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Abstract 

¢ƘŜ ǳƴŘŜǊǎǘŀƴŘƛƴƎ ƻŦ ŦƭǳƛŘ Ŧƭƻǿ ǿƛǘƘƛƴ ǘƘŜ 9ŀǊǘƘΩǎ ŎǊǳǎǘ ƛǎ ƻŦ ƎǊŜŀǘ ƛƳǇƻǊǘŀƴŎŜ ǘƻ ƻǳǊ ƪƴƻǿƭŜŘƎŜ 

of geohazards (such as earthquakes) and use of georesources (such as geothermal energy). Fluid 

flow in crystalline rocks is largely controlled by the permeability of faults and their associated 

fracture networks, the physical properties and temporal history of which can control to what 

degree they act as flow conduits or barriers. Better constraints are required as to how these 

fracture networks form, how fluids are transported within them, how they respond to 

deformation and how permeability may evolve with time. In an applied context, this insight into 

the physiochemical processes ongoing in deep, high temperature, fractured hydrothermal 

systems has the potential to increase the long-term productivity and sustainability of 

geothermal energy production.   

Since fault properties and behaviours are difficult to observe at depth, an approach using field 

analogues and laboratory experiments is key to understanding such complex systems. In the 

field, an exhumed duplex-hosted hydrothermal system was studied (using statistical analyses 

of mechanical damage and mineralogical data from fractures sealed by epithermal 

precipitation) to investigate the fault properties that control the spatial and temporal 

heterogeneity of structurally controlled fluid flow within fault damage zones. In the laboratory, 

a range of thin section analyses and experimental rock deformation techniques are employed 

to investigate how hydrothermal fluid flow affects the composition, texture and mechanical 

behaviour of altered host rock and epithermal veins within it. The frictional strength and 

stability of argillic alteration (i.e. Ŏƭŀȅ ΨƎƻǳƎŜǎΩ ƳƻǊŜ ǘȅǇƛŎŀƭ ƻŦ Ŧŀǳƭǘ ŎƻǊŜǎύ ƛǎ ŀƭǎƻ ƛƴǾŜǎǘƛƎŀǘŜŘ 

experimentally, with a focus on the effect of fluids on deformation processes.  

Field data show that the density and connectivity of structural damage across the studied fault 

duplex is predictably heterogeneous at a range of scales, conforming to previous observations 

suggesting that such variation may be caused by the amount of fault displacement coupled with 

regional fault density. Analysis of epithermal precipitation within fractures reveals that in 

general fluid flow is greatest in areas of high structural density, with most sealing by 

precipitation having occurred in thin fractures favourably oriented perpendicular to the 

ƳƛƴƛƳǳƳ ǇǊƛƴŎƛǇŀƭ ǎǘǊŜǎǎ όˋ3). Laboratory data indicate that the nature of precipitation (i.e. vein 

composition and texture) evolves both spatially and temporally. Furthermore, the degree of 

propylitic alteration in the fractured host rock appears to control where subsequent creation of 

structural permeability takes place, rather than the presence of a vein itself as a planar 

discontinuity. With regards to argillic alteration, the frictional strength of clay fault gouges 

increases as water is progressively removed, whilst their frictional stability decreases, 

suggesting that the saturation state of clays may play a part in controlling permeability and fluid 

flow through seismicity. The presence of water appears to be key in promoting time- and slip-
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dependent frictional changes, constraining operative grain-scale deformation mechanisms to 

those that are fluid assisted.   

The data presented here have important implications for geothermal exploration, as well as 

elements of production and stimulation by fluid injection within Enhanced Geothermal 

Systems. It is understood that further insight could be gained through a more quantitative 

understanding of fracture sealing processes that commonly cause issues with flow rates in 

geothermal wells, namely the influence of changing fluid pressures, temperatures and 

chemistries on the nature, rate and volume of precipitation. With this goal in mind, a new high-

pressure, high temperature triaxial deformation apparatus has been designed and built to 

simulate a range of upper crustal geothermal gradients whilst under confining pressure. Here, 

the new apparatus is described in detail, and a suite of experiments is proposed based on a 

comprehensive literature review, whereby fluid containing minerals in solution can be flowed 

through a fractured rock core at a range of carefully controlled physical conditions. It is hoped 

that this experimental setup may soon provide crucial data to help improve models of fluid flow 

and permeability evolution in structurally controlled geothermal reservoirs, and ultimately the 

long-term productivity and sustainability of geothermal energy production.  
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1 Introduction 

1.1 Context: The Significance of Structurally Controlled Fluid Flow 

The understanding ƻŦ ŦƭǳƛŘ Ŧƭƻǿ ǿƛǘƘƛƴ ǘƘŜ 9ŀǊǘƘΩǎ ŎǊǳǎǘ ƛǎ ƻŦ ƎǊŜŀǘ ƛƳǇƻǊǘŀƴŎŜ ǘƻ ƻǳǊ ƪƴƻǿƭŜŘƎŜ 

of geohazards and use of georesources. Structurally controlled fluid flow is an important aspect 

of research within the fields of earthquake seismicity (e.g. Evans et al., 1997; Sibson, 1994, 2000; 

Rice et al., 2005; Lawther et al., 2016), epithermal mineral deposits (e.g. Simmons et al., 2005; 

Cox, 1995; 1999; 2010), hydrocarbon migration (e.g. Aydin, 2000; Gartrell et al., 2004; 

Wennberg et al., 2007), carbon capture and storage (e.g. Dockrill and Shipton, 2010; Zoback 

and Gorelick, 2012), disposal of radioactive waste (e.g. Stuckless and Dudley, 2002) and 

geothermal energy production (e.g. Evans, 2005; Evans et al., 2005; Davatzes and Hickman, 

2010; Wallis et al., 2012; Sanchez et al., 2013; Kissling et al., 2015) ς the latter of which is the 

chosen focus of this thesis. Effective exploitation of a geothermal resource requires a high 

geothermal gradient (i.e. >~30 °Ckm-1), a permeable medium (i.e. porous or fractured rock) and 

a fluid (e.g. water or steam) to transfer heat from depth to the surface. In a typical hydrothermal 

system, a production well drilled into fractured rock targets feed zones of high temperature 

fluids with high recharge rates (Figure 1.1). These fluids may either provide direct heat or drive 

a turbine for electricity production (e.g. Fridleifsson et al., 2014; Boden, 2017; Boretti, 2022). 

 

Figure 1.1: An illustration of the types of geothermal resource available for exploitation (after Boretti, 

2022). This thesis focuses on ς and may be applied to ς both fractured hydrothermal and Enhanced 

Geothermal System (EGS) reservoirs. 
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As geothermal fluids interact with the host rock during flow, however, changing physiochemical 

conditions often cause minerals held within solution to precipitate, with the potential to 

ŘǊŀǎǘƛŎŀƭƭȅ ǊŜŘǳŎŜ ŦƭǳƛŘ Ŧƭƻǿ ǊŀǘŜǎ ƻǊ ŜǾŜƴ ΨǎǿƛǘŎƘ ƻŦŦΩ ǘƘŜ ƎŜƻǘƘŜǊƳŀƭ ǎȅǎǘŜƳ ŜƴǘƛǊŜƭȅ όŜΦƎΦ 

Davatzes and Hickman, 2012; Griffiths et al., 2016). Enhanced Geothermal Systems (EGS), which 

often require a degree of stimulation to create or maintain a permeable fracture network at 

depth, are receiving more attention in recent years, however require significant geomechanical 

de-risking to become economically viable (Ghassemi, 2012; Boretti, 2022). For both 

conventional geothermal and EGS reservoirs, better constraints of how fracture networks form, 

how they evolve with time and how fluids are transported in these systems will help define 

more accurate models and potentially increase the long-term productivity and sustainability of 

fluid flow within fractured reservoirs (e.g. Zimmermann et al., 2009; Ghassemi, 2012). 

The study of fault distribution and development in the upper crust provides insights into the 

mechanical, hydraulic and seismic properties of the fault and its associated fracture network, 

and ultimately aids the understanding of structurally controlled fluid flow (Caine et al., 1996; 

Chester et al., 1993; Hickman et al., 1995; Gudmundsson et al., 2001; Faulkner et al., 2003, 

2008; Wibberley and Shimamoto, 2003). The physical properties and temporal history of faults 

can control to what degree they act as high-permeability flow conduits or impermeable barriers 

(e.g. Sibson, 1996). Permeability is largely governed by a balance of fracture formation 

processes (e.g. brittle failure) and fracture destruction processes (e.g. mechanical wear or 

hydrothermal mineral precipitation) (Sibson, 1994; Wibberley et al., 2008). Whilst many aspects 

of permeability distribution within faults and the wear/precipitation mechanisms that can 

affect it are well understood, many questions remain, such as how permeability varies between 

interacting faults, and how hydrothermal precipitation affects long-term permeability evolution 

and mechanical strength (e.g. Ghassemi, 2012). Such fault properties and behaviours are 

difficult to observe at depth, hence an approach using field analogues and laboratory 

experiments is key to understanding such complex systems. 

This chapter provides a brief overview of several aspects of upper crustal rock deformation and 

fluid flow that will be built upon in greater depth in subsequent chapters, with Section 1.2 

focussing on the structure of fault zones, their transient permeability, and the nature of 

hydrothermal mineralisation, as well as the application of such knowledge to fractured 

geothermal reservoirs. Methodological approaches to understanding fracture-hosted fluid flow 

and strength based on theory and practise in field and experimental geomechanics are 

discussed in Section 0. Finally, the research questions identified on this basis of this brief review 

are introduced in Section 1.4 and explored in Chapters 2 to 5. Since the core chapters of this 

thesis have been written as stand-alone manuscripts for publication, some repetition of 

material occurs as key concepts are re-introduced. 
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1.2 Background: The Distribution, Formation and Destruction of Structural Permeability 

and its Implications for Geothermal Energy 

1.2.1 Fault Zone Architecture and Rheology in the Upper Crust 

In the upper crust, brittle deformation occurs via cataclasis along discrete displacement zones 

over a wide range of scales to form faults and fractures (e.g. Blenkinsop, 2000). The 

heterogeneity of fault zones plays a fundamental role in controlling the mechanics of faulting 

and earthquakes as well as the distribution of fluid flow. While the fault core generally forms a 

low-permeability barrier to fluid flow, in brittle crust the damage zone is considered to display 

high hydraulic connectivity, preventing the development of overpressure (Townend and 

Zoback, 2000). Fractured rock can have markedly different mechanical and hydraulic properties 

to intact rock. The seismogenic zone is typically demarcated by crustal depths of ~<20 km 

(Marone, 1998), however in areas of elevated heat flow such as those targeted for geothermal 

exploration may be as shallow as <~3 km (Boden, 2017; Sibson, 2001). Within this zone, 

structurally controlled fluid flow is generally focused in the permeable damage zone of a fault. 

This damage zone may range from several microns to more than hundreds of metres wide and 

comprises fractures and faults over several length scales generated via seismic events. The 

damage zone forms adjacent to a narrower, less permeable fault core that typically comprises 

fault gouge and cataclasite (Figure 1.2) (Chester and Logan, 1986; Barton et al., 1995; Caine et 

al., 1996; Wibberley et al., 2008, Savage and Brodsky, 2011; Faulkner et al., 2003, 2008, 2010).  

 

Figure 1.2: The scale-independent relationship between fault architecture, fracture density and 

permeability (after Ostermeijer et al., 2020, based on Chester and Logan, 1986; Caine et al., 1996 and 

Faulkner et al., 2010). CR = Country rock; FC = Fault core; DZ = Damage zone; LSF = Large splay fault. 

Damaged fault rocks are generally more permeable than intact rocks, and hence play a key role 

in the migration of fluids and precipitation of minerals in and around fault zones over the 

seismic cycle (e.g. Sibson, 1994; Evans et al., 1997; Lockner et al., 2000; Lawther et al., 2016). 

Fault damage can be accrued via processes such as coalescence/linking of structures (Childs et 

al., 2009), cumulative wear with displacement (Chester and Chester, 2000), coseismic damage 

(Rice et al., 2005; Rempe et al., 2013; Aben et al., 2016) or fault linkage involving a process zone 
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(Cowie and Scholz, 1992). The types of structures present within damage zones (e.g. minor 

faults, low-displacement fractures and extension veins) are largely dependent on the physical 

conditions at failure and properties of the host rock (Chester and Logan, 1986; Faulkner et al., 

2003; Wibberley et al., 2008; Faulkner et al., 2010), and can vary in scale from macro-damage 

(i.e. ~101-103 m: 1-3 orders of magnitude smaller than the main km-scale fault), to meso-

damage (~10-2-101 m: 3-5 orders of magnitude smaller) and micro-damage (<~10-2 m: >5 orders 

of magnitude smaller) (Shipton and Cowie, 2001). To fully understand damage zone variability 

within such fault zones, it is necessary to quantitatively characterise fracture patterns at a range 

of scales.  

With increased fault maturity and displacement, the density of damage adjacent to a fault core 

has been shown to be predictably higher (Figure 1.2), with damage zone width also scaling with 

the amount of fault displacement (Anders and Wiltschko, 1994; Schulz and Evans, 2000; Wilson 

et al., 2003; Mitchell and Faulkner, 2009; Savage and BrodǎƪȅΣ нлммΤ hΩIŀǊŀ Ŝǘ ŀƭΦΣ нлмтύΦ 

Damage zone complexity and heterogeneity can also increase as a result of interactions 

between faults, which may be greatest in the presence of pre-existing structures and lithological 

variation (Myers and Aydin, 2004; Faulkner et al., 2008; Gudmundsson et al., 2002, 2010; 

hΩIŀǊŀ Ŝǘ ŀƭΦΣ нлмтΤ hǎǘŜƳŜƛƧŜǊ Ŝǘ ŀƭΦΣ нлнлύΦ ¢ƘŜ ƴŀǘǳǊŜ ƻŦ ǇŜǊƳŜŀōƛƭƛǘȅ Ƴŀȅ ōŜ ǾŀǊƛŀōƭŜ ŀƭƻƴƎ 

strike as well as between faults, and the architecture of damage zones generally evolves with 

fault growth, with successive failure episodes overprinting each other (Blenkinsop, 2008; 

Mitchell and Faulkner, 2009). Damage zone characteristics can therefore be highly variable 

between different fault systems (e.g. Cox, 1995; Cunningham and Mann, 2007; Faulkner et al., 

2010), with the mechanics of regional structures not well constrained - in particular how 

damage is distributed and how fluids and fractures interact within them (Cembrano et al., 2005; 

Nixon et al., 2019). Comparisons between different datasets can be problematic due to a lack 

of consistency in data sampling scales, techniques and terminology, as well as lithological and 

tectonic differences (Choi et al., 2016). In Chapter 2, a quantitative approach to assessing the 

spatial distribution of damage across a fault zone, as well as surrounding individual faults, aims 

to improve the understanding of how damage zones control the distribution of permeability 

and fluid flow. 

Whilst the fault damage zone hosts most fluid flow, the fault core accommodates the most 

strain (Scholz, 1987; Wilson et al., 2005). Fault cores are considered to develop via repeated 

localisation of shear failure during fault displacement, with fault tip propagation followed by 

fault linkage at all scales (Peacock and Sanderson, 1991; Walsh et al., 2002, 2003). As a result, 

fine-grained fault gouge is able to develop via a combination of mechanical attrition of the fault 

wall and authigenic crystallisation (Caine et al., 1986; Chester and Logan, 1986; Rutter and 

Maddock, 1987; Chester and Chester, 1998). Enhanced pressures and temperatures in 

hydrothermal fault zones alters minerals present within the fault gouge in terms of dehydration, 

ŎƻƴǎƻƭƛŘŀǘƛƻƴ ŀƴŘ ƳƛƴŜǊŀƭƻƎȅΣ ǘƘŜǊŜōȅ ŎƘŀƴƎƛƴƎ ǘƘŜ ŦŀǳƭǘΩǎ ƳŜŎƘŀƴƛŎŀƭ ŀƴŘ ǎŜƛǎƳƛŎ ǇǊƻǇŜǊǘƛŜǎ 
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(Saffer and Marone, 2003; Sánchez-Roa et al., 2016; 2018). As well as forming a permeability 

barrier, the typical prevalence of phyllosilicates within fault gouges has been inferred as a major 

reason for overall mechanical weakness of faults on scales over several orders of magnitude 

(Shimamoto and Logan, 1981; Saffer and Marone, 2003; Underwood, 2007; Faulkner et al., 

2008; Collettini et al., 2009; Tembe et al., 2009; Lockner et al., 2011). In the laboratory, 

phyllosilicate-rich fault gouges have consistently been shown to be frictionally weak (e.g. Ikari 

et al., 2007, 2009, Moore and Lockner, 2004, 2007; Morrow et al., 1992, 2000, 2017), not 

adhering to .ȅŜǊƭŜŜΩǎ ƭŀǿ, which states that friction coefficients (µ) in the upper crust are 

ƛƴǾŀǊƛŀōƭȅ лΦс Җ ҡ Җ лΦур (Byerlee, 1978). µ can be defined as in Equation 1.1: 

ҡ Ґ ˍ κ ˋΩn ,  (Eq. 1.1) 

ǿƘŜǊŜ ˍ ƛǎ ǎƘŜŀǊ ǎǘǊŜǎǎ ŀƴŘ ˋΩn is the effective normal stress. 

The frictional weakness of phyllosilicate-rich fault gouges have been attributed in part to their 

mineral structure and water content, where µ has been shown to decrease with increased 

content of particular clays as well as structurally- and surface-bound water (e.g. Morrow et al., 

1992; Moore and Lockner, 2004, 2007; Tembe et al., 2010; Behnsen and Faulkner, 2012) (Figure 

1.3). The variation in such fault gouge physiochemical properties within fault zones has been 

invoked as a primary reason for aseismic creep behaviour within major faults, such as the San 

Andreas Fault (Lockner et al., 2011; Chang et al., 2013) and within the Soultz-sous-Forêts 

geothermal field (Bourois and Bernard, 2007). Chapter 4 aims to explore how the presence of 

different phyllosilicates within fault gouge or clay-filled fractures impacts their frictional 

strength, in particular considering the impact of water content within the gouge. 

The presence of water in clay gouges has also been cited as a possible cause of variation in 

frictional stability (e.g. Moore and Lockner, 2004; Ikari et al., 2011; Meller and Kohl, 2014). 

