thickness is less than 100 meters.

Fault zone permeability is shown to relate to the quantity of shale in the fault gouge 

(Yielding et al. 1997). This method is widely used to calculate permeability and is 

termed the shale gouge ratio (SGR). The SGR for a particular point is

SGR = (Z(Tsh)/1) X 100% (6.3)

where Tsh is the shale bed thickness and t is fault throw. Manzocchi et al. (1999) uses 

the SGR relationship and fault thickness/offset relationship to calculate fault 

permeability in equation 6.4.

Log Kf = -4SGR-0.25\og(D)(l-SGRf (6.4)

Where Kf is fault permeability and D is displacement (m).

Manzocchi et al. (1999) capture the inherent variability associated with permeability 

measurements by using the transmissibility method. However, the fault permeability 

equation (6.4) cannot be applied to host rocks that do not contain significant shale 

(Manzocchi et al. 1999). This problem indicates that the transmissibility multiplier 

technique cannot be applied to faults that cut porous low-shale host rocks such as the 

Moab Tongue, Navajo Sandstone and Lower Entrada Sandstone, which are important
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reservoir sandstones. In addition, this study has shown that fault core thickness in 

deformation band faults does not correlate with offset accumulation. Fault thickness 

observations suggest that variability is primarily controlled by fault strand linkage, 

which could be a function of bed thickness. It is clear that fault core thickness depends 

on multiple variables such as host rock lithology, bed thickness, mechanisms of 

deformation (cataclasis versus slip surface propagation) during faulting, and fault 

linkage. A multivariate statistical analysis is necessary to understand what variables are 

most important for controlling fault core thickness. Once the controlling variables are 

identified, future analysis can focus on measuring these parameters in the field.

6.9 Conclusions

• Fault component permeability varies depending on the mechanisms of 

deformation (cataclasis, pressure solution etc.)

• The lowest permeability was recorded in cemented condensed bands (0.07 mD) 

adjacent to major slip surfaces. Condensed deformation band permeability is less 

than 5 mD. Deformation band permeability is less than 10 mD. Higher 

permeability (-300  mD) is associated with fractured fault core.

• Deformation band fault core, in particular, slip surfaces, acted as conduits to 

fluid flow sometime in the past.

• Previous fluid flow models e.g. parallel plate model fail to take into account to 

spatial variability o f the fault core.

• Potential conduits in deformation band fault core include along-strike open slip 

surfaces and across-fault interconnected slip surfaces, fractures and joints.

•  Reactivated faults are likely to be associated with shear fractures and breccia, 

which are potential conduits to across fault fluid flow.

• Localised heterogeneities such as reduced porosity can change the fault core 

composition and therefore influence the fluid flow properties.

•  M ultivariate statistical analysis of the hydraulic properties of faults could 

potentially help predict fluid flow for sub-surface faults.
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• The fault core has a clear spatial structure and there is evidence to suggest there

is a representative elementary volume (based just on fault thickness).

•  Previous reservoir simulation models (Manzocchi et al. 1999) use fault offset as

a predictive tool for fault thickness. This is not applicable to deformation band 

faults.

•  Deformation band fault permeability does not scale linearly with offset

accumulated.
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Figure 6.1 Diamond drill used for collecting core plug samples for permeability 
analysis. The drill enabled sampling o f homogeneous cemented condensed bands 
that are difficult to to break with a geological hammer.

source

Figure 6.2 Probe permeameter set-up at Utah State University. Nitrogen gas 
source (left) is connected to the mechanical stage and data logger. The probe 
tip is positioned on the sample and sealed by an 'o' ring seal.

Probe 'head'

Core Plug

Figure 6.3 Schematic representation 
o f  flow lines for a half-space 
geometry, modified from Tidwell et 
al. (1999).



Figure 6.4 Schematic illustration o f the principle behind Darcy's Law. Q is the 
flow rate of permeant through the sample (ml/s); A is the cross sectional area o f 
the sample (cm^); L is the length o f the flow path (sample); p i and p2 are 
upstream and downstream pressures respectively; dp is the differential pressure 
between up- and down-stream ends o f  the sample.
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Figure 6.5 Fault component permeability histograms for deformation bands (A), 
condensed deformation bands (B) and cemented condensed bands (C and D). 
Histogram A represents nitrogen probe results (7) and water permeability results 
(2). Histogram B represents water permeability results only (5). Histogram C is 
water permeability only (6) and histogram D are nitrogen probe permeability 
results (3). In histogram C, the 'More' value refers to an anomalous value of 15.3 
mD that was measured in sample YC_5.
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Chapter 7 Discussion and Conclusions

7.1 Introduction

The primary aim of this thesis is to understand the development of deformation band 

fault core. In chapter 7, the results of this thesis are synthesised and an integrated fault 

core evolution model is presented. The fault core model is discussed with reference to 

previous numerical and experimental models, which are summarised in section 7.2. The 

broad conclusions of the thesis are then presented followed by suggestions for future 

work.

7.2 Faulting in porous sandstones

The evolution o f deformation in porous sandstone from deformation band development 

to slip surface evolution was examined in detail by Aydin and Johnson (1983) using 

fieldwork examples from (Aydin 1978; Aydin and Johnson 1978) and numerical 

modelling based on the theories of Rudnicki and Rice (1975). Deformation bands are 

idealised as stiff inclusions in a less stiff matrix. Two important modelling observations 

from Rudnicki (1977) are synthesised by Aydin and Johnson (1983). Firstly, long stiff 

inclusions tend to be more unstable than short stiff inclusions. Secondly, increased 

instability is seen in relatively ‘s tif f  inclusions where the rheological contrast between 

host rock and fault rock is greatest.

More recently, Schultz and Siddharthan (2005) present a detailed examination of the 

entire faulting cycle (including slip surface nucleation) using the theories of soil 

mechanics. Schultz and Siddharthan (2005) use a ‘q-p’ diagram to illustrate the stages 

of deformation band faulting (Figure 7.1a). The q-p diagram is a variant of the Mohr 

diagram where q is a measure o f the shear stress supported at a given value of mean 

stress (p) (Schultz and Siddharthan 2005). The bold line on the diagram represents the 

yield surface. According to Schultz and Siddharthan (2005), the type (dilation, 

compaction and shear) of deformation band that forms depends on the stress location on 

the q-p diagram at bifurcation (initiation). The left of the graph indicates volume 

increase (dilation) and the right of the graph indicates volume decrease (compaction). 

Both dilation and compaction can be accompanied by shear (q). For compaction and
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shear (termed deformation bands in this thesis), the yield surface migrates to the right 

associated with strain hardening (Figure 7.1b). When the yield surface intersects with 

the frictional sliding line a slip surface nucleates and the macroscale mechanism of 

deformation changes to strain softening.

A combination of numerical analysis (Aydin and Johnson 1983; Aydin et al. 2006), 

mechanical modelling (Schultz and Siddharthan 2005), experimental modelling (Mair et 

al. 2000) and field observations (Underhill and Woodcock 1987; Fossen and 

Hesthammer 1997; Shipton and Cowie 2001; Johansen et al. 2005) have provided a 

thorough understanding of the processes of deformation band faulting, in particular 

deformation band growth. The processes leading up to slip surface nucleation have been 

theoretically modelled but no field evidence to date has captured the transition. In 

addition, the processes associated with slip surface propagation have not been modelled. 

A model is presented to show the development of the fault core based on field and 

laboratory analysis (section 7.3).

7.3 Fault core model

The macroscale (outcrop) and microscale (thin section) observations are integrated and 

a model for the development of the fault core is presented that covers the early stages of 

deformation band accumulation (prior to slip surface nucleation) and subsequent slip 

surface nucleation and propagation (Figure 7.2). The model is divided into five stages: 

1) deformation band zone development; 2) condensed deformation band growth; 3) 

minor slip surface nucleation; 4) major slip surface nucleation and propagation; and 5) 

fault linkage.

Stage 1 is dominated by deformation band growth. On a microscale, deformation bands 

form by pore space collapse, grain size reduction, alteration of grain shape and minor 

quartz cementation. A decrease in grain size sorting combined with irregular (angular 

to sub-rounded) grain shape promotes interlocking of grains. Individual deformation 

bands become progressively stronger than the surrounding host rock (strain hardening). 

Continued deformation is accommodated by the addition of deformation bands to form 

a zone of deformation bands. In outcrop, deformation bands accumulate to form
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laterally continuous, anastomosing zones (plan view). High-angle, short, stepover 

deformation bands link to laterally continuous bands (cross-section).

Stage 2 is characterised by the addition of deformation bands to a developing zone. 

Deformation band addition causes an increase in deformation band density and an 

increase in the width of a zone. Condensed deformation bands are said (chapter 4) to 

form when the density reaches 6 bands per centimetre in the Entrada Sandstone. On a 

microscale, individual deformation bands are added to the pods of host rock that 

originally separated deformation band in a zone. Regions of increased grain crushing 

form in the condensed deformation bands, typically on the margin of remnant 

deformation bands. Sub-angular grain fragments and locally derived quartz cement fill 

the available pore space reducing bulk porosity across the condensed deformation 

bands. Condensed deformation bands are therefore relatively stronger than zones of 

deformation bands. They are also continuous along strike and down-dip.

Stage 3 is characterised by nucleation of minor slip surface along regions of increased 

grain crushing in condensed deformation bands. The number of minor slip surfaces in a 

region of condensed deformation bands depends on the total thickness of the condensed 

deformation bands. This suggests that more nucleation sites were available in thicker 

regions of condensed deformation bands. The minor slip surfaces link to form 

anastomosing networks. The occurrence of minor slip surfaces marks the first stage of 

strain localisation onto discrete surfaces, and essentially changes the style of 

deformation. Although multiple slip surfaces nucleate, not all slip surfaces 

accommodate significant quantities of offset. Slip surfaces tended to link and form a 

mass of interconnected discrete surfaces. The grains immediately adjacent to minor slip 

surfaces are compacted and grain dissolution occurs forming distinctive cemented 

condensed bands. The entire zone is undergoing small-scale shear and compaction 

(normal and oblique to fault strike).

Stage 4 is characterised by nucleation of major slip surfaces. A major slip surface 

nucleates along the margin of the zone between the mechanically strong condensed 

deformation bands/cemented condensed bands and the surrounding host rock. The 

major slip surface follows the geometry of the remnant condensed deformation bands 

and minor slip surfaces, possibly nucleating along a minor slip surface. As the major 

slip surface evolves, Riedel-like shears deform the cemented condensed bands. The 

entire cemented condensed bands are therefore undergoing bulk deformation via shear
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and compaction. The cemented condensed bands surrounding major slip surfaces have 

very little porosity (< 1 %) and are essentially a crystalline material rather than granular 

material.

Stage 5 is characterised by accumulation of offset along major slip surfaces and fault 

growth. In an isolated fault, such as Big Hole fault, strain is largely accommodated by 

accumulating slip along major slip surfaces and shearing/compaction of the associated 

cemented condensed bands. The thickness of the fault core, in particular the cemented 

condensed bands, shows no increase with offset accumulated. Conversely, in 

mechanically constrained layers, such as Goblin Valley, fault growth is largely 

influenced by fault strand interaction and linkage. The thickness of the fault core 

strongly depends on fault linkage but like in an isolated fault, shows no mean increase 

with offset accumulated at higher offsets.