Whether a fault displays stable behaviour during frictional sliding is determined by the 

constitutive rate- and state-dependent parameters a, b and dc (Figure 1.3a). a represents an 

initial direct effect on µ scaled according to a change in displacement rate, and b describes how 

µ exponentially evolves over a characteristic distance dc at a new slip velocity. Whilst a is 

considered to relate to gouge thickness, normal stress, surface roughness and particle size 

(Linker and Dieterich, 1992; Marone, 1998), b is considered to relate to the quality of asperities 

in contact across the sliding interface and hence the strength and orientation of the stress field 

(Li et al., 2011; Scholz, 2010). Rate dependence can be important in determining whether 

deformation is stable or unstable (Lockner et al., 2011): Positive values of a-b describe velocity 

strengthening behaviour, whilst negative a-b values describe velocity-weakening behaviour 

(Dieterich, 1972, 1978, 1979; Ruina, 1983; Blanpied et al., 1998; Marone, 1998). As well as 

through differences in water content and fluid pressures, such variations may also be induced 

by differences in clay content and/or crystallographic properties of the minerals present within 

the gouge (e.g. Meller and Kohl, 2014; Figure 1.3b). 
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Figure 1.3: a) Schematic frictional response to steps in sliding velocity for i) velocity-strengthening 

friction and ii) velocity-weakening friction (after Den Hartog, 2013). b) Variations in friction coefficient 

and constitute parameters a-b for rocks with different clay contents and phyllosilicate mineral types 

(after Meller and Kohl, 2014, with data from Tembe et al., 2010 (quartz-illite); Ikari et al., 2011 (various 

phyllosilicates); Zoback et al., 2012 (shale) and Akayuli et al., 2013 (soil)). In all samples, as clay content 

increases, µ decreases and a-b increases. 

1.2.2 Fracture Formation and Permeability Creation  

Macroscopic faults and fractures in low porosity, crystalline rocks can either form by stress-

driven processes (i.e. nucleation, interaction and coalescence of tensile microfractures in the 

absence of significant fluid pressure) or fluid-driven processes (i.e. fractures formed by high 

fluid pressure gradients and propagating away from the high pressure zone), or most likely a 

combination of both (Sibson, 1996; Cox, 2005). The development of fractures and fault zones 
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(i.e. their architecture and interconnectivity) creates a network of fluid pathways in 

hydrothermal environments. Fluid flux through fractures occurs as a result of an interplay 

between fracture permeability and fluid pressure gradient. For porous material (e.g. intact rock 

or fault gouge), where fluid pressure gradients often have a strong vertical component, this flux 

Ŏŀƴ ōŜ ŘŜǎŎǊƛōŜŘ ǳǎƛƴƎ 5ŀǊŎȅΩǎ ƭŀǿ ƻŦ ǎǘŜŀŘȅ ǎǘŀǘe flow (Equation 1.2): 

,  (Eq. 1.2) 

where Q is the volumetric flow rate in ms-3, k is the permeability of the rock or gouge in m2, A 

is the cross-sectional area in m2, µ is the dynamic viscosity of the fluid in Pas and ɲP is the 

change in pressure over this length in Pa (Jaeger et al., 2007; Gudmundsson, 2011). 

For fractured material with a low primary porosity and permeability, high structural anisotropy 

renders the permeability tensor more relevant to estimates of fluid flow, which is more 

dependent on tectonic environment (e.g. Faulkner and Armitage, 2013; Farquharson et al., 

2015). Flow rates in fractured rocks are better described by the cubic law (Equation 1.3), such 

that: 

,  (Eq. 1.3) 

W is the fracture width in m, µ is the dynamic viscosity of the fluid in Pas, L is the fracture length 

in m, ah is the fracture hydraulic aperture in m, and ɲP is the change in fluid pressure in Pa 

(Brown et al., 1995; Zimmerman and Bodvarsson, 1996; Taylor, 1999; Zimmerman and Yeo, 

2000; Jaeger et al., 2007; Gudmundsson, 2011; He et al., 2021). Each of these parameters is 

illustrated schematically for theoretical and laboratory fractures in Figure 1.4. 

Considering Equations 1.2 and 1.3 together, the permeability of a fracture can be expressed as 

in Equation 1.4, which indicates that fracture aperture exerts a strong control over permeability, 

(although its effect is not as significant as for flow rate): 

.   (Eq. 1.4) 

 

Figure 1.4: Schematic illustration of a fracture and its parameters that define fluid flow, in the context 

of a) a fracture at outcrop and b) an experimental core sample. 
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Whilst empirical equations may give a good approximation of permeability and flow properties, 

they incorporate many simplifications and assumptions of fractures observed in the field or 

laboratory. Fluid flow properties may be influenced by parameters that are often impractical to 

measure in detail in natural fractures, for example, variation in fracture wall permeability due 

to the presence of microfractures, or variation in fracture aperture along its length. When 

estimating permeabilities of fractures in the field, many assumptions must be made about the 

processes that have formed and subsequently deformed them, such as changes in the stress 

field and vein formation by mineral precipitation. Upscaling fracture lengths from the 

laboratory to the field often dramatically alters the physiochemical processes that will occur 

during fluid flow, for example resulting in increased chemical reaction along the fracture wall 

(partly due to increased contact times, and partly due to greater complexity in natural fluids 

compared to those typical used in laboratory experiments) and promoting advective rather 

than laminar flow (e.g. Elkhoury et al., 2013). In nature, fracture walls are rarely planar, meaning 

that apertures may vary significantly around an estimated mean value. Fluid flow properties are 

therefore affected by factors such as fracture roughness that increase flow tortuosity. For the 

cubic flow law to apply (Equation 1.3), fractures should have a length to aperture ratio >3 and 

a Reynolds number (which describes flow turbulence) <25 (Leckenby et al., 2005). It is also 

important to note intrinsic variability, which can only be assessed by measuring a wider range 

of samples. Whilst permeability of intact rock samples may underestimate bulk reservoir 

permeability, macro-fractured samples may give an overestimate (Heap and Kennedy, 2016). 

All of these factors and more must be considered when scaling fracture permeability from the 

laboratory to the field and relating it to empirical estimates. 

In its simplest terms, brittle failure can occur in rocks on account of stress orientations that 

produce either tensile (Mode I), hybrid (Mode II) or shear (Mode III) fractures (e.g. Anderson, 

1951; Jaeger et al., 2007; Gudmundsson, 2011) (Figure 1.5a). There are two end-member 

processes for achieving brittle failure: fluid-driven and stress-driven (Cox, 2010). Stress-driven 

tensile fractures generally propagate away from small-scale stress concentrations and coalesce 

towards shear failure (e.g. Engelder, 1987; Blenkinsop, 2008; Barnhoorn et al., 2010), whereas 

fluid-driven tensile fractures (hydrofractures) develop as a result of overpressure (e.g. Cox, 

2005; Barnhoorn et al., 2010). Hydrofractures typically form where pore fluid pressure (Pf) 

exceeds ǘƘŜ ǎǳƳ ƻŦ ǘƘŜ ǊƻŎƪΩǎ tensile strength (T) and its least principal stress ( 3̀) and where 

1̀- 3̀<4T (Figure 1.5). Tensile fractures generally form approximately normal to the 3̀ 

orientation and parallel to the ̀1 ς 2̀ principal plane, whilst shear fractures generally form a 

plane at ~30° to 1̀ (Ashby and Sammis, 1990; Healy et al., 2006; Healy, 2008). Most fractures 

conductive to fluid flow are related to critically stressed, potentially active faults in frictional 

equilibrium with the in-situ stress field, and orientation is therefore critical to whether the 

fracture will be hydraulically conducive (Brown et al., 1987). Indeed, significant proportions of 

fluid flow in geothermal reservoirs can be attributed to few, well-oriented fractures, inducing 

strong permeability anisotropy (Barton et al., 1995; Aydin, 2000). 
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Figure 1.5: a) Griffith-Mohr-Coulomb failure criteria for Mode I, II and III fractures depicted in Mohr 

space, where ̀  = principal stress and T = tensile strength. Also illustrated is the effect of increased fluid 

pressure on likelihood of failure (Pf). Schematic illustrations of Mode I, II and III fractures are also 

described in terms of regional stress. b) Effects of different types of fault interaction on the angles at 

which extension veins may form in a damage zone (after Mitchell and Faulkner, 2009; based on Wilson 

et al., 2003 and Blenkinsop, 2008). 

Interaction between faults and fractures within a wider structural network is also an important 

consideration when assessing the permeability of a fault zone, and can affect the overall 

intensity and connectivity of the fracture network and the orientation at which fractures form 

(Wilson et al., 2003; Berger, 2007; Blenkinsop, 2008; Mitchell and Faulkner, 2009; Sanderson 

and Nixon, 2015; Healy et al., 2017) (Figure 1.5b). Whilst little flow occurs in isolated fractures, 

as strain increases beyond the percolation threshold fractures will grow and nucleate such that 

connectivity is greater and fluid flux is more evenly distributed with shorter, less tortuous paths 

(Cox, 2005). Structurally-ƘƻǎǘŜŘ ŦƭǳƛŘ Ŧƭƻǿ ƛǎ ƎŜƴŜǊŀƭƭȅ ŦƻŎǳǎŜŘ ƛƴ ΨōŀŎƪōƻƴŜΩ ǎǘǊǳŎǘǳǊŜǎ ς 

fractures with long lengths and a high density of fractures of differing orientations abutting or 

crossing it (e.g. Cox, 2005; Sanderson and Nixon, 2015). Large stress rotations have previously 

been attributed to an increase in fracture density and structural permeability through the 
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damage zone towards the fault core (Faulkner et al., 2006), for which the effect is generally 

larger in isotropic rocks (Healy, 2008). Pre-existing planes of weakness can influence (and be 

influenced by) local stress conditions (e.g. Barton et al., 1995; Caine et al., 1996; Townend and 

Zoback, 2000; Healy, 2008), for example by reducing the tensional strength and the required 

differential stress and fluid pressure for a fracture to form (Bons, 2000). Stress concentrations 

as a result of such heterogeneities have been cited as the cause for increased fracture 

connectivity and significant fluid flow in non-optimally oriented structures (Brown et al., 1987; 

Barton et al., 1995; Caputo and Hancock, 1999; Wilson et al., 2003; Wallis et al., 2012; Virgo et 

al., 2013). In Chapter 3, the effect of heterogeneities in the form of sealed fractures (i.e. mineral 

veins) on successive fracturing events and permeability creation is considered.  

Several models exist for structurally controlled advective fluid flow processes (e.g. Sibson, 1996, 

2001; Blanpied et al., 1992; Rice, 1992, Cox, 2005). In the seismic pumping model (Sibson et al., 

1975) (Figure 1.6a) fluid migrates down a potential gradient into a dilation site opened by 

accumulating differential stress or increasing fluid pressure, before dilation site collapse expels 

the fluids. In the fault valve model (Sibson, 1981; 1990) (Figure 1.6b), dilation rate is greater 

than fluid flux, developing a temporary underpressure in the void and driving fluid into the 

dilation site. In the fluid pressure excursion (matrix-to-fracture pumping) model (Etheridge et 

al. 1984) (Figure 1.6c), fracture opening takes place in regions of local fluid overpressure. Cyclic 

hydraulic fracturing may also occur, due to sealing during rapid fluid flow along a pressure 

gradient followed by extensional failure once the minimum effective stress exceeds the tensile 

strength (Hilgers and Urai 2002a).  

 

Figure 1.6: Conceptual models for vein formation (after Lee et al., 1996). a) Pump model (Sibson et al., 

1975). b) Valve model (Sibson, 1981; 1990). c) Fluid pressure excursion model (Etheridge et al., 1984). 
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The source of crustal fluids depends on the geological setting, and may be of meteoric, 

sedimentary, metamorphic or magmatic origin, affecting their chemical properties (e.g. 

abundance of dissolved solids and volatiles) (Ármannsson, 2012). As well as influencing 

structurally controlled permeability directly, fluid flow can influence deformation behaviour 

through both mechanical and fluid-rock interaction processes and can significantly affect rock 

strength (e.g. Brace et al., 1966; Lockner et al., 1992; Healy et al., 2006; Wyering et al., 2014). 

As a result, of complex thermal, hydraulic, mechanical and chemical interactions between the 

fluid and host rock, the fractured rock mass may become hydrothermally altered (e.g. Laubach 

et al., 2004; Cox, 2010; Bons et al., 2012). Hydrothermal alteration has been shown to change 

ŀ ǊƻŎƪΩǎ ƳŜŎƘŀƴƛŎŀƭ ǎǘǊŜƴƎǘƘ όŜΦƎΦ {ƻǳǎŀ Ŝǘ ŀƭΦΣ нллрΤ bŀǊŀ Ŝǘ ŀƭΦΣ нлммΤ tƻƭŀ Ŝǘ ŀƭΦΣ нлмнΣ нлмпΤ 

Heap et al., 2014; Wyering et al., 2014, 2015), in places aiding localisation of strain in the crust, 

and hence may influence the formation of later fractures with the potential to host fluid flow. 

1.2.3 Permeability Destruction (Fracture Sealing) 

In each of the structurally controlled fluid flow scenarios depicted in Figure 1.6, loss of 

permeability may be experienced relatively rapidly as a result of either mechanical or chemical 

processes. Mechanically, structural permeability may be reduced by continued slip along a 

fracture (reducing asperities and producing fault gouge) (e.g. Rutter and Maddock, 1987), or 

through reduction in fluid pressure causing the fracture to narrow or close (e.g. Cox, 1995, 1999; 

Sibson, 1995, 1996, 1997; Faulkner et al., 2010; Rempe et al., 2018). Chemically, permeability 

can be lost via fracture healing, where minerals are transported locally through diffusion and 

solution transfer creep (e.g. Smith and Evans, 1984; Brantley et al., 1990; Fisher and Brantley, 

1992; Hickman et al., 1995). Wherever dissolved minerals are transported some distance via 

supersaturated fluids and precipitated upon a change in physiochemical conditions, this is 

termed fracture sealing (e.g. Rimstidt and Barnes, 1980; Sibson, 1990; Lee et al., 1996; Lee and 

Morse, 1999; Martin and Lowell, 2000; Hilgers et al., 2004; Okamoto et al., 2010; Doubra et al., 

2017). The creation of fluid pressure and/or temperature gradients (e.g. as a result of seismic 

processes or fluid extraction via geothermal wells) can change the solubility state of a 

hydrothermal fluid (e.g. Oliver and Bons, 2001; Wiltschko and Morse, 2001), which may contain 

a diverse mix of minerals in solution (e.g. Giggenbach, 1981, 1995). As well as causing sealing 

through mineral precipitation and loss of permeability as a result, pressure and temperature 

fluctuations may also reverse such vein-forming reactions, causing mineral breakdown resulting 

in porosity and permeability generation (e.g., Heap et al., 2012, 2013, 2017). 

The nature of fracture-controlled permeability in brittle faults is dynamic and episodic over the 

course of the seismic cycle (Figure 1.7) and is ultimately controlled by evolving connectivity 

between propagating faults within a larger structure (Cox, 1995). Any permeability reduction in 

the fault core would likely increase fluid pressures in the fault damage zone, resulting in brittle 

failure that typically induces short periods of high-flux flow, usually followed by long periods of 

low or no flow as fractures are sealed once more (e.g. Cox, 1999; Sibson, 2001). Earthquake 
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recurrence intervals are typically >1000 years (Nicol et al., 2005), however mineral precipitation 

within fractures in the fault damage zone may destroy permeability much more quickly. 

 

Figure 1.7: An illustration of the transient nature of permeability in a hydrothermal fracture network. 

Whilst Chapters 2 and 3 of this thesis consider the creation of fracture permeability, Chapters 

3, 4 and 5 address aspects of fracture sealing and permeability destruction by hydrothermal 

precipitation as a result of changing fluid conditions. The composition and texture of sealed 

fractures (i.e. mineral veins) present within fault damage zones provides a useful record of 

pressure, temperature and strain history, fluid compositions, and interactions between fluids 

and fractured host rock (Bons et al., 2012). Since many geothermal areas have no surface 

ƳŀƴƛŦŜǎǘŀǘƛƻƴǎΣ ǘƘŜ ŦƛŜƭŘ ǎǘǳŘȅ ƻŦ ǘƘƛǎ ΨǇŀƭŀŜƻ-ǇŜǊƳŜŀōƛƭƛǘȅΩ ƛƴ ŜȄƘǳƳŜŘ ǎȅǎǘŜƳǎ όƛΦŜΦ ŦǊƻȊŜƴ 

hydrothermal activity) (Chapter 3) offers an analogue of structural networks and fracture-

forming processes that can be used to establish the evolution and sustainability of 

contemporary fractured geothermal systems (Dobson et al., 2003; Sibson, 1996; Faulkner et al., 

2010; Faulds et al., 2011; Gomila et al., 2016; Griffiths et al., 2016; Sanderson, 2016). Laboratory 

studies of the mechanical and frictional strength of sealed fractures formed at a range of 

conditions within the geothermal system can also help to understand the precise mechanisms 

by which syntectonic veins form and deform, which are not well understood (Barker et al., 2006; 

Bons et al., 2012; Gomila et al., 2016; Hilgers and Urai, 2002a).  

Veins are formed by crystal growth from supersaturated fluids in areas of dilation, and can be 

useful in the analysis of deformation processes as well as those relating to fluid flow (e.g. 

Ramsay and Huber, 1983; Cox, 1999). Veins can be classified according to their macroscopic, 

microscopic or growth morphology (Bons, 2000; Bons et al., 2012) (Figure 1.8). 
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Figure 1.8: Schematic classification of vein textures, modified from Olivares et al. (2010). 

Microscopic morphology relates to the texture and arrangement of crystals within a vein (which 

may be described as blocky, elongate blocky, fibrous or stretched), and growth morphology 

describes where nucleation has occurred and the direction of crystal growth. Vein formation 

(fracture sealing) can occur as a single precipitation event (e.g. via a rapid decrease in the 

pressure of circulating fluids), or as multiple crack-seal or crack-jump events caused by fluid 

pressure or strain oscillations (e.g. Ramsay, 1980). When the vein is formed of a mineral that is 

not a major constituent of the host rock, antitaxial veins typically form (i.e. those with two 

growth surfaces ς one on each fracture wall). Otherwise, syntaxial growth (with a single growth 

surface) usually occurs. In ataxial veins, the position of the growth surface changes through 

time; vein crystals then grow epitaxially off grains in the wall rock. Stretching veins may seal 

from both fracture walls (bitaxial) or from one (unitaxial) (Bons, 2000; Hilgers et al., 2000; Bons 

et al., 2012; McNamara et al., 2016).  

Analysis of the composition, texture and thickness of veins ς as well as the compositional and 

thickness distributions and connectivity within wider vein networks - is important in order to 

describe and predict the evolving permeability of fracture networks and the fluid flow 

mechanisms by which they may have formed (Roberts et al., 1998; Sanderson et al., 2008) ς 

these aspects are explored in Chapter 3. Estimating the evolution of permeability of exhumed 

fractured geothermal systems is difficult, however, and only theoretical permeability may be 

determined from the presence of mineral veins using Equation 1.5: 

k = ((2̄ Ŏ2ah
3 / (2l3)) f,  (Eq. 1.5) 

where k = permeability, c = fracture radius, ah = fracture hydraulic aperture, l = spacing between 

fractures and f = connectivity between fractures (Guegen and Palciauskas, 1994). Aperture has 

a greater control over permeability than fracture spacing. 