7.4 Discussion

The unified models of faulting in porous sandstones have tended to evolve from a 

combination of numerical and experimental modelling (Aydin and Johnson 1983; Wong 

et al. 1997; Mair et al. 2000; Schultz and Balasko 2003; Schultz and Siddharthan 2005; 

Aydin et al. 2006). The experimental and numerical models of deformation band 

accumulation are strongly supported by fieldwork examples (Aydin 1978; Aydin and 

Johnson 1978; Underhill and Woodcock 1987; Fossen and Hesthammer 1997; Shipton 

and Cowie 2001; Schultz and Balasko 2003; Davatzes et al. 2005; Johansen et al. 2005; 

Shipton et al. 2005) but fieldwork evidence of slip surface growth has only recently 

been addressed by Shipton and Cowie (2001) and Shipton et al. (2005). The detailed 

fieldwork and laboratory analysis of deformation band fault core in this thesis provides 

natural examples of slip surface growth and fault core development. The five-stage fault 

core model highlights the transition from an essentially granular material (deformation 

bands) to a stiff, almost crystalline solid (condensed deformation bands and cemented 

condensed bands).

7.4.1 Fault core development

The first crucial stage of fault core development begins with deformation band 

accumulation. Mair et al. (2000) experimentally modelled deformation band growth and
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found that an increase in strain corresponded to an increase in the number of 

deformation bands. The host rock pods separating deformation bands were thicker than 

the individual deformation bands suggesting that condensed deformation bands were 

not created experimentally by Mair et al. (2000). Field and thin section analysis shows 

that deformation bands are added to the pore space separating deformation bands. This 

suggests that deformation band growth occurs within a zone of deformation bands and 

on the margin. There is no field evidence to suggest that there is a critical zone 

thickness prior to deformation bands accumulating in the pods separating deformation 

bands.

This model shows for the first time the relationship between deformation band density 

and slip surface nucleation. The model implies that reaching a deformation band density 

of at least 6 bands per centimetre is crucial for slip surface nucleation. However, this 

model applies to deformation bands that are approximately 1 mm thick in the Entrada 

Sandstone. Deformation band thickness is thought to relate to host lithology grain size 

and grain packing (Aydin 1978; Tordesillas et al. 2004). Therefore, the density cut-off 

is likely to change in host lithologies that have different grain size distributions.

Slip surfaces are shown to nucleate along regions o f increased grain crushing. Aydin 

(1978) recognised the relationship between the region of increased grain crushing and 

slip surfaces but did not establish the relative timing between the two. Observations in 

this thesis suggest that a certain critical amount of grain crushing is necessary for slip 

surface nucleation. The grain size necessary for slip surface nucleation is sub-micron (or 

less). In addition, slip surfaces tend to nucleate between regions of sub-micron grains 

and higher porosity (6 to 7 %) pods. This suggests that not only is a sub-micron grain 

size necessary but also there must be some kind of theological contrast. The concept of 

an instability arising from a theological contrast was adopted from Rudnicki and Rice 

(1975) to explain the nucleation o f a major slip surface on the margin of deformation 

bands (Aydin and Johnson 1978, 1983). However, in Aydin’s model (1978), minor slip 

surfaces are not recognised within the developing deformation band zone. In addition, 

the processes that create the relative theological contrast are not discussed by Aydin 

(1978). M icrostructural analysis in this thesis showed how condensed deformation band 

pore space is successively filled with grain fragments and quartz cement. The process 

of condensed deformation band development is therefore crucial to forming a 

mechanically strong unit.
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Minor slip surfaces form along areas of greatest rheological contrast in condensed 

deformation bands. The thicker the condensed deformation bands, the greater the 

likelihood that there will be multiple potential nucleation sites. Perhaps thick regions of 

condensed deformation bands encourage nucleation of multiple slip surfaces rather than 

nucleation of a single minor slip surface. The minor slip surfaces link to form an 

anastomosing network, as observed in the damage zone of Big Hole fault (Shipton and 

Cowie 2001).

Perhaps the most optimally oriented continuous and linear slip surface will become the 

major slip surface. Naturally, the most continuous occurrence of ‘weak’ host rock (pod) 

to stronger condensed deformation bands is along the margin of the condensed 

deformation bands between the developing fault core and the surrounding pristine host 

rock. In this case, major slip surfaces nucleate along continuous (long) regions of 

relatively high rheological contrast just as the models of Rudnicki and Rice (1975) and 

Rudnicki (1977) predict.

However, there is also evidence of interconnected major slip surfaces that cross the 

thickness of the fault core and occasionally major slip surfaces that cut through the 

middle of the fault core. Perhaps, the irregular slip surface geometry is associated with 

some kind of heterogeneity in the developing fault. For instance, the interaction 

between stress fields of two nearby faults or perhaps irregular condensed deformation 

band geometry, such as a sudden change in thickness or strike.

7.4.2 Mechanical model

Fault core development can be simplified into two basic stages, an initial strain 

hardening stage followed by strain softening. The crucial change between deformation 

mechanisms is associated with a strong rheological contrast. The two materials (host 

rock and condensed deformation bands) behave very differently under an applied load. 

The strain hardening and strain softening stages can be shown pictorially on a q-p 

diagram after Schultz and Siddharthan (2005). The process of condensed deformation 

band growth causes the yield surface to expand until the available pore space is filled 

(Figure 7.3). The migration of the yield cap is explained by a macroscale strain 

hardening processes. According to the q-p diagram a slip surface will nucleate when the 

frictional sliding line intersects with the expanding yield surface. Failure will 

presumably occur along the weakest point in the condensed deformation bands, which is
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shown to be between remnant deformation band margins (where increased grain 

crushing is observed) and small pods of host rock. Once a major slip surface evolves, 

faulting on the q-p diagram is represented by macroscopic strain softening (Figure 7.3). 

The process of slip surface propagation is associated with bulk deformation of the 

cemented condensed bands, which overprints the earlier stages o f strain hardening.

The q-p diagram illustrates the changing rheology o f the fault core with accumulated 

offset and the onset of slip surface nucleation. However, it does not incorporate the 

chemical aspects of fault core development, in particular the role of quartz cementation. 

Quartz dissolution, in particular, pressure solution is shown to be a dominant 

mechanism of deformation in the fault core. A coupled mechanical-chemical model 

could potentially help explain slip surface development and bulk deformation of the 

fault core.

7.4.3 Fault core component variability

It was noted that all deformation band faults in this study are composed of slip surfaces, 

condensed deformation bands, cemented condensed bands, deformation bands and pods 

of host rock. This indicates that the fault growth model developed in this thesis applies 

to a variety of different porous sandstones and geological settings. It was also shown 

that the composition of the fault core varies somewhat. Reductions in host porosity are 

linked with localised pockets of gouge in deformation band fault core. Similar 

observations of the link between host rock petrophysical properties and the evolution of 

fault components has been described by Flodin et al. (2003). Fault core composition 

varied in regions that were tectonically reactivated post-deformation band faulting. In 

this thesis, shear fractures and breccia pods were recognised as offsetting deformation 

band fault core. The shear fractures and breccia pods were typically highly localised 

along fault strike. Shearing tended to occur along pre-existing extensional fractures that 

commonly cut major slip surfaces in deformation band faults.

7.4.4 Fault core evolution and fault core thickness

The model of deformation band fault core evolution (section 7.3) essentially describes 

how strain may be accommodated during faulting. Deformation is observed on a 

variety o f scales, from |jm  (grain scale) to m (fault) scale. Strain accommodation is
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partitioned through the fault core. The transition from deformation band addition to slip 

surface nucleation represents a change in the way the fault accommodates strain. The 

geometry of the developing fault will therefore change too. The change in fault 

thickness growth with the onset of slip surface nucleation is captured in Figure 7.4. In 

Figure 7.4, a period of steady growth in pre-fault core thickness is observed prior to slip 

surface nucleation. After major slip surface nucleation, the thickness of the fault core 

does not show a clear increase with offset accumulated. However, this study has shown 

that although strain is localised onto a discrete slip surface, there is bulk deformation of 

the adjacent cemented condensed bands. Strain is not simply accommodated by offset 

accumulation on slip surfaces. There is bulk shearing and compaction of the cemented 

condensed bands. The cemented condensed bands are deforming in a ductile fashion by 

the re-distribution of quartz. In the early stages of slip surface growth the thickness of 

the region of cemented condensed bands grows with offset accumulation. This does not 

affect the total thickness of the fault core as the condensed deformation bands are being 

processed into cemented condensed bands. At higher offsets, there is no increase in the 

thickness of the cemented condensed bands with offset accumulated. Instead, the 

cemented condensed bands undergo progressive compaction and shear forming an 

almost ‘mylonitic’ texture, such as observed at higher offsets, e.g. 20 m offset, along 

Big Hole fault.

Fault core thickness (minus host rock) is sensitive to strain partitioning and deformation 

mechanisms such as pressure solution and brittle fracturing. In addition, fault thickness 

is strongly dependant on the macroscale processes of fault strand linkage. It has been 

shown that fault segment linkage leads to localised thickening of the fault core. The 

process of fault strand linkage has been investigated by many authors (Dawers and 

Anders 1995; Childs et al. 1996; Foxford et al. 1998; Vermilye and Scholz 1999; 

Mansfield and Cartwright 2001; Peacock 2002; Benedicto et al. 2003; Walsh et al. 

2003) as a mechanism of normal fault growth. The investigation of fault linkage in 

relation to mechanical layer thickness is beyond the scope of this thesis. However, there 

is a strong suggestion that increased lateral linkage due to vertical confinement is seen 

in mechanically constrained beds such as at Goblin Valley.

7.4.5 Influence of deformation band fault core on fluid flow

Individual deformation bands are baffles to fluid flow perpendicular to the band 

(Antonellini and Aydin 1994; Antonellini and Aydin 1995; Gibson 1998; Aydin 2000;
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Fisher and knipe 2001). The processes of cataclasis and quartz cementation cause a 3 to 

4 order of magnitude reduction in permeability (Antonellini and Aydin 1994). This 

study has examined the fluid flow properties of deformation band faults in association 

with slip surfaces. Deformation band fault core is heterogeneous and structurally 

complex. The fault core can be divided into potential conduits to fluid flow and baffles 

to fluid flow. The major potential pathways for fluid flow are slip surfaces, joints, 

breccia pods and fractures. The connectivity of slip surfaces makes them ideal along- 

fault conduits. Breccia pods, fractures and joints are potential conduits to across-fault 

fluid flow. The migration of fluids along these pathways primarily depends on whether 

the pathway remains open at depth. If open, the aperture, geometry and connectivity of 

the pathways are crucial to predicting fluid flow. If the pathways were sealed by 

mineralising fluids, the fault core would be a highly significant baffle to fluid flow. 

Both scenarios (open and closed conduits) were observed in the faults studied in this 

thesis. Predicting the hydraulic properties of a fault likely depends on multiple variables 

such as offset, host lithology, fault core thickness, deformation mechanisms, fault 

linkage, and tectonic history of the region of interest. A multivariate statistical approach 

may help isolate the key controlling parameters for fluid flow prediction.

7.5 Conclusions

The following conclusions have arisen from this dissertation. The conclusions apply to 

the specific lithologies and geological settings examined in this dissertation. A summary 

diagram is shown in Figure 7.5.

• Deformation band fault core is composed of multiple distinct sub-components 

with unique compositional and structural characteristics. Four distinct units are 

always found in deformation band fault core: zones of deformation bands, 

condensed deformation bands, cemented condensed bands, and slip surfaces 

(minor and major).
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• Deformation bands are laterally extensive tabular bands that accommodate small 

amounts of shear (~ 1mm). Deformation bands are typically a lighter colour than 

their parent host rock, but localised colour changes can occur due to 

mineralisation (e.g. iron oxide, carbonate). Individual deformation bands form 

by the processes of cataclasis (grain rolling, pore space collapse and grain 

fragmentation) combined with quartz cementation. The reduction in mean grain 

size, decreased grain sorting and related porosity decrease as well as minor 

cementation makes deformation bands relatively stronger than the surrounding 

pristine host rock. For this reason, deformation bands typically form dramatic 

weathered exposures where the zones of deformation bands stand proud of the 

surrounding host rock. Deformation bands exhibit strain hardening, meaning that 

continued strain is accommodated by the formation of new deformation bands 

rather than continued deformation along existing deformation bands. The 

number of deformation bands in an individual zone grows with the accumulation 

of offset.

• Deformation bands generally exhibit a three to four order of magnitude 

reduction in permeability compared to parent host rock and exhibit a one order 

of magnitude reduction in porosity. Deformation bands therefore act as baffles 

to fluid flow and can reduce connectivity within reservoirs.

• Condensed deformation bands are distinguished from zones of deformation 

bands based on deformation band density. When the number of deformation 

bands is greater than 6 bands per centimetre the component is termed condensed 

deformation bands. Condensed deformation bands are characterised by an 

overall reduction in host rock (visible in outcrop and thin section) compared to 

zones of deformation bands. As offset accumulates, deformation bands are 

added to the zone and the number of host rock pods decreases. Condensed 

deformation bands form by grain fragmentation and minor quartz cementation. 

Regions of increased grain crushing form on the margins of remnant 

deformation bands within the condensed deformation bands. At higher offsets, 

condensed deformation band thickness does not show a mean increase with the 

accumulation of offset.
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• Condensed deformation bands show a further reduction in permeability and 

porosity compared to zones of deformation bands. They therefore represent a 

significant baffle to fluid flow in reservoir sandstones.

• Condensed deformation bands are associated with minor slip surfaces, which 

can be distinguished from deformation bands using basic appearance and 

geometry criteria. M inor slip surfaces nucleate at low offsets (approximately 0.1 

m) within condensed deformation bands. M inor slip surfaces nucleate along the 

margin of finer grained material possibly due to a juxtaposition of mechanically 

strong (finer grained) unit with a weaker (pod of host rock) unit. The number of 

slip surfaces (counted perpendicular to fault core) relates to the number of 

potential nucleation points (juxtaposition of relatively weak and strong 

materials) that exist. M inor slip surfaces link to form anastomosing networks 

within condensed deformation bands. Shear along slip surfaces is associated 

with pressure solution along adjacent grain boundaries. The processes of 

pressure solution and quartz cementation form cemented condensed bands.

• M ajor slip surfaces occur on the margin(s) of the deformation band fault core. 

They are typically polished, striated and often exhibit extensional fractures. 

M ajor slip surfaces are responsible for the accumulation of significant offset. In 

thin section, major slip surfaces are associated with a Riedel-like shear fabric 

associated with grain alignment and iron oxide solution seams indicating that 

bulk movement of the cemented condensed bands is associated with major slip 

surface propagation.

• M ajor slip surfaces, if open, are potentially major conduits for along-fault and 

occasionally (where interconnected across the fault core) across-fault fluid flow.

• Cemented condensed bands are associated with minor and major slip surfaces. 

The cemented condensed bands form their distinctive appearance and 

microstructure primarily by the processes o f pressure solution and shear. The 

amount o f pressure solution and quartz cementation appears to increase with 

offset accumulation.

• The permeability o f cemented condensed bands is approximately 0.07 mD, 

representing a further reduction in permeability from condensed deformation 

bands. The cemented condensed bands therefore represent a highly significant
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baffle to fluid flow along strike. Knowing the thickness of the region of 

cemented condensed bands is crucial to predicting bulk fluid flow.

• Post-faulting reactivation is associated with dilation and shear within the fault 

core (cemented condensed bands and slip surfaces). Shear fractures exploit pre

existing extensional comb fractures associated with major slip surfaces. 

Increased shear offset generates distinctive pods and sheets o f breccia. Breccia 

pods and shear fractures represent significant conduits to across-fault fluid flow. 

Their occurrence could potentially be predicted by establishing the tectonic 

history of the reservoir of interest.

• Localised changes in host rock properties, primarily porosity, affect the growth 

of deformation bands and development of the fault core. Reduced grain size and 

pore space tends to be associated with gouge. Gouge can occur as intermittent 

pockets in heterogeneous sandstones or as a continuous layer when low porosity 

sandstone is juxtaposed against higher porosity sandstone. Gouge is likely to be 

a conduit to fluid flow, as evidenced by its tendency to be altered by 

mineralisation at the Big Hole fault. In addition, the damage zone of low 

porosity host rocks tends to be composed of fractures rather than deformation 

bands. A fracture network would potentially enhance along-fault fluid flow 

compared to deformation bands, which would impede flow.

• Fault core thickness exhibits up to two orders of magnitude variability along 

strike for all the faults observed in this study. It is dependant on multiple 

variables such as the number of major slip surfaces, and the thickness of each 

fault core component (host, cemented condensed bands etc.).

• Large-scale variability is driven by fault linkage, which locally increases the 

fault core thickness by several orders of magnitude.

• Fault linkage is greatest in relatively thin sedimentary layers.

•  Small-scale variability is driven by fault growth processes, particularly 

cemented condensed band geometry in association with slip surfaces.

• There is a non-linear relationship between fault core thickness and offset 

accumulation.
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•  The fault thickness/offset models both indicate that the physical processes 

during offset accumulation are not the same at low offsets (< 1 m) than at higher 

offsets (> 8 m). The change in thickness growth is thought to coincide with the 

nucleation o f major slip surfaces.

• The models show how fault thickness depends on not only on offset as previous 

models predict (Hull 1988) but also on the inter-related host lithology, 

mechanism of deformation and strain localisation.

• Fault core thickness (minus host and deformation bands) shows an almost 

sinusoidal thickness change along strike. This primarily applies to cemented 

condensed bands and condensed deformation bands. The spatial structure is 

highly regular and shows a correlation length o f 1.5 m. Considering the 

cemented condensed bands represent the most significant baffle to fluid flow, 

understanding the processes behind this regular thickness change could 

potentially aid bulk fluid flow modelling.

7.6 Future work

Some possible avenues of future research are summarised here:

The evolutionary model presented in this thesis is based on observations in the Entrada 

Sandstone of Goblin Valley and the Navajo Sandstone at Big Hole fault. The growth of 

minor slip surfaces is linked with an increase in deformation band density. The critical 

density is 6 bands/cm in the Entrada Sandstone. The thickness and perhaps density of 

deformation bands is associated with host rock grain size distribution. A detailed study 

of slip surface nucleation within other sandstone lithologies is needed to establish how 

robust and widely applicable this critical density value is.

In stage 2 of the evolutionary model (section 7.3) deformation bands are added to a 

developing zone to form condensed deformation bands. It is unclear at what point 

deformation bands stop accumulating on the margin of the zone and begin forming 

within pods of host rock separating individual bands. A future avenue of research could 

explore the controls on deformation band zone widening as opposed to deformation 

band accumulation in the middle of a zone to form condensed deformation bands.
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Fault core thickness is shown to depend on multiple variables including pods of host 

rock, offset, number of slip surfaces, thickness and growth of cemented condensed 

bands and the mechanisms of deformation. It is impossible to predict a value (in this 

case, thickness) that is dependent on multiple variables (host lithology, number of slip 

surfaces, linkage etc.) using just one variable (offset) as a predictive tool. The observed 

scatter in current power-law plots (Hull 1988) is associated with incorporating such 

widely variable parameters onto one plot. One variable that could be removed is fault 

linkage. Fault linkage causes massive increases in fault thickness measurements that 

lead to an increase in the standard deviation. If the thickness measurements associated 

with linkage could be established then this variable could be removed. Removing the 

variable could show more clearly how offset and other variables influence fault core 

thickness. A short field study, possibly in Goblin Valley, would be ideal to collect 

linkage data pertaining to fault thickness. However, this only removes one variable, 

albeit an important variable. In future, a multivariate statistical analysis would help 

isolate the key controlling parameters. Initially a large database of statistics relating 

fault core thickness with offset, number of slip surfaces, thickness of host pods and host 

lithology would need to be created. A detailed multivariate statistical analysis of the 

database would potentially reveal the key controlling parameters. Isolating key factors 

will help predict fault core thickness and potentially enable researchers to artificially 

create a fault core thickness model based on measured parameters. Such detailed 

predictive tools would be invaluable for the hydrocarbon industry where as the 

thickness of the fault core has been shown to greatly influence bulk fluid flow (across 

fault) (Jourde et al. 2002; Shipton et al. 2002).

An examination of deformation band fault core in higher offset faults would likely yield 

some interesting results. In particular, how does continued compaction and shear (if it 

does) in the cemented condensed bands influence the geometry and character of the 

fault? Is there a decrease in cemented condensed band thickness associated with 

compaction? What type of microscale characteristics is observed in the fault core at 

higher offsets? It is unknown if there are any suitably exposed high offset deformation 

band faults for this field study.

The focus of this thesis was the development of the fault core in quartz arenites and sub- 

lithic arenites. One potentially interesting area of research would be the development of 

fault core in other porous lithologies such as tuffs, clay-rich host rocks and
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unconsolidated material. A brief examination of the fault core of clay bearing Corrie 

Sandstone in chapter 3 revealed a similar fault core geometry and architecture to quartz 

arenite fault core yet the mechanics of clay deformation are quite different to quartz 

deformation (Antonellini et al. 1994). A detailed microstructural analysis of fault core 

in other host lithologies would likely yield some interesting results. In particular, at 

what point do slip surfaces nucleate, and is there similar bulk deformation of, for 

instance, clay bearing fault core in association with slip surface propagation? The 

results o f a future comparative project could be compared with results from this thesis 

to provide a solid understanding of the influence of host rock character on fault core 

development.

Other potential areas of research include the influence of the depth of faulting on the 

character and evolution o f the fault core. The faults studied in this thesis developed 

between 1 to 3 km depth. An increase in temperature and pressure is likely to change 

the deformation mechanisms active during faulting (see M air et al. 2002) and therefore 

influence the fault core geometry and evolution.

It is suggested that sedimentary layer thickness can influence the growth of faults 

(Schultz and Fossen 2002; Benedicto et al. 2003). This study showed that linkage and 

interaction between faults was more prevalent in thinner (less than 15 m thick) 

sedimentary layers that were constrained by mechanically different horizons above and 

below compared to thicker sedimentary beds (greater than 100 m). There are important 

implications for both the growth of faults and consequently predicting fault core 

thickness (see above). Ideally, fieldwork would be carried out on faults in beds with 

different layer thickness but similar faulting conditions.
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Figure 7.1. Elements o f the q-p diagram from Schultz and Siddharthan (2005) 
where q is shear stress and p is mean stress, a) The bold line represents the yield 
surface. Below the yield surface the porous rock deforms elastically and above the 
yield surface the porous rock either deforms by dilation and shear (left) or 
compaction and shear (right) b). P* is the point where there is no shear (q). The 
yield surface expands (to right) during strain hardening and decreases during strain 
softening. The dotted line represents the 'critical state line' which depends on the 
frictional strength o f the fault rock.
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1. Catclastic deformation bands strain harden making it increasingly difficult to 
continue deformation along an individual band. New bands form nearby in the 
host rock forming a zone o f deformation bands separated by pods o f host rock. 
The pods o f host rock reduce in size and number as deformation bands 
accumulate.