Laboratory-based experiments in Chapter 3 explore the influence of epithermal veining and 

propylitic alteration ς which is usually a product of high temperature fluid circulation (i.e. >260 

°C ς Robb, 2004; Boden, 2017) - on the mechanical strength of fractured rock. Experiments in 

Chapter 4, however, address the strength and stability of fractures sealed with lower 
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temperature argillic precipitation (e.g. Boden, 2017; Lázaro, 2015), namely phyllosilicates. Fine-

grained, platy phyllosilicates are commonly abundant within fault gouge, having formed via 

mechanical attrition of the fault wall and authigenic crystallisation (Chester and Logan, 1986; 

Chester and Chester, 1998), significantly reducing permeability with progressive core 

development (Sánchez-Roa et al., 2016). Under hydrothermal conditions, the nucleation of 

faults in filled fractures (and hence the recurrence intervals of seismic events) are controlled in 

part by rate competition between permeability reduction and strength recovery. Due to their 

low permeability, the effect of increasing pore-fluid pressure may be magnified in clay-rich fault 

gouges, reducing effective stress and fault strength and promoting failure (e.g. Morrow et al., 

1992; Faulkner and Rutter, 2001; Frye and Marone, 2002; Faulkner et al., 2018), hence playing 

a key role in driving the seismic / structural fluid flow cycle (cf. Figure 1.7).  

Heat transport and precipitation are generally diffusion-dominated in low permeability 

reservoirs and advection-dominated in high permeability reservoirs (Ghassemi, 2012). The 

physiochemical mechanisms by which fractures seal by precipitation ς and consequently the 

timescales over which this can happen - are not well understood. The nature, rate, and volume 

of fracture sealing in hydrothermal systems ultimately depends on whether the system is in 

chemical equilibrium. Precipitation is likely to be driven by complex interplay of different 

processes that disturb this equilibrium and change the saturation state of a fluid with respect 

to a particular mineral, such temperature of the fluid or rock mass, the confining or fluid 

pressure and/or the fluid chemistry (e.g. Fournier, 1989; Rimstidt, 1997; Wiltschko and Morse, 

2001; Doubra et al., 2017). Vein textures may be controlled by the relative dominance of crystal 

nucleation versus growth/kinetics (e.g. Rimstidt and Barnes, 1980; Lasaga, 1981; Martin and 

Lowell, 2000; Bons, 2000; Hilgers et al., 2001, 2004; Bons et al., 2012), the understanding of 

which can assist in identifying precipitation rates in natural, exhumed hydrothermal systems. 

Whilst there is some consensus on the aforementioned issues, there is disagreement regarding 

the fluid flux required to seal a fracture; the combination of fluid flux, fracture physical 

properties and degree of disequilibrium between the fluid and mineral may all affect the 

expected volume of precipitation (Lee and Morse, 1999). Published estimates of fracture sealing 

rates in hydrothermal areas are extremely varied. For example, whilst some authors suggest 

that a fracture could close via precipitation on timescales of hours to months (Brantley et al., 

1990; Laubach, 1997; Tranter et al., 2020), others indicate that timescales are more likely to be 

in the order of tens to millions of years (Lee and Morse, 1999; Tenthorey et al., 2003). This 

variability however is largely a result of differences in modelling and laboratory conditions that 

render these studies incomparable ς for example, the cited investigations use fractures of 

different apertures, compositions and roughness; fluid systems with different mineral species 

in solution at different levels of saturation; and different ranges of temperatures and pressures. 

To improve the understanding of how each of these variables in turn affect sealing rates, a 

systematic set of experiments must be performed at a range of conditions defined by existing 

models. This is what Chapter 5 of this thesis sets out to achieve. 
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1.2.4 Application to Fractured Geothermal Reservoirs 

As introduced in Section 1.1, a production well drilled into a conventional, structurally 

controlled hydrothermal system targets zones of high flux, high temperature fluids in naturally 

fractured rocks. Successful, long-term geothermal power production is strongly dependent on 

maintaining high permeabilities (generally >5 mD, or 5x10-14m2) and fluid flux (e.g. >10 Ls-1) to 

transfer heat from depth to surface (e.g. Mock et al., 1997; Zimmerman et al., 2009; Ghassemi, 

2012). Fracture stimulation of EGS reservoirs also has ever increasing importance, with the aim 

of maintaining a hydrologically active structural network through creating or reopening 

blocked/closed fractures (e.g. Barton et al., 1995; Zimmermann et al., 2009; Ghassemi, 2012). 

Fracture stimulation is most commonly performed hydraulically (where pore pressure in a zone 

within the well is raised to be greater than ̀ 3 (e.g. Axelsson et al., 2006; Legarth et al., 2005; 

Miller, 2015)); thermally (through cycled injection of cold water into a zone within the well (e.g. 

Axelsson et al., 2006; Grant et al., 2013; Siratovich et al., 2015); or through acid treatment 

(where acidic fluids are injected into fractures with the aim of removing calcite scaling (e.g. 

Axelsson et al., 2006; Zimmermann et al., 2011). 

The brief introduction to a range of geological concepts introduced in this chapter shows that 

structural permeability can be variable in time and space, and there are numerous ways in 

which it can be reduced by mechanical or chemical processes. Structural geological perspectives 

are therefore invaluable to EGS as well as conventional systems, as understanding local stress 

conditions, fracture patterns and the nature of successive fracturing events prior to stimulation 

is crucial to ensuring that permeability is created in the desired orientation, preventing wellbore 

instability and induced seismicity, and ultimately improving the longevity of a geothermal 

resource (Moeck et al., 2009; Zoback et al., 2010; Ghassemi, 2012; Ellsworth, 2013). 

Geothermal systems tend to perform better with increasing structural complexity, where long-

term, critically stressed areas keep fluid pathways open for longer (Faulds et al., 2011). In 

accordance with Section 1.2.1, few geothermal production areas (comprising zones of long-

term enhanced structural permeability with high temperature fluid recharge), occur on the mid-

segments of major normal faults. Areas usually more suitable for hydrothermal fluid flow are 

those where major faults interact, such as hard-linkage zones in fault duplexes (also termed 

step-overs / relay ramps), fault terminations (e.g. horse-tailing structures), accommodation 

zones and dilatational fault intersections, on account of more frequent fault movements and 

less clay-rich mineral fills (Berger, 2007; De Paola et al., 2007; Faulds et al., 2011, 2013) (Figure 

1.9). Such structural complexity may act to inhibit the development of new through-going faults 

and therefore increase ŀƴ ŀǊŜŀΩǎ ǎǳƛǘŀōƛƭƛǘȅ ŀǎ ŀ ƎŜƻǘƘŜǊƳŀƭ ǇǊƻŘǳŎǘƛƻƴ ŀǊŜŀ by providing long-

term, enhanced structural permeability (Cunningham and Mann, 2007; De Paola et al., 2007). 
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Figure 1.9: Examples of the types of regional structures most favourable to allowing sustained, high 

temperature geothermal fluid upwelling (after Faulds et al., 2011). 

Given that geothermal areas can be prone to dynamic stress changes (Grant and Bixley, 2011), 

it must be ensured that fluid injection amounts and rates are adjusted to the in-situ stress field, 

as well as rock strength conditions, to ensure that changes in fluid pressure do not induce failure 

(e.g. Moeck et al., 2009; Ghassemi, 2012; Figure 1.5a). Understanding the stress field response 

to fluid extraction/injection in both conventional and EGS reservoirs ensures that wellbores 

remain stable, desired flow pathways are kept open and flow rates remain high (e.g. Ellsworth, 

2013; Zoback 2010; Siratovich et al., 2016). Sites typically considered favourable for stimulation 

within EGS reservoirs are those that include pre-existing, critically stressed and optimally 

oriented fractures (Ghassemi, 2012), with examples including Soultz-sous-Forêts (Baria et al., 

1999) and the Coso field (Sheridan et al., 2003; Megel et al., 2005). 

Fractured host rocks in producing geothermal areas experience a wide range of physiochemical 

conditions that are usually in disequilibrium with those of geothermal fluids, often promoting 

mineral precipitation from solution and alteration of minerals to more stable phases (e.g. Pola 

et al., 2012, 2014; Thien et al., 2015). Most reservoir rocks in which structurally controlled fluid 

flow occurs have been hydrothermally altered to form minerals that can be used to understand 

the fluid flow and temperature history of the system (ŜΦƎΦ ΨƎŜƻǘƘŜǊƳƻƳŜǘŜǊΩ indicator minerals 
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shown in Figure 1.10). As a result of these mineralogical changes, the mechanical strength of 

the host rock also changes. The strength of the host rock is of particular interest to the 

geothermal industry as it directly affects how and where fractures form to create structural 

permeability (Section 1.2.2). Improved knowledge of how alteration influences rock strength 

can also help improve drilling efficiency and guide drill bit selection (Wyering et al., 2012, 2014). 

 

Figure 1.10: Stability ranges of alteration minerals commonly found within hydrothermal systems 

(modified from Henley and Ellis (1983) and Boden (2017)). Asterisks indicate the relative importance of 

the mineral considered within the framework of this study. 

On the margins of upflow zones, clays often form due to hydrolytic alteration (Boden, 2017). 

/ƭŀȅǎ ŀǊŜ ƛƴŎǊŜŀǎƛƴƎƭȅ ǊŜŎƻƎƴƛǎŜŘ ŀǎ ΨǇǊƻōƭŜƳ ƳƛƴŜǊŀƭǎΩ ƛƴ ƎŜƻǘƘŜǊƳŀƭ ǊŜǎŜǊǾƻƛǊǎ ŘǳŜ ǘƻ ǘƘŜƛǊ 

prevalence in fractures, with low permeability creating barriers to fluid flow (Vidal et al., 2018). 

With increasing depth and temperature, mineral transformations may occur (e.g. the transition 

of smectites ς such as montmorillonite - to illite), which are known to cause frictional 

instabilities (Brown et al., 2003; Ikari et al., 2009b). In EGS reservoirs, injection of fluids to 

nominally dry clay-bearing fractures may also change their physical properties and frictional 

strength/stability (Section 1.2.1). Such changes in frictional behaviour can make a fracture more 

susceptible to unstable, brittle failure and hence can strongly affect permeability creation and 

fluid flow in geothermal reservoirs. Operation-related seismicity as a result of fluid injection or 

extraction is common in conventional geothermal and EGS projects (e.g. Majer et al., 2007), and 

is usually associated with shear slip on pre-existing fracture planes as a result of reduced normal 

stress and increased fluid pressure, particularly wherever fluids are injected into hot, dry rocks 

that contain naturally poorly connected fracture networks and high proportions of clay minerals 
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(e.g. Pine and Batchelor, 1984; Ghassemi, 2012). Whilst micro-seismicity useful in interpreting 

fracture growth, geometry and permeability - and may indeed increase permeability through 

shear dilation - it also has the potential to cause unstable failure in fractures of undesirable 

orientations and induce seismicity (Ghassemi, 2012, Meller and Kohl, 2014). Fully 

understanding the strength and stability of fractures sealed by clays and other minerals can 

therefore also mitigate against well failures and negative societal responses to induced 

seismicity, both of which have the potential to halt the development of geothermal projects. 

The temporal evolution of fracture permeability (and in particular the conditions at which 

fractures are most likely to be sealed by precipitation) requires further investigation to improve 

the efficiency and overall success of geothermal projects (e.g. Dobson et al., 2003; Genter et 

al., 2010; Ghassemi, 2012; Griffiths et al., 2016). Fluid pressure reduction during fluid extraction 

is common in producing geothermal systems where natural recharge rates are lower than 

extraction rates, particularly in low permeability reservoirs (e.g. Majer and Peterson, 2007; 

Bromley et al., 2013). Conversely, higher permeability areas may be prone to influx of cooler 

fluids due to high recharge rates that do not allow sufficient time for fluids to extract heat from 

the surrounding rock mass. Reports of decreased flow rates and well head pressures during 

geothermal production are common (e.g.  Árnason, 2020), and are often attributed to scaling 

within the well blocking fluid pathways and reducing permeability. 

Changes in the pressure and temperature of the fluid during production, as well as mixing of 

geothermal fluids, could drive fluid solubility with respect to particular minerals, and hence 

permeability and flow rates, in either direction (e.g. Bodvarsson, 1988; Bromley et al., 2013; 

Árnason, 2020). Common examples of mineral precipitates are quartz and calcite, which can 

occur within fractures at depth and near the surface, as well as in wellbores and pipework 

(Figure 1.11), with the area at most risk of permeability destruction largely dependent on the 

change in fluid conditions experienced and the chemistry of the host rock (Ármannsson, 2012).  

 

Figure 1.11: a) Example of a hydrothermally sealed fracture formed at depth (a quartz-epidote-calcite 

vein from the field site studied in Chapters 2 and 3). b) Example of geothermal pipework infrastructure 

with significant calcite scaling. 
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Silica solubility increases with pressure and temperature, hence such deposits are usually most 

problematic within surface equipment and reinjection wells rather than at depth in production 

wells, with quartz the main phase at high reservoir temperatures and other silica polymorphs 

at lower temperatures. Calcite, in contrast, has a retrograde solubility, and hence precipitates 

at the surface with cooler reservoir conditions but at depth in hotter reservoir conditions, 

however is also strongly dependent on the amount of CO2 in the geothermal fluid. The process 

of fracture sealing may in turn lead to changes in physical characteristics including permeability 

and rock strength, hence also the productivity, longevity and stability of the geothermal system 

(e.g. Thien et al., 2015). These factors further highlight the need to understand controls on 

physiochemical conditions at depth and the evolution of fractured reservoirs over time. 

1.3 Methodological Overview: Approaches to Understanding Fracture-Hosted Fluid Flow 

and Strength 

The outstanding issues highlighted above relating to the study of hydrothermal fluid flow, 

sealing mechanisms and mechanical strength of hydrothermally altered rocks can be 

investigated in a number of ways. Since subsurface data gained via drilled wells can be sporadic 

and expensive, with physical properties at depth often estimated based on indirect drilling 

parameters, geological analogues and models are important tools in building a clearer picture 

of a potential geothermal system (e.g. Árnason, 2020; Wyering et al., 2014).  Hence an approach 

combining the study of exhumed analogues and data from experimental analyses, as presented 

in this thesis, can be hugely beneficial to our understanding of geothermal systems prior to 

drilling. A brief introduction to some of the principles and methods used within the thesis is 

presented here, however these are repeated in greater detail wherever relevant within the core 

chapters. 

Field-based methods are particularly useful in exploring the regional variation of structural 

permeability both within individual fault damage zones and across fault zones (Chapter 2), as 

well as the temporal evolution of fracture sealing by precipitation from fluids within a fault zone 

(Chapter 3). Several key attributes must be characterized in the field in order to predict the 

palaeo-ǇŜǊƳŜŀōƛƭƛǘȅ ƻŦ ŀ ǊƻŎƪ ƳŀǎǎΣ ƴŀƳŜƭȅ ŦǊŀŎǘǳǊŜ ƻǊƛŜƴǘŀǘƛƻƴΣ ŦǊŜǉǳŜƴŎȅκǎǇŀŎƛƴƎ ό{Ωύ ŀƴŘ 

aperture (e.g. Ortega et al., 2006; Sanderson et al., 2008). The most common technique used 

to sample vein or fracture networks in the field, and the method used in this study, is via a linear 

scanline (1D transect) (Priest, 1993; Sanderson and Nixon, 2015), which encounters N fractures 

over a length L (Figure 1.12a). After subtracting from L the length of unmeasured sections, the 

normalized average 1D intensity (I, or P10) is defined as the number of fractures per unit length, 

N/L (Sanderson and Nixon, 2015). Whilst most previously published studies have concentrated 

on 1D analyses of fracture distribution, few (e.g. Ostermeijer et al., 2020) have considered 2D 

distribution. 2D fracture intensity (P21) is defined as the total length of fractures intersected by 

a sampling window within the wider mapped area (Sanderson and Nixon, 2015; Healy et al., 

нлмтύΦ ²ƘŜǊŜ ŀ ǎǘǊǳŎǘǳǊŜΩǎ ƭŜƴƎǘƘ ƛǎ ƴƻǘ ŎƻƴǎƛŘŜǊŜŘΣ ǘƘŜ ƴǳƳōŜǊ ƻŦ ŦǊŀŎǘǳǊŜǎ ƛƴǘŜǊǎŜŎǘŜŘ ōȅ ǘƘŜ 
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scan window is termed fracture frequency (P20) (Figure 1.12b). Considered together, these 

analyses provide a representation of regional fault or fracture distributions, and also provide 

insight into how structures interact. Fracture connectivity, another important aspect of 

structural permeability, can be assessed by categorising the types of interactions between 

ŦǊŀŎǘǳǊŜǎΣ ǿƛǘƘ ŦǊŀŎǘǳǊŜ ΨƴƻŘŜǎΩ ǘȅǇƛŎŀƭƭȅ ŘŜŦƛƴŜŘ ŀǎ ōŜƛƴƎ ŜƛǘƘŜǊ ƛǎƻƭŀǘŜŘΣ ŀōǳǘǘƛƴƎΣ ƻǊ ŎǊƻǎǎƛƴƎΣ 

with each suggesting greater connectivity (Figure 1.12c). Few datasets have analysed the 

distribution of successive vein sets across a fault network to investigate how permeability may 

have evolved throughout the evolution of a hydrothermal system, therefore this study takes 

these 1D and 2D analyses further by also taking into account the composition and thickness of 

mineral precipitation within fractures. 

 

Figure 1.12: a) Schematic diagram of a linear scanline encountering N fractures over a length L. Each 

ŦǊŀŎǘǳǊŜ ƛǎ ŀ ŘƛǎǘŀƴŎŜ Ř ŦǊƻƳ ŀ ƪƴƻǿƴ ǊŜŦŜǊŜƴŎŜ Ǉƻƛƴǘ ŀƴŘ ƻǊƛŜƴǘŜŘ ŀǘ ŀƴ ŀƴƎƭŜ ʻ ǘƻ ǘƘŜ ǎŎŀƴƭƛƴŜΦ ¢ƘŜ 

ǎǇŀŎƛƴƎ {Ω ōŜǘǿŜŜƴ ŜŀŎƘ ŦǊŀŎǘǳǊŜ ƛǎ ƳŜŀǎǳǊŜŘ ǇŜǊǇŜƴŘƛŎǳƭŀǊ ǘƻ the fracture (S). b) A grid of terms used 

to describe fracture/vein spatial distribution, in terms of the dimension of sampling and the dimension 

of the structures measured. c) An illustration of how intersecting fractures can be categorized, with I 

nodes (isolated fracture tips, green circles), Y nodes (fractures abutting against another, red triangles) 

and X nodes (fractures crossing another, blue diamonds) defining the ends of fracture segments 

(branches) (Modified from Sanderson and Nixon, 2015). 