2. The zone o f deformation widens and the density o f deformation bands increases 
forming condensed deformation bands. Bands are added to the edge o f the zone 
and in the pore space that originally separated bands (above). Further grain size 
reduction (green in microscale image) in condensed bands combined with quartz 
dissolution/precipitation causes further reduction in porosity. The overall strength 
of the condensed deformation bands increases compared to zones o f deformation 
bands with host pods.
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crushing (usually remnant deformation band boundaries). The minor surfaces link 
to form an anastomosing network within the condensed deformation bands. 
Condensed deformation band porosity reduces as slip accumulates. Minor amounts 
o f pressure solution occur in the region surrounding the minor slip surfaces.

m

/
Major slip surface

Remnant minor 
slip surfaces mm

4. A major slip surface evolves on the margin o f the fault core. Remnant (abandoned) 
minor slip surfaces are visible in the fault core after a major slip surface develops. 
Slip surface propagation is associated with bulk deformation o f the cemented 
condensed bands evidenced by aligned grain fragments, solution seams and shear 
zones in a riedel-like orientation with respect to the major slip surface.
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core grows in thickness with 
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2001).
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Figure 7.2 Summary diagram of macroscale and microscale fault core evolution. 
Macroscale images modified from Aydin & Johnson (1978) and Shipton et al. 
(2005)
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Figure 7.3 Example stress path for fault core development using q-p 
diagram from Schultz and Siddharthan (2005). 1. The porous sandstone 
deforms elastically in response to far-field stress 2. When the yield 
surface is reached strain is localised and grain crushing is initiated 
forming deformation bands. The progressive lines between 2 and 3 
represent strain hardening in the developing deformation band zone. 
When the frictional strength o f the developing fault core is exceeded at 
point 3. slip surfaces begin nucleating both within condensed 
deformation bands and on the margin of the condensed deformation 
bands. Slip surface nucleation is accompanied by quartz dissolution and 
cementation. By point 4. a major slip surface exists on the margin of the 
fault core and propagation is associated with bulk deformation of the 
cemented condensed bands.
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Figure 7.5 Plan view schematic diagram o f the primary fault core components 
such as major slip surfaces (thick black line), cemented condensed bands (dark 
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grey shading), deformation bands (thin grey line) and host rock (not shaded). 
HW is hanging wall.
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Appendix 1: Sample List

Samole Fault Core ComDonent Location Total Fault
Offset

Big Hole Fault
BH 1 Condensed deformation bands Locality 3 17 m
BH 2 Deformation bands Locality 1 3 mm
BH 3 Condensed deformation bands Locality 3
BH 4 Gouge Locality 4 20 m
BH 5 Gouge Locality 2 14 m
BH 6 Gouge Locality 5 22 m
BH 7 Condensed deformation bands Locality 1 8.4 m
BH 8 Deformation bands Locality 1 2-3 mm
BH 9 Condensed deformation bands Locality 6 23.5 m
BH 10 Condensed deformation bands Locality 1
BH 11 Major slip surface Locality 1 8.4 m
BH 12 Major slip surface Locality 3 17 m
BH 13 Major slip surface Locality 3 17 m
BH 14 Major slip surface Locality 3 17 m
BH 15 Deformation bands Locality 1 2 mm
BH 16 Single deformation band Locality 1 1 mm
BH 17 Zone of deformation bands Locality 1 2-3 mm
BH 18 Condensed deformation bands Locality 4
BH 19 Major slip surface Locality 4 20 m
BH 20 Zone of deformation bands Locality 4 4 mm
BH 21 Condensed deformation bands Locality 2
BH 22 Condensed deformation bands Locality 2
BH 23 Host Rock Collected away from fault 0
BH 24 Host Rock Collected away from fault 0

Goblin Valley

FAULT A
GVA la Condensed deformation bands Fault A-region 2 8-9 cm
GVA lb Condensed deformation bands Fault A-region 2 8-9 cm
GVA 2 Condensed deformation bands Fault A-region 2 8-9 cm
GVA 3 Condensed deformation bands Fault A-region 2 10-11 cm
GVA 4 Condensed deformation bands Fault A-region 2 20 cm
FAULT B
GVB 1 Minor slip surface Fault B 98 cm
GVB_2 Minor slip surface Fault B 98 cm
GVB_3 Condensed deformation bands Fault B 95 cm
GVB_4 Condensed deformation bands Fault B 76 cm
GVB 5 Condensed deformation bands Fault B 64 cm
GVB 6 Minor slip surface Fault B 52 cm
FAULT C
GVC 1 Cemented condensed bands Fault C 6.5 m
GVC_2 Cemented condensed bands Fault C 6.5 m
GVC_3 Cemented condensed bands Fault C 6.5 m
GVC_4 Major slip surface Fault C 6.5 m
GVC 5 Condensed deformation bands Fault C
GVC 6 Condensed deformation bands Fault C
GVC 7 Cemented condensed bands Fault C 6.5 m
GVC 8 Cemented condensed bands Fault C 6.5 m
GVC_9 Host rock-red siltstone Fault C

GVC 10 Major slip surface Locality 9, Fault C 6.5 m
GVC 11 Condensed deformation bands ?
GVC_12 Condensed deformation bands 9



Appendix 1: Sample List

Sample
number

Fault Core Component Location Fault
Offset

GVC 13 Major slip surface Locality 9, Fault C 6.5 m
GVC 14 Major slip surface Locality 9, Fault C
GVC 15 Major slip surface Locality 9, Fault C
GV_16 Host Rock (yellow sandstone) Collected GV Area 0
GV_17 Host Rock (red siltstone) Collected GV Area 0

Molly’s Castle
MC 1 Host Rock 0
MC_2 Major slip surface 7 m
Yellow Cat 
fault
YC_1 Gouge
YC_2 Deformation bands 2 -3 mm
YC_3 Deformation bands 2- 3 mm
YC_4 Major slip surface 16 m
YC_5 Cemented condensed bands
YC_6 Deformation bands 3 mm

YC_7 Deformation bands 3 mm

YC_8 Cemented condensed bands
YC_9 Deformation bands 3 mm
YC_10 Condensed deformation bands
YC_11 Major slip surface 16.5 m
YC_12 Condensed deformation bands
YC_13 Deformation bands 3 mm
YC_14 Deformation bands 3 mm
YC_15 Deformation bands 3 mm
YC_16 Host Rock (Slick Rock)
YC_17 Slip surface
YC_18 Deformation bands 3 mm
YC_19 Host rock (Moab Tongue) 0
YC_20 Host Rock (Moab Tongue) 0
YC_21 Host Rock (Moab Tongue) 0

Isle of Arran
AR_1 Major slip surface Corrie ?
AR_2 Major slip surface Merkland ?
AR_3 Condensed deformation bands Corrie ?
AR_4 Host rock (2) Corrie & Merkland 7

Thurstaston
Common
TH_1 Condensed deformation bands & 

deformation bands
Common ?

TH_2 Condensed deformation bands Common ?
TH_3 Major slip surface Common ?
TH_4 Host Rock Common ?



Appendix II 

Host Rock Petrography and XRD Analysis

Data corresponding to chapter 2 host rock lithology analysis (grain size, porosity, 
EDX, XRD) and Gouge XRD analysis (chapters 3 and 5).



Appendix II: Host Rock Petrography and XRD

Sandstone Host Rocks
Navajo Sandstone
Entrada Sandstone (Moab Tongue & Slick Rock)
Lower Entrada Sandstone (Yellow sandstone & red siltstone) 
Sherwood Sandstone Group (Helsby Formation, Thurstaston Member) 
Corrie Sandstone

Key
lA Image Analysis
PC Point Count
OP Optical petrography

XRD X-Ray Diffraction
EDX Energy Dispersive X-Ray

Navajo Sandstone

Sample Location (Big Hole fault') Notes:
BH_23 Locality 1 65 cm from fault core
BH_17 Locality 1 2 m from fault core (carbonate cement)
BH_16 Locality 1 15 cm from fault zone
BH 24 Locality 3

Grain Size (mm)

Sample Mean (maior axis) Std. Dev. Max. Min. Count Method
BH_23 0.16 mm 0.06 0.4 0.02 248 lA
BH_17 0.23 mm 0.1 0.48 0.06 50 lA
BH 16 0.12 mm 0.03 0.23 0.04 53 lA
Mean_______0.17 mm

Mineralogy

Modal Mineralogy

Sample Ouartz Feldspar* Lithics/Clav Method
BH 23 89 6 5 lA/OP
BH 16 93 5 2 lA/OP
Mean_______ W 5.5 3.5



Appendix II: Host Rock Petrography and XRD

XRD

3000
Bulk Cavity: Navajo Sandstone

2000

1000

Trjcc Clay
K-Fcid

EDX

H  * AnalysislS

Ca

4 .0  6 .0

keT

BH_23: K-feldspar BH_17: Carbonate cement, K-feldspar & iron
oxide.

Porosity

Sample______ Porosity_____ Notes:_______________________
BH_23 20.6 Negligible cement
BH_17 8 Carbonate cement in pore space
BH 16 18_______________________________________



Appendix II: Host Rock Petrography and XRD

Entrada Sandstone (Moab Tongue and Slick Rock Members)

Sample______ Location (Yellow Cat fault) Notes:________________
YC_21 Locality 1 20 cm from fault zone
YC_15 Locality 2 Damage Zone (HW)
YC_19 Locality 5 1.5 metres from fault (HW)
YC 16______ Locality 3________________ 2 metres from fault (FW)

Grain Size

Sample Mean (major axis) Std. Dev. Max. Min. Count Method
YC_21 0.15 mm 0.08 0.4 0.03 154 PC
YC 15 0.19 mm 0.1 0.6 0.05 137 lA
Mean 0.17 mm
YC 16 0.065 mm 0.03 0.19 0.01 117 PC

Mineralogy

Sample Ouartz Feldspar* Lithics Method
YC_15 91 7 2 lA/OP
YC 21 96 3 1 PC
Mean 93.5 5 1.5

XRD

E)ulk C avity: HninttJa saiulstonc (M oab I'onguc)

<

Q
1

Fn ^  1-------------------------I I I I I I-----------------------
5 10 15 20 25 30 35

Degrees 2-Thcla



Appendix II: Host Rock Petrography and XRD

EDX

M  * A nalysisB  g re y  cenentZ

A1

CaFe Na

4 . 00.0 2 . 0

keV

YC_15: K-feldspar and possible carbonate cement

Porosity

Sample Porosity Notes:
YC 21 21
YC 19 23
YC 16 9 Slick Rock siltstone

Lower Entrada Sandstone (porous member and red siltstone)

Sample Location (Goblin Valiev faults) Notes:
GV_16 Buckskin Spring Lower porous member
GV 17 Buckskin Spring Red Siltstone

Grain Size

Sample Mean (major axis) Std. Dev Max. Min. Count Method
GV 16 0.25 mm 0.07 0.46 0.07 90 lA



Appendix II: Host Rock Petrography and XRD

Mineralogy

Sample Ouartz Feldspar Lithics * Method
GV 16 89 4 7 lA/OP

* Lithics comprise volcanic fragments, heavy minerals and polycrystalline quartz. 