The use of such field data must also take into account its inherent limitations. The methods 

described above ultimately create an orientation and length bias ς this bias is greatest when 

multiple vein or fracture sets at different orientations are sampled with a single scanline, and 
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must be corrected for (Terzaghi, 1965; Watkins et al., 2015; Appendix A- Section A4). Structural 

datasets are sensitive to censoring and truncation, where long and thin veins/fractures 

respectively may be under-represented due to the limits of the measurement resolution or size 

of the sampled outcrop (both an issue related to the chosen study scale, which must be 

consistent throughout) (e.g. Bonnet et al., 2001; Zeeb et al., 2013; Healy et al., 2017). All 

estimates of density, intensity and connectivity presented should therefore be considered as 

minimum values. 

Laboratory-based experiments allow the testing of isolated parameters on a carefully selected 

set of samples, and here aim to provide further insights into what aspects of hydrothermal 

alteration and fracture sealing influence the mechanical strength of fractured rock (Chapter 3), 

how physiochemical properties of mineral fill within sealed fractures influences the frictional 

strength and stability of fractured rock (Chapter 4), and how the variation and rate of change 

of physical conditions within a hydrothermal system influence the nature, rate and volume of 

precipitation from fluids occurring within fractures (Chapter 5). The experimental apparatus 

most used within this study is the Faulkner triaxial deformation pressure vessel within the 

¦ƴƛǾŜǊǎƛǘȅ ƻŦ [ƛǾŜǊǇƻƻƭΩǎ wƻŎƪ 5ŜŦƻǊƳŀǘƛƻƴ [ŀōƻǊŀǘƻǊȅ όFigure 1.13a,b; and described in greater 

detail in Appendix B ς Section B3). 

 

Figure 1.13: a) Schematic drawing of the Faulkner triaxial apparatus used in Chapter 4 and forming the 

basis of Chapter 5 (after Faulkner and Armitage, 2003). b) Photograph of the front control panel of the 

triaxial apparatus. c) Photograph of the uniaxial loading apparatus with a Brazilian jig in place. 
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The triaxial apparatus can perform experiments under confining pressures of up to 250 MPa 

and pore pressures of up to 200 MPa (both servo-controlled with a resolution better than 0.1 

MPa and a measurement resolution better than 0.02 MPa). Core samples and direct shear jigs 

within the sample assembly can also be subjected to a 300 kN axial load, which is generated by 

a servo-controlled electromechanical actuator, monitored using an internal force gauge (with a 

resolution better than 0.05 kN) and controlled using displacement or force feedback (Faulkner 

and Armitage, 2013). The triaxial deformation apparatus (and similar setups elsewhere) has 

been used to investigate many physical characteristics of rocks or fault gouge at a wide range 

of controllable pressures, with or without the effect of water as a pore fluid. The most notable, 

relevant examples to this thesis are those that explore controls on mechanical strength and 

structural permeability (e.g. Moore et al., 1994; Morrow et al., 2001; Mitchell and Faulkner, 

2008; Faulkner and Armitage, 2013; Siratovich et al., 2016) and frictional properties of fault 

gouge (e.g. Morrow et al., 2000; Moore and Lockner, 2004, 2007; Behnsen and Faulkner, 2012, 

2013; Morrow et al., 2017; Sanchez-Roa et al., 2017). 

Parameters that have not been extensively studied due to current design limitations, however, 

are the effect of room humidity on deformational processes without the presence of a pore 

fluid, and the effect of increased temperatures on deformational processes and fracture sealing 

ŀǘ ƘƛƎƘ ǇǊŜǎǎǳǊŜǎΦ ²ƛǘƘ ƛƴŎǊŜŀǎŜŘ ŘŜǇǘƘ ƛƴ ǘƘŜ 9ŀǊǘƘΩǎ ŎǊǳǎǘΣ ƛƴŎǊŜŀǎŜŘ ŘŜƘȅŘǊŀǘƛƻƴΣ ƳŜŎƘŀƴƛŎŀƭ 

consolidation and mineral transformation may occur (Marone and Scholz, 1988; Saffer and 

Marone, 2003; Ikari et al., 2009b). Samples that are unintentionally partially saturated as a 

result of room humidity at laboratory conditions may therefore not be applicable to regions of 

high geothermal gradients and poor fracture connectivity. Effects are of particular importance 

in phyllosilicate minerals, the frictional behaviours of which change significantly with changing 

saturation states (Byerlee, 1978; Moore and Lockner, 2004). In caprocks forming part of carbon 

capture and storage projects, for example, drying clays potentially leading to increased 

permeability and fault strength is of some concern (Armitage et al., 2010; De Jong et al., 2014; 

Vilarrasa and Carrera, 2015). Chapter 4 provides an experimental investigation of these 

variables. 

Experimental studies of the behaviour of fractured and hydrothermally altered rocks at high 

temperatures as well as pressures are of great importance to the geothermal industry, as they 

will help to realistically recreate conditions at depth whilst being able to isolate and experiment 

with different aspects of the physical system. Whilst the current setup at the University of 

Liverpool makes use of a series of knuckle band heaters around the outside of the pressure 

vessel, temperatures above ~ 250 °C cannot be reached, and the variability and dispersion of 

heat energy is not sufficient to maintain reliable, stable temperatures across a sample. A 

redesign of the existing apparatus is therefore required. Based on cumulative knowledge 

ŀŎǉǳƛǊŜŘ ŦǊƻƳ Ǉŀǎǘ ŀƴŘ ǇǊŜǎŜƴǘ ǎǘŀŦŦ ŀƴŘ ǎǘǳŘŜƴǘǎ ǿƛǘƘƛƴ ǘƘŜ ¦ƴƛǾŜǊǎƛǘȅ ƻŦ [ƛǾŜǊǇƻƻƭΩǎ wƻŎƪ 

Deformation Laboratory (who have been formulating designs for a new sample assembly for 
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several years), alongside unpublished information from laboratories at the University of 

Manchester, the United States Geological Survey (USGS), and University of Montpellier 

amongst others, a new design (together with the scientific principles behind each component 

and details on its calibration) is outlined in Chapter 5. A new triaxial sample assembly, allowing 

for higher achievable temperatures as well as more reliably controlled, focused temperatures, 

would allow the production of datasets that could be highly beneficial to studies of fluid flow in 

geothermal systems. 

Other laboratory methods employed within this thesis (most notably in Chapter 3) are Uniaxial 

Compressive Strength (UCS) tests (Figure 1.13c), which aim to give an indication of strength 

without the sample being subjected to high confining pressures (cf. Baud et al., 2006); Brazilian 

Tensile Strength (BTS) tests (Figure 1.13c), which measures the stress required to split a rock 

disc through tensile forces (cf. McNamara et al., 2014); X-Ray Diffraction (XRD), which quantifies 

the mineralogical composition of samples (cf. Pola et al., 2012); and thin section analysis via 

optical petrography, scanning electron microscopy and cathodoluminescence, aiming to 

provide detail on the mineralogical composition, texture and microstructure of natural and 

experimental veins and hydrothermally altered host rock samples (cf. McNamara et al., 2016). 

1.4 Summary and Thesis Structure 

Via a combination of field- and laboratory-based analyses, this thesis aims to improve the 

understanding of some of the physiochemical processes ongoing in deep, high-temperature, 

fractured geothermal systems. More specifically, it aims to reduce exploration and production 

uncertainty by drawing on aspects of geomechanics, structural geology and geochemistry to 

produce field and laboratory datasets that can be used to improve models of processes ongoing 

in the subsurface. It is also intended that further academic understanding can be added to the 

fields of rock mechanics, structural geology and seismology. To this aim, based on the rationale 

presented in this introductory chapter, a series of questions and research methods have been 

formulated (Figure 1.14) that will investigate how structurally controlled hydrothermal fluid 

flow varies spatially within a fault zone and evolves over time. Particular focus is given to fluid-

rock interaction, exploring how hydrothermal alteration and veining affects the mechanical 

behaviour of a fractured reservoir and subsequent permeability creation, as well as the rates of 

permeability destruction as a result of fracture sealing by precipitation at the physical 

conditions typically experienced in geothermal reservoirs. 

In Chapter 2, an exhumed analogue geothermal system is used to investigate how structurally 

controlled fluid flow may be heterogeneously distributed both across individual faults and 

across kilometre-scale fault systems, through an analysis of sealed fracture distributions. In 

Chapter 3, the same exhumed system is used to study the temporal nature of structural 

permeability in hydrothermal systems through analysis of an assemblage of mineral veins. 

Sampled veins have been further analysed in the laboratory to produce an experimental dataset 
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aiming to further understand the impact of anisotropy and hydrothermal alteration on the 

mechanical strength of a geothermal reservoir and successive fracturing events. In Chapter 4, 

the focus of investigation is moved from high temperature, epithermal fracture precipitation 

within the damage zone, to lower temperature, argillic precipitation more typical of a fault core. 

Here, a range of direct shear experiments under high pressure conditions in the laboratory aim 

to better understand the impact of clay mineral type and saturation state on the frictional 

strength and stability of faults and fractures. Chapter 5 aims to investigate the physiochemical 

processes involved in permeability destruction by precipitation in fractures through the 

creation of a new high-pressure, high-temperature laboratory apparatus. As well as outlining 

the specifics of the design, equipment calibration and experimental techniques, the chapter 

summarises the rationale behind choosing particular experimental conditions that target 

conditions of maximum precipitation from mineral-doped solutions. Finally, Chapter 6 

summarises the work presented here and considers its wider implications and potential for 

further research. 
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Figure 1.14: Summary of the rationale behind key questions to be addressed within this thesis, and a 
brief overview of how each of the core chapters presented here aims to address them.  

Rationale: Whilst fluid flow propertiesof individual faults have been describedextensively,
variabilitywithin largerscalefault structuresis lesswell understood.
Question: How is fault damage- and hence structural permeability - spatially distributed
acrossa fault zone?

ωChapter2 investigatesthe degreeof damageheterogeneityacrossa km-scalefault zone (i.e.
permeabilitycreation).
ωAnalytical methods include field mapping of structuresknown to have hosted fluid flow (i.e.
mineralveins)via 1D and 2D approaches,and subsequentstatisticaland spatialdata analysesof
fracturetracemaps, spacingandaperture.
ωChapter3 considersthe spatial and temporal heterogeneityof fluid flow and fracture sealing
within the samekm-scalefault zone.
ωAnalytical methods include statistical and spatial anaylses of mineral vein composition,
orientationandthicknessdata collectedvia 1Dtransectsin the field.

Rationale: Fault-hosted hydrothermal systemsare often long-lived and contain evidenceof
multiplegenerationsof fluid flow in the form of mineralveins.
Question: How do early phasesof fracture sealinginfluence subsequentfluid flow events,
and therefore the temporal evolution of structuralpermeability?

ωChapter 3 investigateshow individual mineral veins record evidenceof multiple phasesof
fracture sealingby precipitation,andexploreshow the amountof precipitationvariesin relation
to the regionalstateof stress.
ωAnalyticalmethodsincludestereographicanalysisof mineralveincompositions,thicknessesand
orientations collectedvia 1D transects in the field, as well as optical petrography,scanning
electronmicroscopyandcathodoluminescenceanalysesof thin-sectionedveinsamples.

Rationale: Precipitationof mineralswithin micro- andmacro-fractureschangesthe mechanical
propertiesof rocksandcreatesdiscontinuitiesthat varyin mechanicalbehaviouraccordingto a
rangeof mineralproperties.
Question: How do hydrothermal fluids and resultant alteration mineralogy affect the
mechanicalandfrictional strengthof a fracturedgeothermalreservoir?

ωChapter 3 investigatesthe influence of propylitic alteration and epithermal veining on the
mechanicalstrengthof isotropichost rock, and alsoconsidersthe effect of vein orientation on
rockstrength.
ωAnalyticalmethodsincludeX-RayDiffraction analysesof altered and unalteredhost rock, and
compressionalandtensilestrengthexperimentsoncoredsamples.
ωChapter4 considersthe impactof argillicfracture-hostedalteration containinghighproportions
of phyllosilicateson the frictional strengthandstabilityof fractures.
ωAnalytical methods include direct shear experiments at high confining pressureson two
phyllosilicategougesampleswith varyingdegreesof water saturation.

Rationale: Thenatureand rate of fracturesealingby precipitationvariesaccordingto a range
of physiochemicalparametersthat cantake a hydrothermalsystemout of equilibrium - these
are well understoodvia theoretical meansbut little has been done experimentallyat high
pressuresandtemperaturesto helpunderstandwhat factorsare most important in destroying
permeabilityin geothermalsystems.
Question: What are the key controls on the nature, rate and volume of precipitation in
structurally-hostedhydrothermalsystems?

ωChapter 5 reviews the theoretical understandingof how the degree of changein pressure,
temperatureandother fluid properties influencesthe amount of mineralsthat can be held in
solution by hydrothermal fluids, and introduces the rationale beheind a new experimental
apparatusbuilt to investigatethe effect of these parameters on the nature and rate of
precipitationwithin syntheticfractures.
ωAnalytical methods include the design of a new high-pressure, high-temperature sample
assemblyto perform experimentswithin existingrock deformationapparatus,and modellingof
physiochemicalconditionsto predictzonesof maximumprecipitationin hydrothermalsystems.
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2 Structural Controls on Fluid Circulation in a Transtensional 

Duplex: Lessons from an Exhumed Geothermal System 

Abstract 

Geothermal reservoirs require high permeability to sustain fluid flow, which is often controlled 

by fracture networks. To understand the evolution of geothermal systems and develop them 

successfully, the physical properties and spatial distribution of permeable fracture networks 

within different fault systems must be characterised. It is also important to understand the 

dynamic nature of permeability in terms of the relationship between tectonics and fluid flow, 

which can be achieved via the study of mineral veins precipitated in the fracture network in 

analogous structural settings. The Caleta-Coloso transtensional duplex, part of the Atacama 

Fault System in Chile, is considered an analogue for a fault-hosted geothermal system. The 

duplex, formed almost entirely in granodioritic host rock, is bounded by two sinistral strike-slip 

faults, and contains later transtensional to extensional faults. Fractures in the fault damage 

zones are sealed by a mineral assemblage of chlorite-epidote-quartz-calcite. Through statistical 

analysis of mechanical damage and mineralogical data collected via 1D linear transects and 2D 

outcrop surface mapping, the structural controls on episodic flow are characterized to help 

identify spatial variations in permeability and fluid flux in this particular geothermal system. 

Measurements of both 1D and 2D vein intensity suggest that damage is heterogenous at 

multiple scales. Areas within the duplex have undergone more brittle deformation than areas 

outside, with greater connectivity also suggesting higher paleo-permeability. Intensity 

decreases along strike away from the duplex centre as well as with distance from major faults, 

conforming to previous observations that suggest the amount of fault displacement coupled 

with regional fault density may be the primary causes of intensity variation. Connectivity, as 

assessed via fracture trace maps, appears to be controlled by the presence of abutting linkage 

structures, suggesting that fluid flow phases are strongly influenced by pre-existing structures. 

Analysis of two distinct vein phases (chlorite-epidote-quartz and calcite) suggests that fluid flow 

in general uses the whole of the open fracture network, however flow within the duplex may 

have been more clustered compared to a more uniform distribution outside of the duplex. 

These data have implications for understanding the areas which may be considered suitable 

targets for geothermal drilling sites in similar structural settings, suggesting that areas within a 

fault overlap zone provide higher permeability than those outside, in particular those adjacent 

to dense networks of high-displacement faults in areas with multiple pre-existing structural 

fabrics.  

2.1 Introduction 

The development of faults and fractures in the upper crust play a crucial role in controlling fluid 

flow. The study of these prevalent structural features provides important insights into their 

mechanical, hydraulic and seismic properties (Chester et al., 1993; Hickman et al., 1995; Caine 
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et al., 1996; Gudmundsson et al., 2001; Faulkner et al., 2003, 2008; Wibberley and Shimamoto, 

2003). Whilst the application of such studies to mineral exploration (e.g. Cox, 1995, 1999) and 

production from hydrocarbon reservoirs (e.g. Gartrell et al., 2004) has been known for some 

time, it is of ever-increasing importance in its application to geothermal exploration of fractured 

reservoirs (e.g. Evans, 2005; Evans et al., 2005; Dezayes et al., 2010; Davatzes and Hickman, 

2010; Wallis et al., 2012; Sanchez et al., 2013; Kissling et al., 2015). In order to understand the 

evolution of geothermal systems and develop them successfully, it is important to characterize 

the properties and spatial distribution of permeable fracture networks within different fault 

systems and constrain the complex relationship between tectonics and fluid flow in terms of 

the dynamic nature of permeability. TƘŜ ŦƛŜƭŘ ǎǘǳŘȅ ƻŦ ΨǇŀƭŀŜƻ-ǇŜǊƳŜŀōƛƭƛǘȅΩ ƛƴ ŜȄƘǳƳŜŘ 

systems, which usually contain frozen hydrothermal activity in the form of mineral veins, 

provides a useful analogue that can be used to improve the understanding of contemporary 

fractured geothermal systems in similar tectonic settings (e.g. Faulkner et al., 2010; Faulds et 

al., 2011; Gomila et al., 2016; Sanderson, 2016). 

Structurally controlled fluid flow is typically focused in the permeable damage zone of a fault. 

This damage zone may be up to hundreds of metres wide, and forms adjacent to a narrower, 

less permeable core typically comprising fault gouge and cataclasite (Figure 2.1) (Chester and 

Logan, 1986; Barton et al., 1995; Caine et al., 1996; Wibberley et al., 2008, Savage and Brodsky, 

2011; Faulkner et al., 2003, 2008, 2010). Small-scale structures in fault damage zones are often 

underrepresented in sub-surface studies with respect to larger structures (Nixon et al., 2019), 

yet they induce markedly different mechanical and hydraulic properties compared to intact rock 

(e.g. Sibson, 1994, 1996, 2000; Evans et al., 1997). Many deformation mechanisms at a range 

of scales play an important role in controlling damage zone permeability. Damage can be 

accrued via processes such as coalescence/linking of structures (Childs et al., 2009), cumulative 

wear with displacement (Chester and Chester, 2000), coseismic damage (Rice et al., 2005) or 

fault linkage involving a process zone (Cowie and Scholz, 1992). Enhanced hydraulic connectivity 

as a result of damage is considered to prevent development of fluid overpressures, hence 

maintaining stable crustal stress levels (Townend and Zoback, 2000). With increased fault 

maturity and displacement, damage zones may increase in width and - as a result of interactions 

between faults ς complexity and heterogeneity, which may increase in the presence of pre-

existing structures and lithological variation (Gudmundsson et al., 2002, 2010; Myers and Aydin, 

нллпΤ CŀǳƭƪƴŜǊ Ŝǘ ŀƭΦΣ нллуΤ hΩIŀǊŀ Ŝǘ ŀƭΦΣ нлмтΤ hǎǘŜƳŜƛƧŜǊ Ŝǘ ŀƭΦΣ нлнлύΦ LƳǇƻǊǘŀƴǘƭȅΣ ŘŀƳŀƎŜ 

zone characteristics can vary between different fault systems (e.g. Cox, 1995; Mitchell and 

Faulkner, 2009); the presence of subsidiary/splay faults, for example, may overprint on damage 

levels relating to the main fault, or indeed relating to other subsidiary faults (Figure 2.1). 
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Figure 2.1: The relationship between fault architecture, fracture density and permeability (after 

Ostermeijer et al., 2020; based on Chester and Logan 1986; Caine et al. 1996 and Faulkner et al. 2010). 

Fault duplexes (variably termed stepovers, bends, relay ramps or jogs) (illustrated schematically 

in Figure 2.2d) represent sites of fault interaction and linkage between overstepping faults (e.g. 

Peacock and Sanderson, 1991; Berger, 2007; Cunningham and Mann, 2007; De Paola et al., 

2007). Such structures develop as a fault periodically propagates on one side of the structure 

ŀƴŘ ΨǎƘǳǘǎ ƻŦŦΩ ǘƘŜ Ŧŀǳƭǘ ƻƴ ǘƘŜ ƻǘƘŜǊ ǎƛŘŜ ό/ŜƳōǊŀƴƻ Ŝǘ ŀƭΦΣ нллрΤ ²ŀƪŀōŀȅŀǎƘƛ Ŝǘ ŀƭΦΣ нллпύ. 

Transtensional duplexes comprise a complex interaction of extensional-shear (i.e. Mode II) and 

purely extensional (i.e. Mode I) fractures. Overstepping fault segments are able to link and 

accommodate stretching and can cause local rotation of the regional stress field (Sibson, 1985, 

1996; Woodcock and Fisher, 1986; Peacock and Sanderson, 1991; De Paola et al., 2007). 

Enhanced fault and fracture development and their distribution and geometry within the fault 

overlap zone are considered be important sites for increased permeability and fluid transport 

within the EarthΩǎ ŎǊǳǎǘ (Wilcox et al. 1973; Crowell 1974; Aydin and Nur 1982, 1985; Sibson, 

1987; Walsh et al., 2003; Leckenby et al., 2005; Berger, 2007; Choi et al., 2016; Nixon et al., 

2019). Such structures host around one third of geothermal systems in the Great Basin, USA 

(Faulds et al., 2013), and elsewhere have been shown to contain significant hydrothermal 

mineral deposits (Lindsay et al., 1995). The mechanics of such features, however, are not well 

constrained, particularly regarding how fluids and fractures (both strike-slip and dip-slip) 

interact to form veins within fracture networks (Cembrano et al., 2005). Whilst the importance 

of extensional duplexes as fault-related structures that control the flow of fluid (either by acting 

as flow conduits or barriers) is well-documented, there is still a need to consider their dynamic 

evolution (e.g. De Paola et al., 2007) and quantify the damage distribution and intensity within 

them (e.g. Nixon et al., 2019).  

To fully understand damage zone variability within such fault zones, it is necessary to 

quantitatively characterise fracture patterns at a range of scales. At macro- and meso-scale (i.e. 

where fault/fracture lengths are in the order of 1-5 orders of magnitude smaller than the main 

fault (~10-2 to ~103 m: Shipton and Cowie, 2001)), understanding how structural mechanisms 

interplay to control fracture length, aperture and density is important (e.g. Sanderson, 2016). 
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For example, fracture density has been shown to decay with distance from the fault core, either 

exponentially (Anders and Wiltschko, 1994; Wilson et al., 2003; Mitchell and Faulkner, 2009) or 

ŦƻƭƭƻǿƛƴƎ ŀ ǇƻǿŜǊ ƭŀǿ ό{ŀǾŀƎŜ ŀƴŘ .ǊƻŘǎƪȅΣ нлммΤ hΩIŀǊŀ Ŝǘ ŀƭΦΣ нлмтύΣ ǳƭǘƛƳŀǘŜƭȅ ŎƻƴǘǊƻƭƭƛƴƎ 

damage zone widths. This decay has been shown to scale with fault length and displacement 

(Scholz et al., 1993; Vermilye and Scholz, 1998; Mitchell and Faulkner, 2009; Savage and 

Brodsky, 2011; Faulkner et al., 2011), and in turn may be linked to predictions of fracture 

mechanics models that show a decaying stress field with distance from the fault (e.g. Scholz et 

al., 1993). At a microstructural level (fracture lengths <10-2 m), fracture density appears to show 

similar characteristics: for example, Faulkner et al. (2011) have shown that microfracture 

density in alteration haloes surrounding shear veins scales with displacement. Dominant 

mechanisms of permeability creation and destruction at this scale include fluid migration and 

percolation, reseal hardening or weakening, rock mechanical properties, physio-chemical 

growth of minerals and crack-seal mechanisms (Sibson, 1996; Faulkner and Rutter, 2000; 

Woodcock et al., 2007; Faulkner et al., 2010, 2011; Bons et al., 2012). 

!ǎ ǇǊŜǎǎǳǊŜ ŀƴŘ ǘŜƳǇŜǊŀǘǳǊŜ ƛƴŎǊŜŀǎŜǎ όŜƛǘƘŜǊ ǿƛǘƘ ŘŜǇǘƘ ƻǊ ŘǳǊƛƴƎ ǘƘŜ ŦŀǳƭǘΩǎ ǘŜƳǇƻǊŀƭ 

evolution as a host of hydrothermal fluid flow), the mechanical and hydraulic characteristics of 

individual fluid pathways become more dynamic as fractures continuously open and close as 

part of the seismic cycle further complicating damage heterogeneity. Coseismic permeability 

destruction may occur by closure of fractures or by sealing by mineral precipitation (e.g. Cox, 

1995, 1999, 2010; Sibson, 1996; Faulkner et al., 2010; Bons et al., 2012; Rempe et al., 2018). 

Veins are mineral aggregates that precipitated from a fluid in dilatational sites and can occur as 

a single precipitation event or as multiple crack-sealing events (Ramsay, 1980). The composition 

of minerals precipitated in vein networks provides a record of pressure and temperature, fluid 

compositions, and interactions between fluids and fractured host rock. In geothermal areas, 

mineral precipitation can rapidly seal fractures (Dobson et al., 2003; Griffiths et al., 2016; 

McNamara et al., 2016), resulting in sudden changes in permeability and fluid pressure 

(Wiltschko and Morse, 2001). The precise mechanisms by which syntectonic veins form, 

however, is not well understood (Hilgers and Urai, 2002a; Barker et al., 2006; Bons et al., 2012; 

Gomila et al., 2016). Analysis of the thickness - and thickness distributions - of vein networks is 

important in order to describe and predict the connectivity of fracture networks and the 

mechanisms by which they may have formed (Roberts et al., 1998; Sanderson et al., 2008). 

This study characterises the damage surrounding low displacement duplex imbricate faults that 

cut through a single low porosity crystalline protolith. Whilst the fluid flow properties of 

individual faults have been described extensively, larger scale fault structures such as duplexes 

are rarely described (e.g. Faulkner et al., 2010 and references therein). In this study, we provide 

a new structural netwoǊƪ ŎƘŀǊŀŎǘŜǊƛǎŀǘƛƻƴ ƻŦ ŀ ǘǊŀƴǎǘŜƴǎƛƻƴŀƭ ŘǳǇƭŜȄ ŘŜǾŜƭƻǇŜŘ ƛƴ ƭƻǿπǇƻǊƻǎƛǘȅ 

crystalline rocks. Data were collected from the damage zones of subsidiary faults (with slip 

displacements ranging from ~10-1 to ~102 m) forming part of the Atacama Fault System (AFS) in 
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northern Chile (Figure 2.2). The distribution of mineral veins were used as a proxy for fluid flow 

to understand more fully the spatial heterogeneity occurring in duplex-hosted geothermal 

systems. The AFS provides a rare opportunity to study an exhumed transtensional duplex that 

has hosted hydrothermal circulation and address how fractures and permeability are 

distributed, as well as whether these types of structure represent an enhanced prospect for 

geothermal exploration.  

2.2 Geological Setting 

¢ƘŜ !C{ ƛǎ ŀ ŎΦмллл ƪƳ ƭƻƴƎ ǎƛƴƛǎǘǊŀƭ ǎǘǊƛƪŜπǎƭƛǇ ǎǘǊǳŎǘǳǊŜ ōŜǘǿŜŜƴ LǉǳƛǉǳŜ όнмϲ{ύ ŀƴŘ [ŀ {ŜǊŜƴŀ 

(30°S). It initially developed as a sinistral transpressional arc-related ductile fault between 190-

110Ma, owing to oblique South-Eastward subduction of the Aluk plate - at a retreating 

subduction boundary - beneath South America (Scheuber and Andriessen, 1990; Royden, 1993; 

Taylor et al., 1998; Scheuber and González, 1999; Cembrano et al., 2005). The fault zone, which 

in the study area cuts a broadly similar range of protoliths, has since been exhumed from 

seismogenic depths and contains structures ranging over 7 orders of magnitude (10-4 to 104 m) 

(Jensen et al., 2011). Host rock in the field area comprises Early Jurassic ortho-amphibolite and 

ortho-granulite (Figure 2.2c) (Cembrano et al., 2005) intruded by late Jurassic diorite and 

granodiorite. NW-striking microdioritic dykes cut the igneous complex and represent the last 

igneous activity in the area (Cembrano et al., 2005), inducing sinistral and dextral mylonitic 

foliations up to ~145 Ma (Scheuber and González, 1999). Later brittle, sinistral strike-slip events 

(~132 Ma) reactivated these mylonitic fabrics as the subduction boundary began to advance 

obliquely (Scheuber and Andriessen, 1990; Scheuber et al., 1995; Taylor et al., 1998; Scheuber 

and González, 1999). Duplex formation likely occurred c. 106 Ma during transpressional strike-

slip deformation (Dallmeyer et al., 1996). Miocene-Pliocene normal dip-slip reactivation has 

also been documented (e.g. Dewey and Lamb, 1992) and attributed to subduction-related 

earthquakes due to ENE-subduction of the Nazca plate (González et al., 2003, 2006).  

The Caleta Coloso Duplex (CCD) is bounded by the Bolfin and Jorgillo Faults: overstepping NNW-

trending and steeply E-dipping strike-slip faults splaying off the sinistral Coloso Fault (Figure 

2.2c, d). Amount of displacement on the duplex-bounding faults is at least 10-200m and records 

predominantly shear structures (Cembrano et al., 2005). The >45 km long Bolfin Fault forming 

the western boundary of the CCD dips steeply to the East and comprises a 50-100 m thick core 

dominated by cataclasite (Jensen et al., 2011). The footwall of the fault appears more deformed 

than outside of the duplex, however the latter is less well exposed due to the presence of 

Cenozoic cover. Duplex imbricate faults (i.e. second- and third-order faults) developed 

progressively by splaying off both bounding faults (Cembrano et al., 2005) and accommodate 

along-strike stretching and vertical displacement within the duplex via a combination of low-

displacement NW-SE transtensional and N-S dip-slip movements. Fault blocks created by this 

fault interaction pattern have been subject to up to ~30-35° clockwise rotation (Taylor et al., 

1998). Fault and fracture networks concentrated between the two bounding faults host a large 
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proportion of total CCD mineralisation, as expected due to the suction pump (precipitation by 

depressurization) mechanism for strike-slip / extensional duplexes (Sibson, 1987).  

 

Figure 2.2: a) and b) Simplified structural map of the Atacama Fault System and c) Simplified geological 

map of the field area (modified from Cembrano et al., 2005). Field localities are marked as red stars. d) 

Simplified schematic diagrams of a transtensional duplex (in plan view, as well as cross sectional view 

across the transect X-Y) in the context of local and regional stress fields) (adapted from Wakabayashi 

et al., 2004; Cembrano et al., 2005 and De Paola et al., 2007). 

Second- and third-ƻǊŘŜǊ Ŧŀǳƭǘǎ ƻŦǘŜƴ ŦƻǊƳ ΨǎŜƭŦ-ǎƛƳƛƭŀǊΩ ǎǘǊƛƪŜ-slip duplexes at various scales 

(Cembrano et al., 2005; Scheuber and González, 1999; Faulkner et al., 2011; Jensen et al., 2011; 

Stanton-Yonge et al., 2020). Second-order duplex structures are defined by a set of ~NW-SE-

trending faults (Figure 2.2c, d), with core widths of <2 m (Jensen et al., 2011), dipping steeply 

to the NE (Taylor et al., 1998; Cembrano et al., 2005). Kinematics of the brittle structures are 

predominantly sinistral strike-slip with a minor extensional component, and minimum 

displacements of 10-100 m have been suggested, with only the higher displacement faults 

showing evidence of a significant fault core (Jensen et al., 2011). ~E-W-trending third-order 

faults generally formed later within blocks defined by second-order faults (Figure 2.2d). Growth 
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mineral fibres and Riedel shears within third-order faults indicate normal displacement of up to 

~10 cm (Cembrano et al., 2005). These faults have predominantly normal kinematics and dip at 

a wide range of angles to both North and South. Fault core thicknesses are at most a few 

centimetres, and normal displacements range between 0.01 ς 0.1 m (Herrera et al., 2005; 

Olivares, 2004).  

 

Figure 2.3: a) Outcrop of the Bolfin Fault at Site 2 showing the progression from fault gouge, through 

foliated and unfoliated cataclasite to the damage zone. Field of view is ~50 m. In subsidiary faults, the 

scale of this progression is reduced. b) Photograph illustrating the methodology of 1D transects, where 

vein properties were recorded at each intersection with the tape measure. c) Photograph illustrating 

part of a 2D outcrop map, where veins on an approximately horizontal surface were digitally traced. 

Photographs d) to i) are examples of veins at damage zone outcrops: d) and e) = epidote with minor 

chlorite; f) and g) = epidote + quartz; h) and i) = calcite-dominated (blocky and microcrystalline), with 

varying amounts of quartz and other minerals). 

Preserved Mode I and II veins within the damage zones of faults within the CCD (Figure 2.3a) - 

as well as gouge and cataclasite in the fault core - contain mineral assemblages of chlorite, 

epidote and quartz (Figure 2.3d-g) indicative of contemporaneous faulting and fluid transport 

under retrograde low-greenschist facies conditions (~280-350 °C) and depths of ~3 to 6 km 

(Olivares, 2004; Cembrano et al., 2005; Herrera et al., 2005; Arancibia et al., 2014). These occur 

as both fault-veins with microstructures such as banding and fractured grains suggesting 
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synkinematic precipitation, and as extension veins where microstructures such as euhedral 

crystal growth from fracture walls are interpreted to indicate longer-duration growth into open, 

fluid-filled fractures (e.g. Herrera et al., 2005). Propylitic alteration of biotite and feldspars to 

chlorite around these veins is evident from alteration haloes, reflecting an interconnected 

network of microfractures surrounding macrofractures (Faulkner et al., 2011). These vein 

phases are variably cut or exploited by later calcite-dominated veins (Figure 2.3h-i), which in 

some areas has been shown to have precipitated in open fractures at subhydrostatic pressures 

(Herrera et al., 2005). A second phase of calcite occurring with smectite (palygorskite), gypsum, 

halite and haematite is easily distinguishable from earlier phases and linked to Miocene-

Pliocene fault reactivation due to coseismic elastic rebound of the forearc (González and 

Carrizo, 2003; Cembrano et al., 2005). Whilst vein compositional evidence suggests that there 

is clearly a temporal evolution of hydrothermal activity, the most common vein sets are those 

containing chlorite, epidote and quartz formed in the early history of the geothermal system. 

These veins provide a snapshot of the fault system at a single crustal depth; any depth 

dependency of damage zone and vein formation is therefore minimized. The results of this 

study focus primarily on this phase.  

2.3 Methodology 

Several key vein attributes must be characterized in the field in order to predict the palaeo-

permeability of a rock mass, namely their orientation, frequency, spacing and thickness 

(aperture) (e.g. Ortega et al., 2006; Sanderson et al., 2008). The most common technique used 

to sample vein or fracture networks in the field, and the method used in this study, is via a linear 

scanline (1D transect) (Priest, 1993; Sanderson and Nixon, 2015) (Figure 2.3b, Figure 2.4a). A 

linear scanline encounters N fractures over a length L. After subtracting from L the length of 

unmeasured sections, the average intensity (I) (the number of fractures per unit length) can be 

calculated as N/L. When calculated from a linear transect, this parameter is termed the average 

normalised vein intensity, P10 (Sanderson and Nixon, 2015; Figure 2.4b). The relationship 

ōŜǘǿŜŜƴ ƛƴŘƛǾƛŘǳŀƭ ŦǊŀŎǘǳǊŜǎ Ƴŀȅ ŀƭǎƻ ōŜ ŎŀƭŎǳƭŀǘŜŘ ŦǊƻƳ м5 ǘǊŀƴǎŜŎǘǎ ŀǎ ǘƘŜ ǎǇŀŎƛƴƎ ό{Ω) (Figure 

2.4a). From these data, the coefficient of variation (CoV) - a dimensionless measure of the 

spacing variation indicating the fracture distribution (Gillespie et al., 1993) where values >1 

indicate clustered, not regular, veins - Ŏŀƴ ōŜ ŎŀƭŎǳƭŀǘŜŘ ŀǎ ˋ{Ωκ{ΩΦ CǊƻƳ ŀ YǳƛǇŜǊΩs Test of 

ǳƴƛŦƻǊƳƛǘȅΣ ǘƘŜ ǇŀǊŀƳŜǘŜǊ ±ϝ όŀ ŦǳƴŎǘƛƻƴ ƻŦ YǳƛǇŜǊΩǎ ± ŀƴŘ bύ Ŏŀƴ ōŜ ǳǎŜŘ ǘƻ ǘŜǎǘ ǘƘŜ ƴǳƭƭ 

hypothesis of uniformity, where if V* >1.75, 2.0 and 2.3 the null hypothesis of uniformity can 

be rejected at the 95%, 99% and 99.9% levels: Stephens, 1970); rejection suggests a 

heterogeneous vein distribution (Sanderson et al., 2019).  
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Figure 2.4: a) Schematic diagram of a linear scanline encountering N fractures over a length L. Each 

fracture is a ŘƛǎǘŀƴŎŜ Ř ŦǊƻƳ ŀ ƪƴƻǿƴ ǊŜŦŜǊŜƴŎŜ Ǉƻƛƴǘ ŀƴŘ ƻǊƛŜƴǘŜŘ ŀǘ ŀƴ ŀƴƎƭŜ ʻ ǘƻ ǘƘŜ ǎŎŀƴƭƛƴŜΦ ¢ƘŜ 

ǎǇŀŎƛƴƎ {Ω ōŜǘǿŜŜƴ ŜŀŎƘ ŦǊŀŎǘǳǊŜ ƛǎ ƳŜŀǎǳǊŜŘ ǇŜǊǇŜƴŘƛŎǳƭŀǊ ǘƻ ǘƘŜ ǎŎŀƴƭƛƴŜ ƘƻǿŜǾŜǊ Ŏŀƴ ŀƭǎƻ ōŜ 

measured perpendicular to the fracture (S). b) An illustration of terms used to describe fracture/vein 

spatial distribution in terms or the dimension of sampling and the dimension of the structures measured 

(Modified from Sanderson and Nixon, 2015). 