XRD

WXK)

40()()

2(KK)

0
2 5 10 15 20 25 30 35

Degrees 2-F liela

Porosity

Sample Porositv Notes:
GV 16 24
GV 17 ~ 3 Estimation based on blue epoxv stainine

Thurstaston Sandstone

Sample Location (Thurstaston) Notes:
TH_4 
TH 5

Thurstaston Common 
Thurstaston Common

Damage Zone 
Adiacent to fault Core

Grain Size

Sample Mean (major axis') Std. Dev Max. Min. Count Method
TH 4 0.39 mm 0.1 0.73 0.1 106 lA

Bulk Cavity; Lower Eiilraila (pt>rous unit)

0

j1 K

I-------------  A .  J V^_____



Appendix II; Host Rock Petrography and XRD

Mineralogy (from Meadows, 2004)

Ouartz Feldsoar Lithics
81.5 3.5 15

Lithics: Granite, volcanics, & metamorphic fragments 

Clay: < 1 % clay cement and small proportion of detrital clay

Porosity

Sample Porositv Notes:
T H 4 17 Thurstaston Common
TH 5 23 Thurstaston Common
Meadows* 15 Thurstaston road cuttina

* Meadows, 2004.

Corrie Sandstone

Sample_____ Location (Isle of Arran)
AR_4 Corrie foreshore
AR I_______ Cock of Arran_________

Grain Size

Sample Mean (Maior axis) Std. Dev. Max. Min. Count Method
1

< 
< 0.2 0.08 0.55 0.07 103 lA 

Coarser grained, aooroximatelv 0.3 to 0.5 mm estimated

Mineralogy

Sample Ouartz Feldspar *Lithics/Clav Method
AR 4 81 4 15 lA/OP

* The relative proportion of clay is unknown
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XRD

Bilik C'uviiy (so lid  line) uiid g lycolak’d  fruciion (di>itcd line) fo rC o rric  Sandstone

  H u lk  C a v ily
C riy c o la tc d

60(»

M us

> 5 4015 4510 2 (»

Dcirrecs 2-Thei»

Porosity

Sample______Porosity_____ Notes________
AR04_______ 17___________BSEM and LA



Appendix II: Host Rock Petrography and XRD

XRD: Analysis of fault gouge

Fault gouge is described in chapters 3 and 5. The following XRD traces correspond to 
the Big Hole fault gouges (BH_5 and BH_6) and Yellow Cat fault gouges (YC_1).
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(>m)

40(X)'

2000 -

Bulk Cavity: Gouge (locality 5, Big Hole
fault) BH 6

Q
1

1  i
c

- ^- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - J - - - - - - - - - - - - J - U L ------------
10 15 20

Degrees 2 -Thela
25 30 35

Bulk Cavity: Gouge (Locality 2,
Big Hole fault) BH_5

o
'

Q
11 F C

10 15 20 25 30
Dcgi'ccs 2-Thcta

40 45

Bulk C av ity : G o u g e  (Y ellow  C at 
fau lt) S am p le  Y C_1

/5 """1?

Degrees 2*Theta
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Fault A and B Transects

Transect data for faults A and B pertaining to the text and figures in chapter 4.



Fault A
Transect
#

M
interval

FC
width Offset CDb width Host & zob width # D bands Strike Dip

# Minor 
SS Strike Dip

1 0 3.5 5 0 3.5 14 344 50 0
2 0.5 13 0 13 13 310 78 0
3 2 5.5 0 5.5 16 300 70 0
4 4 1.2 0 1.2 5 310 68 0
5 6 2.3 0.5 1.8 9 312 54 1 304 79
6 8 3.5 1 2.5 11 300 70 2 300 85
7 10 3 3 0 0 320 70 1 315 54
8 16 3.5 2 1.5 7 310 58
9 18 12 11.5 3.5 8.5 15 290 52 2 290 70
10 19 3 3 0 0 298 80 2 308 59
11 22 4 1.5 2.5 7 288 66
12 24 3.5 3.5 0 0 318 58 1 290
13 26 2 2 0 0 302 78
14 32 4.5 0 4.5 17 290 86
15 48 5 2.5 2.5 305 82 4 306 60
16 48.5 17 2 15 19 328 74
17 50 8 3 5 314 70 1 302 75
18 52 9.5 2 7.5 20 320 80

60 17.5
19 64 4.5 20 1.5 3 6 318 70 1
20 70 11.5 1.5 10 19 310 80 1 270 70
21 72 7.5 1 6.5 25 308 82
22 74 19 20 0.5 18.5 37 308 72
Transect begins at SE margin o f  fault A and transect localities are marked on fault map.
FC Fault Core, CDb Condensed deformation bands, zob Zone of deformation bands, SS Slip surface,
# Number of, #  o f deformation bands applies to Host & Zob column. Thickness measurements are in cm.

Appendix III: Fault A and B Transects



Fault B
Transect
#

M
Interv FC width Offset

CDb
width

l-iost & zob 
width

# IVIinor 
SS Strike Dip # IVIajor SS Strike Dip

Def band 
Strike Dip

1 0 10 3
2 12 5.5 3.5 2 3 294 50 0 315 78
3 14 28 0.5 27.5 2 310 56 0 310 74
4 16 14 4.5 9.5 4 294 50 0 330 66
5 18 30 2 28 0 314 60
6 20 13 0 13 0 0 308 58
7 22 19.5 0 19.5 0 0 311 78

24 0 318 66
8 26 11.5 0 11.5 0 0 318 60
9 28 18 3 15 0 0 320 58
10 30 38 6 32 5 320 60 0 324 60
11 32 9.5 5 4.5 0 310 50
12 34 12 3 9 0 314 42
13 36 20.5 4 16.5 3 318 65 0 320 60

39 95 0
14 52 6 3 3 1 2 310 64 304 48
15 58 7.5 5 2.5 2 290 70 320 58
16 60 5 2.5 2.5 2 2 294 68 314 60
17 62 6 1.5 4.5 2 305 52 310 68
18 64 9 1 8 1 300 3 310 70 310 64
19 69 6 0.5 5.5 2 302 80 298 68
20 72 3 0.5 2.5 2 340 60 308 80
21 74 3 1 2 3 290 2 310 74 302 80
22 77 4.5 4 0.5 2 290 72 300 62
23 80 1.5 1.5 0 2 298 76 300 68
24 82 13 10 3 4 2 300 78 294 70
25 86 10 100 0.5 9.5 2 308 64 290 78

Appendix III; Fault A and B Transects



Transect begins at SE margin of fault B and transect localities are marked on fault map.
FC Fault Core, CDb Condensed deformation bands, zob Zone of deformation bands, SS
# Number of, # of deformation bands applies to Host & Zob column. Thickness measurements are in cm.

Slip surface,

Appendix III: Fault A and B Transects



Deformation Band Density

Density data collected from fault A, Goblin Valley (region 1 and region 2) and 
fault B, Goblin Valley. Data is shown in Figure 4.33.

The number of deformation bands is counted perpendicular to strike and divided by 
the thickness of the zone.



Appendix III: Fault A and Fault B Deformation Band Density

Fault A and B, Goblin Valley Density Transect Data
Deformation Bands with no associated slip surfaces.

Number of deform ation bands Thickness of zone (cm) Density (per cm)
14 3.5 4
13 13 1
16 5.5 2.91
5 1.2 4.17
9 2.3 3.91
6 0.5 12.00
6 3 2.00
7 8.5 0.82
17 4.5 3.78
19 7.5 2.53
7 3 2.33
7 7 1
2 4 0.5

21 5 4.2
19 10.5 1.8
4 11 0.36

20 6.5 3.07
12 4 3
11 4 2.75
33 9 3.6
8 3 2.6

37 13 2.84
10 2 5
0 8.5 0

32 9 3.5
30 11 2.6
29 18 1.6
19 8 2.37
4 23 0.17
15 7 2.14
23 9.5 2.42
29 12 2.41
17 9.5 1.78
31 11 2.81
12 3 4
10 2 5
4 5.5 0.72
4 4.5 0.89
8 8.5 0.94
5 1.5 3.33
10 2 5.00
10 3 3.33
2 5 0.40

MEAN 13.88 MEAN 6.81 MEAN 2.7



Appendix III: Fault A and Fault B Deformation Band Density

Fault A and B, Goblin Valley Density Transect Data 
Fault core associated with slip surfaces

Number of bands 
(min) Thickness of zone Density

6 0.5 12
20 2 > 10
35 3.5 > 10
15 1.5 > 10
35 3.5 > 10
20 2 > 10
9 1.5 6

30 3 > 10
75 7.5 > 10
30 3 > 10
20 2 > 10
15 1.5 > 10
25 1.5 > 10
60 6 > 10
30 3 > 10
40 4 > 10
60 6 > 10
16 2 8

Mean 30 Mean 3 Mean 9.8



Appendix IV

Fault C Transect

Transect begins at SE end of fault C. Measurements are taken perpendicular to the fault core. Data displayed in Chapter 4,
Figures 4.19 and 4.20.



M etre interval Fault co re  w idth (cm) O ffset (m) Cbd w idth (cm) Cbd NE C bd SW H ost & zob  w idth (cm)

0 30 11.0
0.5 18 11.0

1 14 11.0 4 1.5 2.5 10
1.39 15 10.9

2 31 10.9
2.78 10 10.9

3 33 10.9 33 0
4 30 10.8 30 0

4.17 28 10.8
5.56 14 10.8
6.95 20 10.8
8.34 11 10.7

9 13 10.7 1.5 0 1.5 11.5
9.73 35 10.7

10 14 10.7 1.5 1.5 0 12.5
11.12 18 10.6
12.51 14 10.6

13 16 10.6 6 4 2 10
13.9 31 10.6
14 20 10.5

15.29 33 10.5
16.68 30 10.5

18 12 10.5 1.5 1.5 0 10.5
18.07 13 10.4

20 16 10.4
20.85 16 10.4

21 33 10.4 11.5 2.5 9 21.5
22 45 10.3 14 14 0 31

22.24 20 10.3

Appendix IV: Fault C Transect



M etre interval F ault co re  w idth (cm) O ffset (m) Cbd width (cm) Cbd NE Cbd SW H ost & zob  w idth (cm)
23 26 10.3

23.63 8 10.3
24 30 10.2 15 15
25 27 10.2 2 2 0 25

25.16 14 10.2
26 7 10.2 7 0
27 4 10.1 0.5 0.5 0 3.5

27.04 4 10.1
28.92 16 10.1

29 13 10.1 2 0 2 11
30.8 22 10.0
31 28 10.0 9 9 0 19
32 25 10.0 10.5 5.5 5 14.5

32.68 11 9.9
34.56 17 9.9

35 10 9.9 10 0
36 10 9.9 4.5 1.5 3 5.5

36.44 10 9.8
38.32 12 9.8

39 27 9.8 4 3 1 23
40 17 9.8 8.5

40.2 16 9.7
41 16 9.7 8

42.08 33 9.7
43 10 9.7 5 2 3 5

43.96 45 9.6
45.84 26 9.6

47 16 9.6
47.72 30 9.6

48 25 9.5 13.5 9 4.5 11.5

Appendix IV: Fault C Transect



Metre interval Fault core width (cm) Offset (m) Cbd width (cm) Cbd NE Cbd SW Host & zob width (cm)
49 13 9.5 3 2 1 10

49.6 15 9.5
50 17 9.5 17
51 23 9.4 3 3 10

51.56 14 9.5
52 14 9.5 14 0

52.47 27 9.5
53 13 9.6 13 0

53.38 7 9.6
54 56 9.6

54.29 4 9.6
55 51 9.6

55.2 13 9.6
56 18 9.7 12 0 12 6

56.11 28 9.7
57.02 25 9.7
57.93 10 9.7
58.84 10 9.7

59 12 9.8 7 1 6 5
59.75 27 9.8
60.66 4 9.8
62.75 15 9.8
64.84 7 9.8
66.93 7 9.8
69.02 24 9.9
71.11 8 9.9
73.20 17 9.9
75.29 16 9.9
77.38 45 9.9
79.47 16 10.0
81.56 10 10.0