In this study, data were analysed for 836 veins from 15 1D transects covering 5 sites (Figure 

2.5). At transect level, data were analysed for actual and cumulative vein frequency and vein 

ǎǇŀŎƛƴƎ ό{Ωύ ǿƛǘƘ ŘƛǎǘŀƴŎŜ όŘύ ŦǊƻƳ ǘƘŜ Ŧŀǳƭt. To be comparable at site level, data from individual 

transects were normalised for transect length, with data gaps as result of poor exposure 

removed, and only sites a similar distance from a second-order fault (where known) were 

directly compared. At site level, data were analysed for mean, median and standard deviation 

of normalised average intensity (calculated in bins of 1 m length except where data gaps were 

present); and mean gradient, standard deviation, skewness, kurtosis and CoV for cumulative 

frequency and spacing. 

Several limitations must be considered when considering the implications of 1D datasets. 

Employing this method ultimately creates an orientation and length bias that is greatest when 

multiple vein or fracture sets at different orientations are sampled with a single scanline 

(Watkins et al., 2015). Scanlines were therefore chosen to best represent the fracture sets 

present and be consistent when comparing more than one. Veins or fractures striking at a low 

angle to the scanline are under-represented until corrected for using the method of Terzaghi 

(1965) (Appendix A, Section A4), and (relative to those at high angles) will result in intensity 

underestimates as well as spacing overestimates. 1D datasets are sensitive to censoring, where 

long veins or fractures may be under-represented due to the limits of the outcrop or transect 

length. Data truncation may also occur whereby thin veins are under-represented; this results 

in only minimum or maximum sizes being recorded respectively.  

Whilst most previously published studies have concentrated on 1D analyses of fracture 

distribution, few (e.g. Ostermeijer et al., 2020) have considered 2D distribution. 2D analyses of 

the duplex at a regional scale were made by digitally tracing fractures from a published 

geological map (Gobierno de Chile, 2003) and importing a .svg file into FracPaQ ό! a!¢[!.ϰ 
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toolbox for the quantification of fracture patterns (Healy et al., 2017)). The 2D fracture network 

parameters intensity and frequency (which in the literature is also variaōƭȅ ǘŜǊƳŜŘ ΨŘŜƴǎƛǘȅΩύ 

(Figure 2.4b) were calculated using the circular scan window method (Mauldon et al., 2001) for 

500 x 500 m areas to form a grid across the duplex. Fault or fracture intensity (P21; Sanderson 

and Nixon, 2015; Healy et al., 2017) was calculated as the total length of the faults intersected 

ōȅ ǘƘŜ ǎŎŀƴ ǿƛƴŘƻǿ ǿƛǘƘƛƴ ǘƘŜ ŀǊŜŀ ŎƻǾŜǊŜŘ ōȅ ǘƘŜ ǿƛƴŘƻǿΦ ²ƘŜǊŜ ŀ ǎǘǊǳŎǘǳǊŜΩǎ ƭŜƴƎǘƘ ƛǎ ƴƻǘ 

considered, the number of fractures intersected by the scan window is termed fracture 

frequency (P20) (Figure 2.4b). Considered together, these analyses provide a representation of 

fault or fracture distributions in a 2D space. Intensity and frequency are important attributes in 

assessing the fluid flow properties of a rock mass, particularly in two dimensions as they provide 

insight into how structures interact.  

2D datasets are also sensitive to truncation and censoring (Zeeb et al., 2013), largely due to the 

resolution limits of the sampling method (Bonnet et al., 2001). This was carefully controlled 

between sites (e.g. by fracture tracing at a set zoom level, cf. Healy et al., 2017) to ensure no 

further biases occurred. All 2D analyses are subject to edge effects such that veins at the edges 

of the mapped area have not been drawn due to limited exposure. Vein density and intensity 

are underestimated here and all values presented should be considered as minimum values. 

Well-exposed field areas (Figure 2.2, Figure 2.3) were identified based on satellite mapping and 

previous field campaigns. During reconnaissance mapping, major faults were generally 

recognised by the presence of ramblas/arroyos (dry creeks), which provided access to outcrops 

as well as exposing vertical sections through faults. Six areas from five different structural 

ǎŜǘǘƛƴƎǎ ŀŎǊƻǎǎ ǘƘŜ ŘǳǇƭŜȄ όΨǎƛǘŜǎΩύ ŀǊŜ ŘƛǎŎǳǎǎŜŘ ƛƴ ǘƘƛǎ ǎǘǳŘȅΣ ŀǎ ŘŜǎŎǊƛōŜŘ ƛƴ Table 2.1 and 

Appendix A and referred to in subsequent figures. These sites were chosen to represent a wide 

range of localized structural settings typical of duplex structures, whilst also capturing the 

regional variation that occurs in all directions ς from outside of the duplex, from the edge of 

the overlap structure to the centre of the overlap adjacent to a boundary fault, and finally into 

the very centre of the duplex equidistant from both boundary faults. Whilst results presented 

here will ultimately only illustrate the differences between these specific sites, it is hoped that 

this also provides a reasonable representation of overall variation. 

Linear transects (e.g. Figure 2.3b) were taken sub-perpendicular to the orientation of second-

order faults (i.e. approximately SW-NE), where faults are defined as structures containing at 

least a partially-developed core and, if determinable, some evidence of displacement. At some 

sites the relationship to a major fault was less clear, however this is noted wherever this was 

the case. At selected sites orthomosaics of horizontal outcrops were created using a drone-

mounted camera (e.g. Figure 2.3c) in order to create vein trace maps for 2D analyses. The 

coordinate system used was WGS84 transverse Mercator. FracPaQ assumes that fracture traces 

lie on a statistically flat 2D surface; although relatively flat outcrops were selected in the field, 

this is likely to result in minor error. 
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Table 2.1: A description of field sites (data measurement and sampling locations) across the study area. 

Further details are provided in Appendix A. 

Site Description 

1 ΨhǳǘǎƛŘŜ ƻŦ ǘƘŜ 5ǳǇƭŜȄΩΥ Site 1a: ~280 m West of the 1st order Bolfin Fault core, covered by one 

7 m transect adjacent and perpendicular to a potential 2nd order fault with sinistral displacement 

in the order of ~30 cm. Site 1b: ~11 km SSW of Site 1a, ~280 m West of the Bolfin Fault, covered 

by one 9.5 m transect adjacent and perpendicular to a potential 2nd order fault. A ~10x5 m vein 

map was also made here using a high-resolution drone image. 

2 ΨbƻǊǘƘŜǊƴ aŀǊƎƛƴΩΥ ~180 m East of the Bolfin fault, on the northern margin of the mapped 

extensional duplex footwall, and adjacent and perpendicular to a 2nd order fault. Covered by 3 

transects totalling ~30 m. At this site, a ~2.5 m transect was also taken in the damage zone of 

the main Bolfin Fault, immediately adjacent to the core. 

3 Ψ5ƛƭŀǘŀǘƛƻƴŀƭ WƻƎΩΥ ~200-370 m East of the Bolfin Fault and ~8 km SSE of Site 2, a complex 

structure adjacent to a bend in the Bolfin Fault. Covered by 3 transects totalling 17 m, all 

adjacent and perpendicular to 2nd order faults, with 2 also parallel to 3rd order faults. A ~5x5 m 

vein map was also created here using a high-resolution drone image. 

4 Ψ5ƛǎǘǊƛōǳǘŜŘ CŀǳƭǘΩΥ ~200 m East of the main fault and ~2 km SSE of Site 3. The site is described 

in Jensen et al. (2011) as having a total distributed (2nd order) fault thickness of ~17 m. Horizontal 

displacement is estimated at a few metres. Covered by 2 structural transects totalling 17 m, and 

another 9 m transect ~800 m further East, perpendicular to a less distributed 2nd order fault. A 

~7x7 m vein map was also made at one area using an ortho-rectified photomosaic, as published 

in Jensen et al. (2011). 

5 Ψ/ŜƴǘǊŀƭ 5ǳǇƭŜȄΩΥ ~3000 m East of the Bolfin Fault and ~1950 m West of the Jorgillo Fault, and 

also described in Arancibia et al. (2014). Covered by 3 structural transects totalling 17.5 m, 

adjacent and perpendicular to 2nd order faults, with one also parallel to a 3rd order fault.  

 

2.4 Results 

In Section 2.4.1, large-scale fault distribution in the Caleta-Coloso Duplex is analysed to provide 

context for the outcrop-scale study. Selected vein data from 1D transects adjacent to selected 

second- and third-order faults at outcrop are presented in Section 2.4.2 ς these data provide an 

indication of damage variability around the duplex. This dataset is then expanded upon in 

Section 2.4.3 using vein thickness data as a proxy for the amount of fluid that has flowed 

through these damage zones. In Section 2.4.4 2D data are presented and used to explore 

damage zone heterogeneity at outcrop scale. 

2.4.1 Large-Scale 2D Fault Distribution Within the Fault Duplex 

Figure 2.5 shows the regional heterogeneity of fault intensity (P21) and frequency (P20) across 

the CCD. In general both 2D intensity and frequency are much greater within the duplex 

structure than outside of it, whilst within the overlap structure itself both appear to increase 
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ǘƻǿŀǊŘǎ ƛǘǎ ŀǇǇŀǊŜƴǘ ΨŎŜƴǘǊŜΩΣ ŀǇǇǊƻȄƛƳŀǘŜƭȅ ƛƴ ǘƘŜ ŎŜƴǘǊŜ ƻŦ ǘƘŜ ƳŀǇΦ IƛƎƘŜǎǘ ǾŀƭǳŜǎ όt21 Ғ 12 

km-1; P20 Ғ 0.4 km-2) occur adjacent to duplex-bounding faults, yet high values are also found 

around other second-order faults extending into the centre of the duplex structure. Averaged 

P20 and P21 were also calculated for 1 km2 areas around each studied site outcrop (Figure 2.5) 

and generally conform to the same picture. At Site 1, outside of the duplex, P21 is close to zero 

since only one second-order fault has been mapped. Within the duplex, greatest P21 and P20 

values are recorded around Site 3, in the fault jog near a major bounding fault (9.3 km-1 and 

0.082 km-2 respectively). Lower P21 and P20 values are seen around Site 4, in the distributed fault 

zone near a major bounding fault (6.17 km-1 and 0.40 km-2 respectively). Density and intensity 

are lower still around Site 2 on the edge of the duplex (5.56 km-1; 0.63 km-2) and Site 5 at the 

greatest distance from any bounding fault (5.25 km-1; 0.36 km-2). 

 

Figure 2.5: Regional variation in a) fault intensity (P21) and b) frequency (P20) across the Caleta-Coloso 

Duplex, which is defined as comprising structures between the Bolfin and Jorgillo Faults. Sites refer to 

areas studied in detail at outcrop (see Section 3 and Figure 2.6). See Appendix A (Section A2) for original 

structural data, traced from a regional geological map (Gobierno de Chile, 2003). 

2.4.2 Fracture Damage Surrounding Duplex Faults (1D) 

Average normalised vein intensity (P10) (Figure 2.6a, Table 2.2) provides an indirect measure of 

the amount of fluid flow each site has experienced adjacent to second-order faults. To ensure 

data are comparable between all sites and transect, average P10 values were calculated using 

only measurements made within 4 m of the main fault. Both measured and corrected data for 

all veins suggest that veining is more intense at Site 3 (in the dilatational jog near a major 

bounding fault) and Site 4 (a distributed fault zone near a major bounding fault) than elsewhere 

in the fault zone. P10 values and average cumulative intensity gradients are greater here, in 

particular compared to Site 1 outside of the duplex. Sites 2 and 5 (on the northern edge and in 

the centre of the duplex respectively) have similar average gradients, lower than sites nearer 

the duplex-bounding faults but higher than outside of the duplex. Standard deviations are low 
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both within and between transects at Site 1 (Table 2.2). At all sites within the duplex, larger 

standard deviations indicate significant P10 variability within transects, particularly at Site 4 

where high variability also occurs between transects (likely due to the added uncertainty of 

measuring within a more distributed fault zone). For comparison, immediately adjacent to the 

main Bolfin Fault, P10 and gradient of cumulative vein frequency are much higher. 

 

Figure 2.6: a) Mean normalised vein intensity (P10, m-1) (measured (squares) and Bias-

corrected (triangles)) and mean vein spacing (mm) (crosses) for all veins intersected with 1D 

transects, grouped by site. b) Bias-corrected average normalised vein intensity (P10, m-1) for 

the chlorite-epidote-quartz vein phase (diamonds) and the calcite-dominated vein phase 

(circles) at each site. All data are normalized for transect length to allow comparison. Error 

bars in each case represent standard deviations between individual transects. 

Average 1m-binned vein spacing is greatest outside of the duplex (Site 1), with spacing here 

significantly greater than on the edge or in the centre of the duplex (Sites 2 and 5) and more 

than double that of sites adjacent to duplex-bounding faults (Sites 3 and 4) (Figure 2.6a; Table 

2.2). For comparison, adjacent to the first-order Bolfin Fault, average vein spacing is much lower 

than adjacent to all second-order faults. Cumulative distributions of spacing indicate that 

outside of the duplex veins have a relatively uniform distribution, reflected by low values of 

skewness, kurtosis and coefficient of variation (CoV) for Site 1 (Table 2.2). The Kuiper test 

however gives a V* high enough to reject the null hypothesis of a random sample from a 

uniform distribution at the 99% level. A non-uniform negative exponential distribution is also 

evident at Site 5. Elsewhere within the duplex, veins are generally spaced much more closely, 

supporting vein intensity data. Skewness and kurtosis values are highest at Site 3, whilst higher 

CoV and V* represent more of a scale invariant fractal distribution where veins are 

concentrated into clusters with gaps of varying size. Similar patterns of irregularity are observed 

at Sites 2 and 4, as well as in the damage zone of the Bolfin Fault. 
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Table 2.2: a) Intensity and b) spacing data from analyses of 1D transects at Sites 1-5. Length=distance 

along scanline in metres; N=number of veins measured; Intensity=number of veins/m for entire 

traverse, with standard deviations (SD) within transects and (in brackets) between transects; Spacing: 

mean, median (in metres), skewness, kurtosis and coefficient of variation; Kuiper Test: V, V* confidence 

level for rejection of null hypothesis of uniformity, where values Ғм όƛΦŜΦ ǎǘŀƴŘŀǊŘ ŘŜǾƛŀǘƛƻƴ ƻŦ ǎǇŀŎƛƴƎ 

Ғ ƳŜŀƴύ ŀǊŜ ƛƴŘƛŎŀǘƛǾŜ ƻŦ ŀ ƴŜƎŀǘƛǾŜ ŜȄǇƻƴŜƴǘƛŀƭ ŘƛǎǘǊƛōǳǘƛƻƴΦ όϝ ǘǊŀƴǎŜŎǘ Řŀǘŀ ƎŀǇǎ ƘŀǾŜ ōŜŜƴ ƻƳƛǘǘŜŘ); 

Underlined transect names indicate distributed rather than planar second-order faults. 

a) 

Site Transect 

Length 

(m) N 

Intensity 

(P10, m-1)*  SD1 

N 

(corr.) 

P10 

(corr.) 

(m-1)*  SD2 

Cumulative 

Intensity 

Gradient 

1a PE-W-1 8.25 33 6.17 1.34 75 10.64 
 

  

1b FB-S-1 9.40 45 3.57 2.11 81 10.38 
 

  

1 
  

  4.87 1.73 156 10.51 0.13 4.07 

     (1.30)     

(2) SQ-B-1 2.20 48 23.50 7.50 96 47.06 0.00 29.9 

2 SQS-1 6.48 41 9.75 5.29 144 14.86 
 

  

2 SQS-3 7.84 47 8.20 3.87 87 15.70 
 

  

2 
  

  9.65 4.58 231 15.28 0.42 7.3 

     (1.15)     

3 FB-T-1 3.53 85 15.00 2.16 135 40.54 
 

  

3 FB-M-1 7.33 85 12.67 3.77 135 39.13 
 

  

3 FB-C-1 4.00 57 14.25 2.77 211 39.59 
 

  

3 
  

  13.97 2.90 481 39.75 0.59 14.8 

     (0.97)     

4 PAR-C-1 9.53 82 9.25 3.31 346 39.45 
 

  

4 PAR-D-1 10.50 113 14.71 3.06 209 27.14 
 

  

4 PAR-T-1 6.40 65 13.25 7.36 127 25.05 
 

  

4 
  

  12.40 4.58 682 30.55 6.35 12.6 

     (2.31)     

5a CCD-N-1 9.18 36 5.40 4.82 77 12.98 
 

  

5a CCD-T-1 6.68 36 9.00 3.54 79 16.19 
 

  

5b CCD-S-1 2.50  63 11.50 3.50 48 20.43 
  

5 
   

7.20 4.18 204 16.53 3.05 8.6  

     (1.80)     
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b) 

Site Transect 

Length 

(m) 

Mean 

(mm) SD1 

Median 

(mm) Skewness Kurtosis CoV V' V* 

1a PE-W-1 8.25 0.20 0.17 0.15 1.26 1.36 0.86 0.007 1.73 

1b FB-S-1 9.40 0.24 0.29 0.11 1.58 1.76 1.24 0.013 2.50 

1   0.22 0.23 0.13 1.71 2.95 1.07 0.010 2.11 

(2) SQ-B-1 2.20 0.04 0.05 0.02 2.88 9.98 1.44 0.011 3.45 

2 SQS-1 6.48 0.12 0.16 0.07 2.18 5.66 1.27 0.009 2.33 

2 SQS-3 7.84 0.12 0.14 0.07 1.80 3.27 1.21 0.009 2.63 

2   0.12 0.15 0.07 1.99 4.47 1.24 0.009 2.48 

3 FB-T-1 3.53 0.09 0.09 0.05 1.10 0.35 1.03 0.004 3.25 

3 FB-M-1 7.33 0.08 0.08 0.05 2.17 8.41 0.97 0.006 4.05 

3 FB-C-1 4.00 0.07 0.08 0.04 2.39 7.62 1.11 0.006 2.47 

3   0.08 0.10 0.05 5.08 41.04 1.34 0.005 3.25 

4 PAR-C-1 9.53 0.11 0.10 0.08 1.45 1.95 0.97 0.005 3.40 

4 PAR-D-1 10.50 0.07 0.07 0.04 1.29 0.83 1.06 0.004 4.15 

4 PAR-T-1 6.40 0.07 0.17 0.04 2.10 5.16 1.17 0.006 3.08 

4   0.08 0.12 0.04 3.74 25.33 1.26 0.005 3.55 

5a CCD-N-1 9.18 0.18 0.20 0.14 1.75 2.97 1.11 0.010 2.01 

5a CCD-T-1 6.68 0.12 0.12 0.06 1.18 1.12 1.01 0.005 2.17 

5b CCD-S-1 2.50 0.09 0.07 0.08 1.73 3.95 0.85 0.009 2.26 

5   0.15 0.16 0.10 1.91 4.48 1.11 0.007 2.09 

 

 

When considered in terms of different vein phases (i.e. the chlorite-epidote-quartz phase and 

the calcite-dominated phase) (Figure 2.6b; Table 2.3), it becomes apparent that the epidote-

bearing phase is dominant, with damage relating to this fluid-flow event focused predominantly 

adjacent to the duplex-bounding fault at Site 3, and to a variable extent at Site 4. The intensity 

of damage filled by the calcite-precipitating flow event is also largely concentrated in these 

areas, but to a larger degree at Site 5. For both events, the amount of damage in the damage 

zone of the Bolfin Fault is considerably greater than that in the damage zones of most other 

second-order faults across the duplex. 
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Table 2.3: Intensity data from analyses of 1D transects at Sites 1-5 for the chlorite-epidote-quartz vein 

phase and the calcite-dominated vein phase (see Appendix A for further details). 

      Intensity (Chl-Ep-Qz Vein Phase) Intensity (Cc-Dominated Vein Phase) 

Site Transect Length (m) N (corr.) 

Intensity (corr.) 

(P10, m-1)*  SD2 N (corr.) 

Intensity (corr.) 

(P10, m-1)*  SD2 

1a PE-W-1 8.25 60 8.51 

 

15 2.13 

 
1b FB-S-1 9.40 81 10.38 

 

0 0.00 

 
1 

  

141 9.45 0.94 15 1.06 1.06 

(2) SQ-B-1 2.20  64 31.37  0 32  4.30 0 

2 SQS-1 6.48 95 9.80 

 

49 5.06 

 
2 SQS-3 7.84 71 12.82 

 

16 2.89 

 
2 

  

166 11.31 1.51 65 3.97 1.08 

3 FB-T-1 3.53 109 32.73 

 

26 7.81 

 
3 FB-M-1 7.33 121 35.07 

 

14 4.06 

 
3 FB-C-1 4.00 195 36.59 

 

16 3.00 

 
3 

  

425 34.80 1.58 56 4.96 2.06 

4 PAR-C-1 9.53 304 34.66 

 

42 4.79 

 
4 PAR-D-1 10.50 169 21.95 

 

40 5.19 

 
4 PAR-T-1 6.40 59 11.64 

 

68 13.36 

 
4 

  

532 22.75 9.42 150 7.78 3.95 

5a CCD-N-1 9.18 63 10.62 

 

14 2.36 

 
5a CCD-T-1 6.68 58 11.89 

 

21 

  
5b CCD-S-1 2.50 47 20.00 

 

1 0.43 

 
5 

  

168 14.17 4.15 36 1.39 0.97 

 

2.4.3 Vein Thickness Within Fault Damage Zones (1D) 

Vein thicknesses may be used as an indication of past fluid flow events, i.e. the volume of 

minerals precipitated from hydrothermal fluids sealing fractures within a rock mass. Most 

precipitation across the studied parts of the duplex is concentrated at Site 3, with more than 

three times the amount of vein material per metre than outside of the duplex (Site 1) (Figure 

2.7a; Table 2.4). Elsewhere within the duplex, the amount of precipitate is intermediate and 

generally more variable. This is particularly true in the duplex centre (Site 5), where variability 

is largely on account of sporadic thick calcite veins. Variability on the edge of the duplex (Site 2) 

is likely due to two transects being taken either side of the same fault; it appears that epidote-

bearing veins were more dominant on its Western side, highlighting a strong fault asymmetry. 
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A good positive linear correlation exists between average bias-corrected P10 values and vein 

thickness within each individual transect for both the chlorite-epidote-quartz vein phase and 

the calcite-dominated vein phase (Figure 2.7b; Table 2.5), suggesting that fluid flow was 

relatively evenly distributed through the duplex-hosted fracture network. The aforementioned 

variability at Site 2 is however evident in Figure 2.7b in the form of an outlier. An anomalous 

value for the calcite-dominated vein phase at Site 5 highlights that in the later phase of fluid 

flow precipitation did not occur homogenously here, and rather was focussed within a few main 

conduits. This analysis is limited by orientation data not being included in the scope of this 

study, however this is considered in Chapter 3. 

 

 

Figure 2.7 (Part a ς see following page for full caption). 
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Figure 2.7: a) Ranges of normalised total vein thickness (mm per m) for each site. Values are derived 

by dividing the total thickness of veins intersected in a transect by the transect length (with data gaps 

omitted) (Table 2.4). N = number of transects used to formulate the range and (in brackets) number of 

individual veins used to formulate total thickness (Table 2.2). b) The relationship between normalised 

total vein thickness and bias-corrected normalised vein intensity (P10) for each individual transect for 

the chlorite-epidote-quartz vein phase (triangles) and the calcite-dominated vein phase (circles).  

All sites show similar normalised average vein thicknesses (2.11 to 3.17 (±0.65 to 0.96) mm, 

with thicknesses and variability between transects slightly greater outside of the duplex than 

within. Cumulative thickness distribution statistics (Table 2.4) indicate that data skewed 

ǘƻǿŀǊŘǎ ǘƘƛƴƴŜǊ ǾŜƛƴǎ ŀǘ ŀƭƭ ǎƛǘŜǎΦ wŜƭŀǘƛǾŜƭȅ ƘƛƎƘ ±Ω ǾŀƭǳŜǎ ŀƴŘ ±ϝ ǾŀƭǳŜǎ Ҕн ǘƘǊƻǳƎƘƻǳǘ ǘƘŜ 

dataset allow the rejection of the null hypothesis of random sample uniformity at all levels in 

all sites and transects. This is particularly true at sites adjacent to duplex-bounding faults (Sites 

3 and 4), where higher skewness and kurtosis values and lower CoV values represent an overall 

scale invariant fractal distribution. Low skewness and kurtosis values outside of the duplex (Site 

1), as well as in the duplex centre (Site 5), show the most uniform distributions. For comparison, 

ǎƪŜǿƴŜǎǎΣ ƪǳǊǘƻǎƛǎΣ /ƻ±Σ ±Ω ŀƴŘ ±ϝ ŀŘƧŀŎŜƴǘ ǘƻ ǘƘŜ .ƻƭŦƛƴ Cŀǳƭǘ ŀǊŜ ŀƭƭ ǾŜǊȅ ƘƛƎƘΣ ƛƴŘƛŎŀǘƛƴƎ the 

dominance of thin fractures and clustering. The gradient of cumulative vein thicknesses with 

distance from a second-order fault also represent the uniformity of precipitation and 

extensional strain accommodated in the damage zone (Gillespie et al., 1996). Gradients are 

lowest outside of the duplex at Site 1 and are 2-3 times greater within the duplex (Table 2.4), 

with highest gradients adjacent to duplex-bounding faults (Sites 3 and 4). R2 values indicate that 

greatest variability occurs outside of the duplex but also in the duplex centre (Site 5). 
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Table 2.4: a) Epidote-bearing vein thickness data from analyses of 1D transects at Sites 1-5. Length = 

distance along scanline in metres; Normalised thickness comparisons are represented by the total vein 

thickness divided by the transect length and also presented as a percentage of total measured 

precipitate across the duplex; cumulative thickness gradient with variance (R2). b) Cumulative thickness 

statistics: mean (with standard deviations within transects (and between transects in brackets)), 

median (in metres), skewness, kurtosis, and coefficient of variation; Kuiper Test: V, V* confidence level 

ŦƻǊ ǊŜƧŜŎǘƛƻƴ ƻŦ ƴǳƭƭ ƘȅǇƻǘƘŜǎƛǎ ƻŦ ǳƴƛŦƻǊƳƛǘȅΣ ǿƘŜǊŜ ǾŀƭǳŜǎ Ғм όƛΦŜΦ ǎǘŀƴŘŀǊŘ ŘŜǾƛŀǘƛƻƴ ƻŦ ǎǇŀŎƛƴƎ Ғ 

mean) are indicative of a negative exponential distribution. (* transect data gaps have been omitted). 

Underlined transect names indicate distributed rather than planar second-order faults.  

a)       

Site Transect 

Length 

(m) 

Thickness / 

Length* (mm m-1) 

% Total Duplex 

Precipitate 

Cumulative 

Thickness Gradient R2 

1a PE-W-1 8.25 10.28 0.03 6.8 0.95 

1b FB-S-1 9.40 14.68 0.05 9.1 0.91 

1 

  

12.48 0.08 8.0 0.93 

(2) SQ-B-1 2.20  23.24 0.05 29.9  

2 SQS-1 6.48 15.02 0.03 20.5 0.89 

2 SQS-3 7.84 34.12 0.10 24.9 0.98 

2 

  

24.57 0.13 22.7 0.94 

3 FB-T-1 3.53 40.46 0.11 35.2 0.97 

3 FB-M-1 7.33 41.65 0.12 26.6 0.98 

3 FB-C-1 4.00 39.64 0.12 31.4 0.97 

3 

  

40.58 0.35 31.1 0.97 

4 PAR-C-1 9.53 29.48 0.09 31.9 0.95 

4 PAR-D-1 10.50 31.65 0.07 27.6 0.96 

4 PAR-T-1 6.40 26.84 0.05 23.5 0.97 

4 

  

29.32 0.21 27.7 0.96 

5a CCD-N-1 9.18 21.25 0.07 31.8 0.92 

5a CCD-T-1 6.68 50.47 0.06 26.6 0.95 

5b CCD-S-1 2.50 22.94 0.06 9.4 0.97 

5     31.55 0.19 22.6 0.95 
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b)           

Site Transect 

Length 

(m) 

Mean 

(mm) SD1 

Median 

(mm) Skewness Kurtosis CoV V' V* 

1a PE-W-1 8.25 2.05 3.02 1.00 2.96 9.44 1.42 0.013 3.63 

1b FB-S-1 9.40 4.06 3.31 2.00 1.87 3.04 1.01 0.012 2.42 

1   3.17 3.17 1.50 2.29 5.11 1.20 0.012 3.03 

    (0.96)       

(2) SQ-B-1 2.20 0.99 2.57 0.50 4.60 22.02 2.60 0.018 5.89 

2 SQS-1 6.48 1.92 4.15 2.00 3.37 14.86 1.18 0.009 2.45 

2 SQS-3 7.84 3.08 3.30 2.00 2.55 6.94 1.33 0.011 3.55 

2   2.50 3.93 1.00 2.37 13.79 1.16 0.010 3.00 

    (0.64)       

3 FB-T-1 3.53 2.37 3.58 1.50 3.60 18.00 1.30 0.008 5.98 

3 FB-M-1 7.33 3.38 2.82 1.75 1.34 1.17 1.03 0.007 5.23 

3 FB-C-1 4.00 2.25 2.83 1.00 1.86 2.88 1.15 0.008 3.46 

3   2.66 3.28 1.50 2.90 12.17 1.24 0.007 4.89 

    (0.94)       

4 PAR-C-1 9.53 2.68 3.59 2.00 2.24 5.84 1.09 0.006 4.14 

4 PAR-D-1 10.50 1.67 2.35 1.50 3.45 18.30 1.12 0.004 4.29 

4 PAR-T-1 6.40 1.97 2.31 1.50 2.51 7.51 1.11 0.005 2.80 

4   2.11 2.83 1.25 2.72 9.56 1.15 0.005 3.75 

    (0.65)       

5a CCD-N-1 9.18 3.11 3.94 2.00 2.32 6.48 1.12 0.011 2.39 

5a CCD-T-1 6.68 3.29 4.15 1.50 1.74 2.37 1.26 0.012 3.02 

5b CCD-S-1 2.50 1.04 0.87 0.50 2.30 5.37 1.03 0.015 3.19 

5     2.36 2.99 1.50 2.12 4.74 1.15 0.013 3.26 

    (0.85)       
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Table 2.5: Total amount of vein precipitate, normalised for transect length, from analyses of 1D 

transects at Sites 1-5 for the chlorite-epidote-quartz vein phase and the calcite-dominated vein phase 

(see Table 2.4 caption for further details). 

      

Amount of Precipitate (Chlorite-

Epidote-Quartz Vein Phase) 

Amount of Precipitate (Calcite-

Dominated Vein Phase) 

Site Transect Length (m) 

Total Thickness / 

Transect Length* 

(mm m-1) 

% of Measured 

Duplex 

Precipitate 

Total Thickness / 

Transect Length* 

(mm m-1) 

% of Measured 

Duplex 

Precipitate 

1a PE-W-1 8.25 9.22 0.03 1.06 0.01 

1b FB-S-1 9.40 14.68 0.04 0.00 0.00 

1 

  

11.95 0.06 0.53 0.01 

(2) SQ-B-1 2.20  14.41 0.06 8.8 0.10 

2 SQS-1 6.48 8.77 0.04 6.24 0.07 

2 SQS-3 7.84 30.60 0.08 3.52 0.04 

2 

  

19.68 0.12 4.88 0.11 

3 FB-T-1 3.53 34.53 0.10 3.77 0.04 

3 FB-M-1 7.33 37.97 0.10 3.68 0.04 

3 FB-C-1 4.00 36.70 0.10 5.11 0.06 

3 

  

36.40 0.30 4.18 0.14 

4 PAR-C-1 9.53 27.02 0.07 2.45 0.03 

4 PAR-D-1 10.50 22.94 0.08 8.71 0.10 

4 PAR-T-1 6.40 16.02 0.07 10.83 0.12 

4 

  

21.99 0.22 7.33 0.25 

5a CCD-N-1 9.18 20.74 0.05 0.51 0.01 

5a CCD-T-1 6.68 20.35 0.13 30.12 0.34 

5b CCD-S-1 2.50 19.62 0.06 3.32 0.04 

5     20.24 0.24 1.91 0.39 
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2.4.4 2D Damage Distribution Within Fault Damage Zones 

Similar to the methods outlined in Section 4.1, 2D analyses at outcrop-scale were made by using 

FracPaQ to analyse the spatial characteristics of fracture traces from orthomosaics captured via 

a drone-mounted camera at selected outcrops. Figure 2.8 and Table 2.6 show the 2D variability 

in vein intensity (P21) and frequency (P20) (Sanderson and Nixon, 2015) within and between sites. 

Average P21 and P20 are greatest at Site 3, with mean and maximum values significantly higher 

than at Sites 1a and 4. There is considerable variation at all sites that appears to relate spatially 

to the position of major faults. When compared to intensity data from 1D transects from the 

same outcrops (Figure 2.8), 2D data from Site 1 falls within the standard deviation, however 1D 

transects at Sites 3 and 4 appear overestimate 1D intensity with respect to 2D intensity by a 

factor of 3. 

Table 2.6: Intensity (P21) and frequency (P20) data from vein trace analyses at 2D outcrops for Sites 1a, 

3 and 4. Also shown are % of I (Isolated), Y (Abutting) and X (Crossing) nodes indicating the connectivity 

of the vein networks. 

Site 

Mean Intensity 

(P21, m-1) 

Max Intensity 

(P21, m-1) 

Mean Frequency 

(P20, m-2) 

Max 

Frequency 

(P20, m-2) 

I Nodes 

(%) 

Y Nodes 

(%) 

X Nodes 

(%) 

1a 2.5 10.1 15 97 71 25 4 

3 9.3 37.7 151 798 51 48 1 

4 3.2 14.4 23 159 62 36 1 

 

The topology of vein or fracture networks can be analysed in terms of the relative proportions 

of connecting nodes (i.e. vein/fracture terminations), which may be isolated (I), or connecting 

(more specifically abutting (Y) or crossing (X)) (Manzocchi, 2002; Sanderson and Nixon, 2015). 

These proportions reflect the connectivity of the network, with a greater number of Y+X nodes 

typically resulting in higher permeability and more I nodes reflecting less connected network 

(Manzocchi, 2002; Healy et al., 2017). The connectivity depends on the number, orientation, 

intensity and length of veins/fractures, and is usually scale-independent (Sanderson and Nixon, 

2018). Although connectivity has a direct effect on properties such as permeability, this is also 

controlled by relationships between individual fractures (such as spacing) as well as their 

geometry (Sanderson and Nixon, 2015); these factors may be scale dependent (Sahu and Roy, 

2020). Figure 2.9a shows the distribution of connecting node density across three sites, whilst 

Figure 2.9b and Table 2.5 show relative proportions of node types. Connectivity is greatest at 

Site 3, with a greater ratio of I nodes to Y nodes decreasing relative connectivity at Site 4 and 

further at Site 1a. At Site 3, connecting nodes are well-distributed throughout the outcrop, 

whereas at Sites 4 and 1a connecting nodes form clusters that partially coincide with clusters 

of vein density (Figure 2.8, Figure 2.9). 



48 
 

 

Figure 2.8: Maps of vein traces with a) 2D vein frequency (P20) and b) intensity (P21) from i) Site 1a, 

outside of the duplex, ii) Site 3, within a dilatational jog inside the duplex, and iii) Site 4, within a 

distributed fault zone inside the duplex. Red lines indicate inferred position of second- and third-order 

faults (solid and dashed lines respectively), defined by either evidence of >30 cm displacement, a fault 

core, or both. Maps were generated using FracPaQ from vein trace maps of images taken using a drone-

mounted camera, as depicted in Appendix A (Section A2). 
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Figure 2.9: a) Maps of all vein traces with 2D vein connectivity (i.e. number of X and Y nodes per m2) 

from i) Site 1a, outside of the duplex and ii) Site 3, within a dilatational jog inside the duplex, and iii) 

Site 4, within a distributed fault zone inside the duplex. Red lines indicate inferred position of second- 

and third-order faults (solid and dashed lines respectively), defined by evidence of >30 cm displacement 

and/or a fault core. Maps were generated using FracPaQ from vein trace maps of images taken using 

a drone-mounted camera, as depicted in Appendix A (Section A2). b) A ternary plot showing the 

proportion of connecting node types between vein traces at each site. 

2.5 Discussion 

2.5.1 Fault and Fracture Density Within and Outside of the Duplex 

Our data show that the transtensional duplex contains a greater density of faults and (filled) 

fractures in comparison to regions surrounding the duplex, reflecting the nature of fluid flow at 

regional- to outcrop-scale in the active fracture network at the time of vein formation. 

Structural networks also vary within the duplex itself: sites adjacent to bounding faults appear 

to record the most intense and clustered vein networks. In agreement with Nixon et al. (2019), 

damage varies along the strike of the duplex bounding fault, such that intensity generally 

increases towards the centre of the overlap structure. It should be noted however that 

comparisons of these types of data to other datasets are often problematic due to a lack of 

consistency between sampling techniques, measurement scales, nomenclature and differences 
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in lithology/tectonics (Faulkner et al., 2010; Choi et al., 2016). When considered in terms of the 

regional distribution of faults across the duplex (Figure 2.5), the variability in average vein 

intensities (Figure 2.6) may be explained by the density of kilometre-scale faulting. 