Appendix IV: Fault C Transect



Metre interval Fault core width (cm) Offset (m) Cbd width (cm) Cbd NE Cbd SW Host & zob width (cm)
83.65 5 10.0
85.55 25 10.0
87.45 13 10.0
89.35 17 10.1
91.25 23 10.1

93.15 14 10.1
95.05 13 10.1
96.95 56 10.1
98.85 51 10.1
100.75 18 10.2
102.65 12 10.2
104.55 8.5 10.2
106.45 16 10.2
108.35 8 10.2
110.35 38 10.3
112.02 10 10.3
113.69 11 10.3
115.36 23 10.3
117.03 4 10.3
118.70 23 10.3
120.37 34 10.4
122.04 30 10.4
123.71 100 10.4
125.38 19 10.4
127.05 13 10.4
128.72 12 10.5
130.39 11 10.5
132.06 18 10.5
133.73 12 10.5
135.44 30 10.5
137.08 10 10.5

Appendix IV; Fault C Transect



M etre interval Fault co re  w idth (cm) O ffset (m) Cbd w idth (cm] Cbd NE Cbd SW H ost & zob  w idth (cm)
138.72 15 10.6
140.36 12 10.6
142.00 28 10.6
143.64 9 10.6
145.28 8 10.6
146.92 5 10.6
148.56 7 10.7
150.20 7 10.7
151.84 5 10.7
153.48 100 10.7
155.17 8 10.7
156.04 90 10.8
156.91 14 10.8
157.78 10 10.8
158.65 30 10.8
159.52 24 10.8
160.39 13 10.8
161.26 37 10.9
162.13 26 10.9
163.00 28 10.9
163.87 12 10.9
164.74 15 10.9
165.61 9 11.0
166.48 11 11.0
167.35 6 11.0
168.29 20 11.0
168.99 8.5 10.9 2.5 1.5 1 6
169.69 65 10.8
170.39 18 10.6
171.09 16 10.5
171.79 7 10.4

Appendix IV: Fault C Transect



Metre interval Fault core width (cm) Offset (m) Cbd width (cm) Cbd NE Cbd SW Host & zob width (cm)
172.49 14 10.3
173.19 14.5 10.2
173.89 8 10.0
174.59 23 9.9
175.29 34 9.8 5 2 3 29
175.99 24 9.7
176.69 8 9.6
177.39 30 9.4 3 3 27
178.09 100 9.3
178.79 19 9.2 19
179.49 14 9.1
180.19 13 9.0 5.5 3.5 2 7.5
180.89 12 8.8 4.5 2.5 2 7.5
181.59 11 8.7 6 5
182.29 20 8.6
182.99 18 8.5 4.5 2.5 2 13.5
183.69 30 8.4
184.39 12 8.2
185.09 24 8.1 11 5 6 13
185.79 13 8.0 3 3 10
186.49 37 7.9
187.19 26 7.8 9 3 6 17
187.89 28 7.6 5 5 23
188.59 12 7.5 12 0
189.29 15 7.4 5.5 2 3.5 9.5
189.99 9 7.3 5 3.5 1.5 4
190.69 11 7.2 10 7 3 1
191.39 6 7.0 6 0
192.09 9 6.9 9 0
192.79 10 6.8 5 1 4 5
193.49 7 6.7 2 1 1 5

Appendix IV: Fault C Transect



Metre interval Fault core width (cm) Offset (m) Cbd width (cm) Cbd NE Cbd SW Host & zob width (cm)
194.27 14 6.5 2.5 1 1.5 11.5
198.27 14.5 6.5 6 2 4 8.5
202.27 24 6.5 9.5 4 5.5 14.5
206.27 8 6.5 8 0
210.27 14 6.5 14 0
214.55 20 6.5 20 0

Offset (m) refers to Total offset accommodated at given meter interval.

Appendix IV; Fault C Transect



Appendix IV: Fault C Transect

Slip surface and deformation band orientation data for fault C, Goblin Valley. 
Data was collected along fault-perpendicular transects and displayed in Fig. 4.19.

Major Slip Surface Orienta tion
Strike Dip Dip direction

120 70 NE

124 70 NE

120 62 NE

122 70 NE

126 64 NE

130 68 NE

124 60 NE

104 78 NE

110 60 NE

121 70 NE

114 62 NE

124 54 NE

110 50 NE

124 62 NE

122 70 NE

120 71 NE

128 68 NE

100 78 NE

100 58 NE

120 60 NE

112 78 NE

118 70 NE

114 69 NE

135 69 NE

128 81 NE

110 58 NE

118 50 NE

110 78 NE

120 72 NE

140 60 NE

120 60 NE

123 71 NE

120 72 NE

116 70 NE

120 70 NE

110 60 NE

116 80 NE

120 85 NE

110 60 NE

110 60 NE

130 50 NE

110 65 NE

105 70 NE
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Major Slip surface Orientation
Strike Dip Dip Direction

n o 70 NE

126 62 NE

128 60 NE

130 78 NE
114 74 NE
158 50 NE

120 75 NE

130 60 NE

120 60 NE

138 52 NE

140 55 NE

124 70 NE

120 55 NE

122 72 NE

110 52 NE

140 60 NE

139 60 NE

132 58 NE

140 50 NE

130 62 NE

138 58 NE

140 60 NE

130 54 NE

116 60 NE

110 68 NE

128 74 NE

150 40 NE

120 58 NE

120 74 NE

120 70 NE

150 70 NE

118 80 NE

120 50 NE

130 55 NE

110 60 NE

130 50 NE

132 60 NE

116 60 NE

124 50 NE

124 58 NE

154 50 NE

105 70 NE

110 50 NE

114 64 NE

150 40 NE

128 50 NE

120 60 NE

122 50 NE

132 52 NE

150 58 NE
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Strike Dip Dip direct
150 56 NE
144 70 NE

110 50 NE

112 70 NE

114 72 NE

138 64 NE
120 79 NE
124 80 NE

131 69 NE

131 60 NE

128 NE

133 62 SW

150 65 sw
110 70 NE

130 64 SW

120 62 sw
140 sw
125 70 NE

140 59 NE

140 60 NE

122 62 NE

142 60 NE

100 80 NE

133 60 NE

135 62 NE

128 70 NE

125 70 NE

Deformation Band Orientation

Strike Dip Dip direct
122 70 NE

140 71 SW

112 79 sw
105 54 NE

105 62 NE

130 30 sw
114 76 NE

122 70 NE

132 70 NE

128 60 SW

142 60 NE

120 70 NE

110 60 NE

144 52 SW

173 51 NE

145 65 SW

145 75 SW

102 70 NE



Appendix IV: Fault C Transect

Strike Dip Dip direct.
158 62 sw
140 70 SW
154 63 NE

157 70 SW

140 85 NE

166 55 SW



Appendix V

Big Hole Fault Transect Data

Fault thickness data collected at each locality along Big Hole fault and used in 
Chapters 4 (Fig.4.28) and 6 (variogram, Dr Lunn).



Appendix V: Big Hole fault Transect

Locality 1 Big Hole fault Fig. 4.25

Fault core th ickness (cm)
Fault core (minus host and 
deform ation bands) cm

20 2
20 2
18 3
16 2
20 1
30 1.4
30 1
32 2
30 1
28 1
24 1
26 2
28 1
28 2
20 4
18 4
18 7
16 1
10 1
8 1.2
8 8
10 10
6 4
4 5
2 2
2 1
4 4
4 4
2 4
4 2
2 4
8 9
12 12
20 10
30 12
30 8



Appendix V: Big Hole fault Transect

Locality 3 Big Hole fault Fig. 4.26

Fault core th ickness (cm) M interval
FC th ickness (minus host and 

bands) (cm)
44 0 2
42 0.1 8
34 0.2 8
20 0.3 8
16 0.4 2
10 0.5 2
6 0.6 2
6 0.7 4

20 0.8 4
26 0.9 4
22 1 5
18 1.1 4
22 1.2 10
24 1.3 8
28 1.4 2
34 1.5 2
36 1.6 1
30 1.7 1
28 1.8 1
38 1.9 2
22 2 10
24 2.1 20
20 2.2 24
20 2.3 24
18 2.4 22
20 2.5 20
10 2.6 16
10 2.7 14
20 2.8 14
20 2.9 12
21 3 12
21 3.1 11
20 3.2 12
18 3.3 2
20 3.4 3
20 3.5 3
18 3.6 2
16 3.7 4
14 3.8 3
12 3.9 3
24 4 4
22 4.1 8
14 4.2 5



Appendix V: Big Hole fault Transect

FC Thickness (cm) lUI interval
FC Thickness (m inus host and 

bands) cm
6 4.3 5
14 4.4 8
14 4.5 8
8 4.6 2
6 4.7 4
8 4.8 4
12 4.9 4
14 5 5
12 5.1 1
14 5.2 2
2 5.3 2
2 5.4 2
2 5.5 2
8 5.6 2
14 5.7 1
20 5.8 1
20 5.9 1
20 6 4
20 6.1 2
22 6.2 1
12 6.3 2
6 6.4 2
8 6.5 2
8 6.6 2
6 6.7 1
6 6.8 1
10 6.9 6
10 7 8
12 7.1 12
20 7.2 12
20 7.3 12
22 7.4 10

7.5 12
7.6 12
7.7 12
7.8 16
7.9 16
8 3

8.1 2
8.2 2
8.3 10
8.4 2
8.5 2
8.6 3
8.7 3
8.8 3
8.9 2
9 2

9.1 1
9.2 1



Appendix V: Big Hole fault Transect

Continued lUI Interval
FC Thickness (m inus host and 

bands) cm
9.3 1
9.4 1
9.5 1
9.6 1
9.7 2
9.8 2
9.9 4
10 6

10.1 6
10.2 4
10.3 4
10.4 8
10.5 4
10.6 2
10.7 1
10.8 2
10.9 1
11 1

11.1 8
11.2 4
11.3 2
11.4 2
11.5 2
11.6 4
11.7 4
11.8 5
11.9 4
12 2

12.1 1
12.2 1
12.3 2
12.4 4
12.5 4
12.6 4
12.7 6
12.8 4
12.9 1
13 1

13.1 2
13.2 2
13.3 2
13.4 2
13.5 2
13.6 2
13.7 2
13.8 2
13.9 2
14 2

14.1 2
14.2 2



Appendix V: Big Hole fault Transect

Continued M Interval
FC Thickness (minus host and 

bands) cm
14.3 1
14.4 2
14.5 2
14.6 2
14.7 2
14.8 2
14.9 2
15 No exposure

15.1 No exposure
15.2 No exposure
15.3 No exposure
15.4 No exposure
15.5 No exposure
15.6 No exposure
15.7 No exposure
15.8 No exposure
15.9 No exposure
16 No exposure

16.1 No exposure
16.2 No exposure
16.3 No exposure
16.4 No exposure
16.5 No exposure
16.6 No exposure
16.7 No exposure
16.8 No exposure
16.9 No exposure
17 No exposure

17.1 No exposure
17.2 No exposure
17.3 No exposure
17.4 No exposure
17.5 2
17.6 2
17.7 2
17.8 2
17.9 2
18 2

18.1 4
18.2 8
18.3 8
18.4 10
18.5 10
18.6 10
18.7 8
18.8 8
18.9 7
19 6



Appendix V: Big Hole fault Transect 

Locality 4 Big Hole fault Fig. 3.16

FC
th ickness

FC th ickness (m inus host and 
bands)

10 4
10 2
10 1
10 2
20 4
20 4
20 2
10 2
12 2
10 4
12 2
10 2
12 6
12 2
12 2
12 2
12 2

Locality 6 Big Hole fault Fig. 4.27

FC th ickness
FC th ickness (minus 
host and bands)

90 20
90 5
100 10
100 5
160 1
155 2
165 2
160 5
160 1
155 1
155 10
75 10
100 5
105 7
110 20

105.9 10
85 20



Appendix VI

Fault Core Petrography

Porosity and grain size data used in Figures 5.4, 5.7, 5.9 and 5.10.



Appendix VI: Fault Core Petrography 

Deformation Band Porosity Measurements

Deformation Band Porosity

♦ ♦ A
A

■
♦ A A

■  ^ A

■  a A A A .

♦  Moab T  ongue
♦ ■  Sherwood Sst

A
A  Navajo Sst

Figure A. showing distribution of porosity data amongst each lithology (as shown 
Table below).

Mean OB Porosity Host Lithology Sample
10.39 Moab Tongue YC 21
13.90 Moab Tongue YC 9
14.60 Moab Tongue YC 9
3.72 Moab Tongue YC 18
7.83 Moab Tongue YC 18
6.01 Moab Tongue YC 6
4.77 Moab Tongue YC 6
7.18 Moab Tongue YC 6
7.01 Sherwood Sst TH 1
9.10 Sherwood Sst TH 1
7.80 Sherwood Sst TH 4
7.79 Sherwood Sst TH 4
6.70 Sherwood Sst TH 2
12.00 Sherwood Sst TH 2
2.28 Sherwood Sst TH 2
10.67 Navajo Sst BH 15
4.5 Navajo Sst BH 15
5 Navajo Sst BH 15

5.5 Navajo Sst BH 16
7 Navajo Sst BH 16
7 Navajo Sst BH 16
7 Navajo Sst BH 2

6.5 Navajo Sst BH 2
8 Navajo Sst BH 8

8.5 Navajo Sst BH 8
9 Navajo Sst BH_8
11 Navajo Sst BH 17
13 Navajo Sst BH_17

14.5 Navajo Sst BH 17



Appendix VI: Fault Core Petrography

Early stage condensed deformation bands, see Figure 5,7

Grain Size Analysis

Sample Mean (major axis') Std. Dev. Max. Min. Count Method
BH_3 0.059 mm 0.03 0.2 0.005 185 PC
YC 2 0.058 mm 0.02 012 0.012 145 PC
Mean 0.059 mm 0.03

Porosity transects, see Figures 5.9 and 5,10

Sample Distance (mm) Porosity
GVA1 a 0 1.89

4 4.69
6.5 7.42
9 6.58

11.5 7.03
14 6.82

GVA2 0 1.35
2.5 3.35
5 2.76

7.5 3.89
10 5.31

12.5 3.72
15 5.89

GVA4 0 1.21
2.4 0.99
4.8 1.94
7.2 1.28
9.6 0.78
12 1.23

14.4 1.11
GVB4 0 2.04

3 1.81
6 3.6

GVB3 0 1.02
3.5 1.93
7 7.2

10.5 3.02
14 1.21

17.5 2.45
21 2.71



Appendix VII 

Permeability Analysis



Appendix VII: Permeability Analysis

Water Permeability Data Set; P values refer to specific sample numbers found in 
Table 6.1

Fault Perm 
(mP)_____Sample

P21
Average Water perm (mP)Run Number Water perm (mP)

1.433
1.271 0.4701.108

P39 0.089
0.0710.054

P54 0.590
0.523
0.478

0.502 0.1820.416

P36 0.531
0.495
0.422

0.4440.330

P18 16.280
15.824
15.853
14.824

14.700 6.80010.718

P47 417.186
301.020
301.020

330.061301.020

P31 45.584
44.603
43.811
43.095

44.282 4.7444.316

P51 67.844
62.632
57.486
53.180

57.253 32.77045.122

P8 20.314
17.183
15.656

15.29016.66113.492



Appendix VII; Permeability Analysis

Sample Run Number Water perm (mD) Average Water perm (mD)
Fault Perm 
(mD)

P45 1 33.170
2 29.455
3 25.171
4 15.271 25.767 22.540

P2 1 5.496
2 4.877
3 4.337
4 3.549 4.565 0.390

P50 1 54.529
2 52.894
3 53.157
4 48.697 52.319

P30 1 3.851
2 3.494
3 3.056
4 2.737 3.285 0.730

P7 1 39.047
2 36.679
3 34.584
4 27.068 34.344

P6 1 55.193
2 48.555
3 42.083
4 32.576 44.602

PI 1 2.992
2 2.428 2.27
3 1.942
4 1.639 2.250

P10 1 0.080
2 0.075
3 0.071 0.075



Appendix VII: Permeability Analysis

Nitrogen Probe Permeability Data Set

Permeability (mD) for each sample 1 through 17
Sample Run 1 Run 2 Run 3* Run 4* Run 5 Run 6

P1 0.92 1.24 7.39 0.77 0.87 0.52
P2 27.35 27.62 17.48 11.68 11.23 12.54
P3 29.73 27.17 12.92 4.38 4.19 3.66
P4 9.52 9.56 7.61 3.59 4.12 3.82
P5 54.84 52.61 28.89 18.69 14.81 14.92
P6 128.27 124.79 77.7 38.24 67.08 47.61
P7 37.77 37.01 50.44 25.89 10.77 19.83
P8 3.4 2.08 158.59 0.49 0.41 70.29
P9 1.17 1.12 285.36 11.2 8.63 276.49

P10 0.99 0.99 1.1 0.52 0.48 0.7
P11 1.15 1.06 1.07 0.58 0.48 0.47
P12 37.66 11581.39 71.43
PI 3 0.94 1.62 0.83
P14 34.96 36.32 41.18
P15 33.6 39.52 32.82
P16 86.93 54.17 61.9
P17 636.1 488.19 475.13

* Reselected area on plug



RAW DATA: WATER PERMPEABILITY ANALYSIS AND PROBE PERMEABILITY ANALYSIS 

1. Water Permeability

Edinburgh University: Analysis by Dr. S. Elphick and Dr. M. Kay

Sample
Length
(m) Area (m2)

Flow rate 
(ml/min)

Flow rate 
(m3/sec) Fluid flux

Differential
pressure Head Head gradient

Hydraulic
conductivit
y(m/s)

Intrinsic
permeability
(m2)

Permeability
(Darcy)

Host 0.0186 0.00051 1.84 3.06667E-08 6.01307E-05 40 3.715474 199.756667 3.0102E-07 3.0704E-14 0.301019835

Pib 0.015 0.00051 0.33764 5.62733E-09 1.1034E-05 669.3877551 68.16882 4544.587903 2.42794E-09 2.4765E-16 0.00242794

Host 0.0186 0.00051 1.84 3.06667E-08 6.01307E-05 40 3.715474 199.756667 3.0102E-07 3.0704E-14 0.301019835

P2c 0.0225 0.00051 0.24564 4.094E-09 8.02745E-06 408.9795918 41.64174 1850.744169 4.33742E-09 4.42417E-16 0.004337418

Host 0.0186 0.00051 1.84 3.06667E-08 6.01307E-05 40 3.715474 199.756667 3.0102E-07 3.0704E-14 0.301019835

P18d 0.02235 0.00051 0.575 9.58333E-09 1.87908E-05 279.0408163 28.3314 1267.624309 1.48237E-08 1.51201E-15 0.014823674

Host 0.0186 0.00051 1.84 3.06667E-08 6.01307E-05 40 3.715474 199.756667 3.0102E-07 3.0704E-14 0.301019835

P21(a) 0.0213 0.00051 0.1196 1.99333E-09 3.9085E-06 570 58.08045 2726.781487 1.43337E-09 1.46204E-16 0.001433374

Host 0.0186 0.00051 1.84 3.06667E-08 6.01307E-05 40 3.715474 199.756667 3.0102E-07 3.0704E-14 0.301019835

P30b 0.012 0.00051 0.49036 8.17267E-09 1.60248E-05 540.8163265 55.03261 4586.051068 3.49426E-09 3.56414E-16 0.003494256

Host 0.0186 0.00051 1.84 3.06667E-08 6.01307E-05 40 3.715474 199.756667 3.0102E-07 3.0704E-14 0.301019835

P31c 0.0213 0.00051 1.4 0.000000023 4.5098E-05 217.755102 21.92576 1029.378387 4.38109E-08 4.46872E-15 0.043810944

Host 0.0186 0.00051 1.84 3.06667E-08 6.01307E-05 40 3.715474 199.756667 3.0102E-07 3.0704E-14 0.301019835

P54(a) 0.0097 0.00051 0.115 1.91667E-09 3.75817E-06 605.9 61.74275 6365.232378 5.90421E-10 6.0223E-17 0.000590421

P7 0.01135 0.00051 3.68 6.13333E-08 0.000120261 394.2857143 39.46823 3477.376895 3.4584E-08 3.52756E-15 0.034583953

Host 0.01665 0.00051 3.68 6.13333E-08 0.000120261 473.877551 47.58156 2857.751642 4.20825E-08 4.29242E-15 0.042082537

P7 0.01135 0.00051 3.68 6.13333E-08 0.000120261 394.2857143 39.46823 3477.376895 3.4584E-08 3.52756E-15 0.034583953

Host 0.01565 0.00051 1.2236 2.03933E-08 3.99869E-05 394.4897959 39.9723 2554.140477 1.56557E-08 1.59688E-15 0.015655728

Appendix VII: Raw Permeability Data



Sample
Length
(m) Area (m2)

Flow rate 
(ml/min)

Flow rate 
(m3/sec) Fluid flux

Differential
pressure Head Head gradient

Hydraulic 
conductivit 
y (m/s)

Intrinsic
permeability
(m2)

Permeability
(Darcy)

P7 0.01135 0.00051 3.68 6.13333E-08 0.000120261 394.2857143 39.46823 3477.376895 3.4584E-08 3.52756E-15 0.034583953

Host 0,02 0.00051 1.84 3.06667E-08 6.01307E-05 472.244898 47.77714 2388.856768 2.51713E-08 2.56748E-15 0.025171337

P7 0.01135 0.00051 3.68 6.13333E-08 0.000120261 394.2857143 39.46823 3477.376895 3.4584E-08 3.52756E-15 0.034583953

Host 0.03095 0.00051 3.0636 5.106E-08 0.000100118 534.6938776 53.90226 1741.591464 5.74863E-08 5.8636E-15 0.057486299

Water permeability: Fault only-calculation

Sample
Permeability
(mD) Fault width (m)

Proportion of 
sample that’s fault

Fault zone permeability 
(m2)

Fault zone permeability 
(mD)

Host 301.0198351

P1b 2.427940039 0.014 0.933333333 2.32993E-16 2.267296527

Host 301.0198351

P2c 4.337417951 0.002 0.088888889 3.98997E-17 0.390677178

Host 301.0198351

P18d 14.82367413 0.01 0.447427293 7.11189E-16 6.818044627

Host 301.0198351

P21(a) 1.43337365 0.007 0.328638498 4.82766E-17 0.472572501

Host 301.0198351

P30b 3.494256031 0.0025 0.208333333 7.51228E-17 0.73472189

Host 301.0198351

P31c 43.81094435 0.002 0.093896714 4.90902E-16 4.738612099

Host 301.0198351

P54(a) 0.590421482 0.003 0.309278351 1.86622E-17 0.182852308

P7 34.58395266

Appendix VII: Raw Permeability Data



Sample
Permeability
(mD) Fault width (m)

Proportion of 
sample that’s fault

Fault zone permeability 
(m2)

Fault zone permeability 
(mD)

P6c 42.08253655 0.008 0.48048048 -9.95916E-I5 54.96957507

P7 34.58395266

P8c 15.65572781 0.015 0.958466454 2.76223E-15 15.29302514

P7 34.58395266

P45c 25.17133708 0.014 0.7 6.3651 lE-15 22.54197241

P7 34.58395266

P51c 57.48629866 0.006 0.193861066 -1.74277E-15 -32.77905689

2. Probe Permeability

Apparatus set-up and calibrated using samples of known permeability (Berea Sandstone) 

Runs one through six
P X-Pos Y-Pos Perm (mD) Time Flow Rate Delta Pr Atm Pr Temp (F) Timeout
1 0.9831 0.1430 0.9216 21.8166 19.9360 47.5579 12.7073 62.5690 0.0000
2 1.1103 0.1439 27.3585 6.5500 20.2564 4.0088 12.7064 62.9383 0.0000
3 1.2815 0.1450 29.7344 6.0167 20.2168 3.7210 12.7055 63.1977 0.0000
4 1.4305 0.1564 9.5263 10.4500 20.1985 9.6478 12.7033 63.5243 0.0000
5 1.5655 0.1343 54.8415 4.3833 20.1801 2.1307 12.7076 63.6799 0.0000
6 1.6995 0.1351 128.2777 2.8833 20.1771 0.9506 12.7039 63.8386 0.0000
7 1.8386 0.1359 37.7770 5.2167 20.1588 2.9956 12.7076 63.9760 0.0000
8 1.9969 0.1369 3.4086 16.9833 20.1344 20.5612 12.7039 64.4642 0.0000
9 2.1429 0.1378 1.1721 25.2833 20.0916 41.2436 12.7033 65.1906 0.0000
10 2.2572 0.1362 0.9998 23.2166 19.9482 45.3239 12.7027 65.7399 0.0000
11 2.4134 0.1371 1.1589 24.4500 20.0276 41.4969 12.7012 66.4846 0.0000

1 0.9827 0.1483 1.2407 25.4833 19.9787 39.7238 12.6997 66.5609 0.0000
2 1.1103 0.1429 27.6234 6.5500 20.0062 3.9490 12.6994 66.6768 0.0000

Appendix VII: Raw Permeability Data



p X-Pos Y-Pos Perm fmD) Time Flow Rate Delta Pr ATM Pr TemofF) Timeout

3 1.2815 0.1438 27.1765 6.4833 19.9940 4.0036 12.7009 66.7775 0.0000
4 1.4305 0.1563 9.5646 10.6500 19.9848 9.5562 12.6960 66.8722 0.0000
5 1.5655 0.1343 52.6193 4.8167 19.9726 2.2003 12.6957 66.9881 0.0000
6 1.6995 0.1351 124.7918 2.6500 19.9604 0.9710 12.6963 67.0644 0.0000
7 1.8386 0.1359 37.0143 5.3167 19.9543 3.0359 12.6978 67.2201 0.0000
8 1.9969 0.1369 2.0883 20.3166 19.9207 28.4502 12.6960 67.7419 0.0000
9 2.1429 0.1380 1.1272 25.6833 19.8597 42.0432 12.6991 68.0166 0.0000
10 2.2572 0.1363 0.9992 22.9166 19.6644 45.0523 12.7021 68.2150 0.0000
11 2.4134 0.1372 1.0692 25.6166 19.7773 43.3616 12.6988 68.7857 0.0000

1 0.9825 0.1602 7.3950 13.5166 19.3958 11.4301 12.7161 69.1702 0.0000
2 1.1125 0.1306 17.4857 8.1167 19.3195 5.7017 12.7152 69.2618 0.0000
3 1.2793 0.1314 12.9219 9.9833 19.2799 7.3223 12.7143 69.3991 0.0000
4 1.4347 0.1612 7.6111 12.6166 19.2707 11.1188 12.7119 69.6677 0.0000
5 1.5644 0.1442 28.8922 6.2833 19.2463 3.6713 12.7091 69.7928 0.0000
6 1.6933 0.1450 77.7017 3.9500 19.2188 1.4761 12.7094 69.9637 0.0000
7 1.8395 0.1459 50.4463 4.6833 19.2158 2.2131 12.7097 70.0705 0.0000
8 1.9759 0.1328 158.5994 3.5167 19.2005 0.7427 12.7110 70.2200 0.0000
9 2.1226 0.1524 285.3688 6.5500 19.1883 0.4183 12.7091 70.3726 0.0000
10 2.2579 0.1305 1.1029 25.5166 19.1273 41.6983 12.6991 70.9372 0.0000
11 2.4152 0.1310 1.0768 25.7833 19.0937 42.2934 12.6957 71.4621 0.0000

1 0.9823 0.1522 0.7791 15.4500 22.1253 56.5017 12.6322 74.7063 0.0000
2 1.1122 0.1365 11.6886 6.6500 21.9819 8.8874 12.6310 74.7429 0.0000
3 1.2794 0.1375 4.3887 9.4833 21.8964 18.4489 12.6319 74.8375 0.0000
4 1.4344 0.1545 3.5922 9.3167 21.7896 21.1437 12.6295 75.0175 0.0000
5 1.5553 0.1403 18.6901 4.6833 21.6370 5.9851 12.6295 75.0969 0.0000
6 1.6971 0.1457 38.2420 3.7167 21.5607 3.1984 12.6292 75.2312 0.0000
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p X-Pos Y-Pos Perm fmD) Time Flow Rate Delta Pr ATM Pr TempfF) Timeout
7 1.8395 0.1467 25.8974 4.0500 21.5333 4.5100 12.6276 75.3532 0.0000
8 1.9942 0.1322 0.4985 17.7833 21.5363 72.2432 12.6231 75.6615 0.0000
9 2.1227 0.1329 11.2015 7.2833 21.3807 9.0064 12.6231 75.7683 0.0000
10 2.2601 0.1336 0.5269 16.6833 21.3227 69.5759 12.6194 76.0826 0.0000
11 2.4065 0.1345 0.5822 16.4500 21.2525 65.5535 12.6164 76.3695 0.0000

15 2.5556 0.1500 33.6020 4.1500 2 1.0877 3.5267 12.6127 76.4428 0.0000
14 2.6873 0.1510 34.9608 10.7500 21.0022 3.3943 12.6157 76.6076 0.0000
12 2.8108 0.1330 37.6637 4.5833 20.9778 3.1706 12.6124 76.6717 0.0000
17 2.9491 0.1339 636.1091 2.2833 20.9290 0.2097 12.6109 76.7144 0.0000
16 2.9548 0.3396 86.9304 2.7167 20.9137 1.4573 12.6115 76.7846 0.0000
13 2.8399 0.3432 0.9460 14.2500 20.9565 48.7568 12.6084 76.8242 0.0000

1 0.9823 0.1520 0.8711 14.2500 16.7297 44.8626 12.5721 81.2983 0.0000
2 1.1139 0.1384 11.2339 6.1833 16.6717 7.4042 12.5730 81.3471 0.0000
3 1.2795 0.1323 4.1982 9.0500 16.6625 15.7571 12.5697 81.4570 0.0000
4 1.4316 0.1565 4.1291 8.3500 16.6045 15.9372 12.5700 81.5455 0.0000
5 1.5604 0.1325 14.8193 5.2167 16.5374 5.8478 12.5687 81.6126 0.0000
6 1.6945 0.1353 67.0894 2.2833 16.4825 1.4976 12.5684 81.6523 0.0000
7 1.8505 0.1433 10.7731 6.1500 16.4977 7.6087 12.5678 81.7927 0.0000
8 1.9962 0.1312 0.4163 18.4833 16.4947 69.0510 12.5642 82.1223 0.0000
9 2.1270 0.1318 8.6391 8.0167 16.4428 9.0553 12.5614 82.2596 0.0000
10 2.2568 0.1323 0.4850 17.5500 16.4245 62.9961 12.5614 82.7021 0.0000
11 2.4047 0.1328 0.4858 17.4833 16.3787 62.8313 12.5584 82.9798 0.0000
15 2.5443 0.1507 39.5209 3.0500 16.2505 2.4278 12.5590 83.1049 0.0000
14 2.6911 0.1514 36.3216 6.5500 16.2169 2.6194 12.5541 83.2362 0.0000
12 2.8132 0.1341 11581.3984 0.5167 16.1681 0.0104 12.5571 83.3583 1.0000
17 2.9454 0.1508 488.1964 2.0833 16.1742 0.2133 12.5568 83.3644 0.0000
16 2.9331 0.3537 54.1718 3.1167 16.1925 1.8067 12.5547 83.3155 0.0000
13 2.8083 0.3463 1.6280 13.8833 16.3451 29.8262 12.5553 83.4742 0.0000

Appendix VII: Raw Permeability Data



p X-Pos Y-Pos Perm (mD) Time Flow Rate Delta Pr ATM Pr TeniD(F) Timeoi
1 0.9828 0.1461 0.5206 17.4166 16.0338 59.6574 12.5446 84.3867 0.0000
2 1.1149 0.1359 12.5457 7.4167 15.9759 6.5650 12.5422 84.4752 0.0000
3 1.2787 0.1365 3.6642 9.7500 15.9820 16.9474 12.5419 84.4966 0.0000
4 1.4321 0.1560 3.8238 8.7167 15.9728 16.4163 12.5401 84.6034 0.0000
5 1.5593 0.1326 14.9294 5.3500 15.9026 5.6464 12.5388 84.6278 0.0000
6 1.6916 0.1347 47.6174 2.6500 15.8568 2.0029 12.5388 84.6706 0.0000
7 1.8358 0.1404 19.8388 4.3833 15.8843 4.4218 12.5391 84.7316 0.0000
8 1.9745 0.1347 70.2709 3.2500 15.8385 1.3883 12.5391 84.7957 0.0000
9 2.1036 0.1467 276.4934 1.4833 15.8263 0.3675 12.5382 84.8689 0.0000
10 2.2536 0.1272 0.7058 15.1500 15.8965 49.5289 12.5367 84.8506 0.0000
11 2.4054 0.1357 0.4781 17.4500 15.8812 62.3857 12.5358 84.7316 0.0000
15 2.5407 0.1362 32.8201 3.4833 15.8049 2.8132 12.5343 84.7224 0.0000
14 2.6919 0.1537 41.1860 7.7833 15.7836 2.2828 12.5318 84.6309 0.0000
12 2.8232 0.1273 71.4398 21.0833 15.7592 1.3602 12.5297 84.4020 0.0000
17 2.9454 0.1492 475.1322 1.9167 15.7531 0.2139 12.5321 84.4050 0.0000
16 2.9324 0.3500 61.9939 3.1500 15.7592 1.5555 12.5285 84.3257 0.0000
13 2.8005 0.3407 0.8381 14.1500 15.8202 44.4781 12.5288 84.1121 0.0000

KEY
P: Core plug
Delta Pr: Pressure change 
ATM Pr: Atmospheric pressure 
Temperature (room)
Time out: zero if sample reached steady state

Appendix VII: Raw Permeability Data