Damage within the duplex appears to be more homogenously distributed than outside (i.e. to 

the West of the Bolfin Fault and at the margins of the overlap structure), where a more 

heterogeneous distribution implies that kilometre-scale deformation is localised to a few large 

faults. Nixon et al. (2019) suggest that this pattern is due to increased stresses associated with 

a greater number of (smaller) faults formed as a result of bounding fault interactions. Where a 

higher density of these faults occurs, it is expected that the damage zones of these individual 

faults may interact with each other, which over time may result in damage accumulation and 

significantly increase metre-scale fracture intensity. This effect is schematically illustrated 

within the dashed lines of the plot in Figure 2.1 and has also been observed on subsidiary faults 

of the nearby Caleta-Coloso Fault (Mitchell and Faulkner, 2009). Larger faults are considered to 

have propagated via the coalescence, nucleation and interaction of smaller tensile fractures 

(Jensen et al., 2011). Furthermore, previous work has suggested that this and other fault 

systems display self-similar characteristics as a result of scale-invariant processes (Jensen et al., 

2011). Hence it is reasonable to assume that a higher density of kilometre-scale faulting occurs 

as a result of a higher density of outcrop and sub-outcrop-scale fracturing.  

2.5.2 Damage Distributions on Individual Faults (1D) 

It is well established that fracture density decays with distance from the fault core (e.g. Schulz 

and Evans, 2000; Wilson et al., 2003; Mitchell and Faulkner, 2009; McLean and McNamara, 

нлммΤ {ŀǾŀƎŜ ŀƴŘ .ǊƻŘǎƪȅΣ нлммΤ hΩIŀǊŀ Ŝǘ ŀƭΦΣ нлмтύΦ !ǎ ǿŜƭƭ ŀǎ ǎƘƻǿƛƴƎ ǾŀǊƛŀǘƛƻƴ ŀǘ ƪƛƭƻƳŜǘǊŜ 

scale (Figure 2.5), the normalised average vein intensity (P10) (i.e. Figure 2.6), when plotted as 

a function of distance from known second-order faults in 1 m bins, also appears to decrease 

with distance from the fault at metre scale (Figure 2.10). The rate of drop-off of fracture 

intensity has been shown to exponentially decrease with distance from the fault at variable 

rates according to the amount of displacement (Mitchell and Faulkner, 2009), hence damage 

zone widths are ultimately likely to vary accordingly. Variations in the intensity of veining has 

also however been shown to relate to the distribution of fault intersections and tips rather than 

displacement (Nixon et al., 2019). No direct measurements of fault displacement were made as 

part of this study, however Jensen et al. (2011) suggest that minimum net displacements on 

second-order faults within the CCD vary between 10-100 m, whilst Mitchell and Faulkner (2009) 

measured displacements ranging between 1.2 m and 220 m. Using published relationships 

between fault displacement and damage zone width (Mitchell and Faulkner, 2009; Faulkner et 

al., 2011; Savage and Brodsky, 2011; Choi et al., 2016) we estimate that the width of the damage 

zones on these faults should be in the range of ~0.1-115 m. Published relationships between 

displacement and fault length (Grasemann et al., 2011; Stanton-Yonge et al., 2020) suggest that 

lengths of second-order faults may be in the range of 250 ς 2500 m, which broadly agrees with 

the regional geological map (Gobierno de Chile, 2003).  
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Figure 2.10: Log-linear plot of normalised vein intensity (measured P10, m-1) with distance from second-

order fault (0 m, red), in 1 m bins. Trendlines for each transect are depicted by solid lines; dashed lines 

are transects within distributed faults (Site 4) where the exact position of the fault at 0m is uncertain. 

Mitchell and Faulkner (2009) showed that critical macrofracture density adjacent to second-

order faults (also within the CCD) appears to be consistent at around 100 fractures per metre. 

Maximum vein density immediately adjacent to second-order faults to the Bolfin Fault also 

appears to be fairly consistent (Figure 2.10), although only at around 8-12% (mean = 10%) of 

the critical fracture density. Sampling frequencies for this dataset however should arguably 

have been greater nearer the fault core (cf. Mitchell and Faulkner, 2009; Ostermeijer et al., 

2020). Orthogonal transect directions have not been considered cf. Mitchell and Faulkner 

(2009). Rather, data was bias-corrected. Critical vein densities are lowest in the duplex centre 

and highest adjacent to bounding faults. This overall lower critical density is attributed to a 

larger proportion of fractures forming either later in the geothermal system (i.e. calcite veins) 

or during subsequent exhumation (e.g. Cembrano et al., 2005; Herrera et al., 2005; Arancibia et 

al., 2014). Without considering background density, it is estimated from extrapolating 

exponential trendlines in Figure 2.10 that damage zone widths vary between ~12-38 m. Damage 

zone widths in sites outside of the duplex and at the greatest distance from duplex-bounding 

faults are all <17 m (with one exception at Site 2 on the northern edge of the duplex), whilst 

those at sites closer to the duplex bounding faults are all >17 m (with one exception in the 

distributed fault at Site 4). Assuming a background density level 10% of that measured by 

Mitchell and Faulkner (2009) (i.e. ~0.3 m-1), damage zone widths are estimated at ~4-6 m and 

~10-20 m. Whereas most fit an exponential decay model reasonably well, some data (those 

with the smallest damage zone widths and inferred displacements) appear to conform slightly 

ōŜǘǘŜǊ ǘƻ ŀ ǇƻǿŜǊ ƭŀǿ ŘŜŎŀȅ ƳƻŘŜƭ όŎŦΦ {ŀǾŀƎŜ ŀƴŘ .ǊƻŘǎƪȅΣ нлммΤ hΩIŀǊŀ Ŝǘ ŀƭΦΣ нлмтύΣ ŀƭǘƘƻǳƎƘ 
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relatively short transects and some gaps in data do not allow us to draw any meaningful 

conclusions here. Using the relationship presented by Mitchell and Faulkner (2009), these data 

suggest that fault displacements at sites outside of the duplex and away from duplex-bounding 

faults may be in the order of ~10-15 m, whereas displacements on second-order faults nearer 

the duplex-bounding faults are higher, in the order of ~15-25 m. 

The damage zones accrued by sufficiently large second-order faults (cf. Mitchell and Faulkner, 

2009) may be subject to complexities, for example in how they interact with each other 

wherever regional fault density is high, potentially causing some variability in fracture intensity 

with distance from the fault. This is most likely to be the case at Site 3 where regional fault 

intensity is highest. With increased displacement, fault zones can become more complex as low-

displacement and pure extensional structures in the same regional stress field progressively 

coalesce and link (e.g. Cox and Scholz, 1988; Martel, 1990; Cembrano et al., 2005; Laubach et 

al., 2014). This fault growth model has previously been proposed for the wider study area 

(Jensen et al., 2011). Whereas the earliest vein-forming phases were less influenced by pre-

existing structures (besides ductile fabrics and dykes), later phases were likely strongly 

influenced by planar brittle structures recording the earlier event. Shear fractures can grow 

either from the reactivation of pre-existing structures under a rotating stress field or from the 

coalescence of tension cracks (e.g., Scholz et al., 1993; Crider and Peacock, 2004; Healy et al., 

2006). Extension fracturing is likely to become more localised and isolated over time; whether 

permeability related to these structures plays an important role in fluid flow is dependent on 

the linkage with other vein arrays during repeated seismic cycles. 

2.5.3 Heterogenous 2D Damage Distribution 

Whilst normalised average vein intensities calculated from one-dimensional transects highlight 

a regional variation that can at least partly be explained by kilometre-scale fault density and 

displacement, two-dimensional damage is also heterogeneously distributed at outcrop scale 

(Figure 2.8). This heterogeneous 2D damage distribution appears to relate to the distributions 

and intersections of 2nd and 3rd order faults, however is unclear due to outcrop erosion in these 

areas as well as edge effects of fracture trace mapping. Strain is differently partitioned between 

structures of different types (e.g. bounding faults, splay faults and sealed fractures), which helps 

to maintain an overall stress compatibility across the structural duplex (Nixon et al., 2019). Each 

2nd and 3rd order fault that transfers stress from the 1st order bounding fault may be considered 

to perturbate the stress field around it, and as a result the propagation of splay faults that link 

them may be controlled by these interacting local stress fields (Jensen et al., 2011). Where faults 

of differing orientation meet, therefore, a wider range of fracture orientations can be expected, 

resulting in greater densities and connectivity as seen here (Figure 2.8, Figure 2.9). Local stress 

concentrations within the duplex may be greater as a result of more interactions between a 

denser regional fault network (Figure 2.5), promoting more frequent and widespread fluid flow 

that may be highly variable through individual structures. 
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2D analyses presented here also suggest that areas within the duplex have a better-connected 

fracture network than outside (Figure 2.9). The general dominance of abutting (Y) over crossing 

(X) connecting nodes throughout implies that later vein formation may be strongly influenced 

by pre-existing structures (this hypothesis is explored in Chapter 3). In turn, this also suggests 

that as the structural network evolved, fluid flow became more dispersed and tortuous, causing 

individual structures to have lower fluid fluxes and hence less precipitation (Walsh et al., 1998; 

Cox, 1999). The similarity in metre-scale distributions of intensity, density and connectivity 

suggests that higher densities are produced when veins of different orientations interact to 

produce linkage structures. This is however less apparent outside of the duplex, where regional 

fault density is much lower (Figure 2.5). Since the heterogeneity of density intensity and 

connectivity appears to relate to the proximity to major faults (e.g. Cox, 1995; Barnhoorn et al., 

2010; Figure 2.10) we infer that in areas of high fault density major faults form part of the fluid 

Ŧƭƻǿ ΨōŀŎƪōƻƴŜΩΦ {ŜŀƭŜŘ ŦǊŀŎǘǳǊŜǎ ŦƻǊƳƛƴƎ ŀǇǇŀǊŜƴǘƭȅ ƛǎƻƭŀǘŜŘ ǾŜƛƴǎΣ ƻŦ ǿƘƛŎƘ ǘƘŜǊŜ ŀǊŜ ŀ 

greater proportion outside of the duplex, represent sites of localised fluid discharge that have 

drawn fluid from this backbone in the downstream part of the hydrothermal system (e.g. Cox, 

1995).  

Connectivity in the dilatational jog (Site 3) is notably high and well-distributed across the whole 

outcrop, whereas within the more distributed fault (Site 4), a lower and more heterogenous 

intensity, density and connectivity are apparent, in line with variability evident in Figure 2.10. 

Vein spacing analyses (Table 2.2) also indicate that sites within the duplex tend to form more 

heterogenous clustered damage zones, compared to more uniform distributions outside.  From 

this it is interpreted that palaeo-permeability would have shown similar distributions; this 

however cannot be reliably estimated as vein phases representing distinct periods of fluid flow 

could not be separated from 2D maps owing to complex vein relationships at a scale beyond 

the resolution of images. Interactions between linking structures more representative of the 

regional stress creates connectivity that may produce a ~100-fold permeability increase (Wallis 

et al., 2002; Kissling et al., 2015). Fluid-driven extensional fractures develop where there is 

overpressure, hence clustering suggests that sealed fracture networks within the duplex were 

closer to the percolation threshold (Cox, 1999, 2005). Structural control has therefore 

apparently focussed hydrothermal fluids into localised channels that relate to interactions of 

local stress fields around major faults (cf. Rowland and Sibson, 1998). 

2.5.4 Implications for Hydrothermal Fluid Flow in Dilatational Fault Duplexes 

A better understanding of fluid flow within duplex structures may have commercial significance 

for many types of subsurface resource exploration projects, for example hydrocarbon migration 

in similarly sited petroleum reservoirs (e.g. Aydin, 2000; Sibson, 2000; Gartell et al., 2004). Long-

lasting duplex-hosted hydrothermal systems are also known to be important sites of high-grade 

ores, which are typically deposited along abandoned normal fault systems developed after the 

duplex has migrated (Berger, 2007). Extensional duplexes often also form zones of high heat 
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flow and crustal dilation that can be exploited as sources of geothermal energy. Examples of 

contemporary duplex-hosted geothermal systems include the Coso field, California (Lees, 2002) 

ŀƴŘ ǘƘŜ /ŜǊǊƻ tǊƛŜǘƻ ŦƛŜƭŘΣ aŜȄƛŎƻ όDƭƻǿŀŎƪŀ Ŝǘ ŀƭΦΣ мфффύΣ ŀƴŘ ǎƛƳƛƭŀǊ zones of strike-slip fault 

interaction are also currently a target for increased permeability and geothermal energy 

production in the United Kingdom (the United Downs Deep Geothermal Energy Project ς 

Ledingham et al., 2019). The studied site was chosen as a suitable analogue for contemporary 

geothermal systems in part due to its apparent high density and complexity of faulting, but also 

due to the presence of pervasive mineral veins. The distribution of these veins indicates that 

significant fluid flow has occurred primarily within the duplex structure either during or post-

faulting, whilst their composition suggests that this fluid flow occurred during a period of 

elevated heat flow (i.e. whilst the area formed part of an active magmatic arc). These topics are 

explored further in the next chapter. 

The dynamic nature of permeability within duplex structures influences coseismic and post-

seismic fluid redistribution within them, and hence the nucleation and propagation of seismic 

ruptures in such tectonic settings (e.g. Sibson, 1985, 1996, 2000). Geothermal systems tend to 

perform better with increasing structural complexity, where long-term, critically stressed areas 

keep fluid pathways open for longer with networks of closely spaced fractures (Faulds et al., 

2011, 2013). Data presented here therefore have important implications for the siting of 

production wells in similar structures to target zones of enhanced permeability and fluid flow. 

Whilst a more complex fracture network appears to improve the fracture connectivity and - as 

a result - permeability within a duplex-hosted geothermal system, increased complexity in 

contemporary systems ultimately increases exploration uncertainty. 

Such spatial variability in fault and permeability properties as documented here could, if sought 

to be understood during the reconnaissance of a similar geothermal system, significantly 

increase exploration risks and costs. For example, in an area where it is not possible to gather 

detailed evidence about the structural properties of the reservoir in the field, understanding 

will need to be based on a greater number of drilled wells and/or geophysical techniques such 

as gravity or magnetotelluric surveys. Without a detailed understanding of the fracture 

network, the risk of negative consequences such as induced seismicity or poor flow rates and 

energy production is increased, which may lead to the failure of a geothermal project. Hence, 

it is suggested that more exhumed analogue reservoirs are studied, with the aim of providing 

an ever-improving model of the structural variability within such systems. Further analysis of 

vein phase distributions (considered in Chapter 3) would also allow for refinement of models 

that aim to understand how fluids of different temperatures are distributed across such 

structures, allowing targeting of high temperature upwelling zones and avoidance of cooler 

fluid influxes. 

Together with an assessment of fault damage, analyses of vein thicknesses across the studied 

duplex (Figure 2.7) can be used to inform on the history of fluid flow (e.g. Berger, 2007). Since 
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permeability and fluid flow are known to increase in proportion to the square and cube of the 

fracture aperture respectively (as described in Chapter 1 ς Equations 1.3 and 1.4), larger vein 

thicknesses are assumed to represent a greater palaeo-permeability and fluid flux. Estimates of 

total precipitates (and hence fluid flow) are considered to be a minimum as felsic haloes of 

alteration minerals, created by fluid flow through microcracks, are also present around most 

veins (Faulkner et al., 2011; Jensen et al., 2011); further limitations regarding these assumptions 

are addressed in Chapter 5). Fluid flow as a result of enhanced permeability usually only occurs 

when faults are actively deforming, hence the distribution of veins at a local scale is apparently 

controlled by the structural configuration of the active fault zone at crustal scale (Sibson, 1981, 

1990; Cox, 1995, 1999). From the data presented here, we can infer that fluid flow in this 

transtensional duplex was apparently not controlled by individual faults or fractures, but rather 

was distributed across the whole duplex structure in correlation with fracture intensity. Hence, 

flow is inferred to have increased in relation to interactions between a denser set of 

heterogeneous regional faults. Cumulative thickness gradients presented in Table 2.4 indicate 

that volumes of precipitate ς and hence assumed amounts of fluid ς were 2-3 times greater 

within the duplex than outside of it. Figure 2.7 and Table 2.4 also highlight that precipitation 

within the duplex is more clustered compared to more uniform distributions outside of the 

duplex, further emphasising the heterogeneity of fluid flow at this scale and seemingly 

indicating the importance of fracture interaction and fault evolution in controlling structural 

permeability (e.g. Walsh et al., 1998; Sanderson et al., 2008). 

Fluid distribution patterns are ultimately transient and governed by the evolving connectivity 

between propagating minor faults (Cox, 1995). Complex structures are considered to inhibit the 

development of new faults, promoting long-term enhanced structural permeability and fluid 

flow as the proportion gaping Mode I/II fractures increases (e.g. Sibson, 1985, 2000; De Paola 

et al., 2007). For example, Cox (1995) showed that vein formation in a fault zone was focussed 

within a dilatational jog with a greater density of dilatant structures and higher permeability, 

with vein geometry indicative of repeated fluid pressure and shear stress fluctuations 

associated with fault valve behaviour (cf. Sibson, 1996, 2000). Indeed, as discussed in Sections 

2.5.1 and 2.5.3, structural complexities in the study area within the duplex and adjacent to the 

bounding fault have been shown to increase both fracture intensity and connectivity, 

suggesting that a more complex range of local stress concentrations within the duplex may 

promote more frequent and widespread fluid flow that can be highly variable through individual 

structures. Lǘ ƛǎ ǘƘŜǊŜŦƻǊŜ ƛƳǇƻǊǘŀƴǘ ǘƻ ŎƻƴǎƛŘŜǊ ǘƘŜ ǊŜǎŜǊǾƻƛǊΩǎ ǎǘǊǳŎǘǳǊŀƭ ƘƛǎǘƻǊȅ όŜΦƎΦ ƛƴ ǘŜǊƳǎ 

of the distribution of fracture-hosted precipitation and host rock alteration from past fluid flow 

events that may inhibit flow and modify local stresses), in order to establish their influence on 

structural permeability. 

With knowledge of the order of precipitation of the mineral assemblage coupled with a general 

understanding of evolving stress in active extensional duplexes (Cunningham and Mann 2007; 
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Berger et al., 2007; De Paola et al., 2007; Sibson, 1996, 2000) (factors that are considered in 

greater depth in Chapter 3), we can infer that some, but not all, principal flow conduits and 

linkage structures would have been open to fluid flow at similar times. Within the duplex, it is 

likely that earlier phases of fluid flow (i.e. events precipitating chlorite, epidote and quartz) 

would have reduced permeability through fracture sealing processes, thereby changing local 

stress conditions and perhaps allowing a new set of fractures to open. This is exemplified by 

Figure 2.7 showing how sites of dominant precipitation have apparently relocated within the 

duplex between distinct fluid flow phases. In the context of geothermal energy exploitation, it 

is worth noting that the migration of fluids within the duplex may have important implications 

for exploration risk and project success. For example, during the extraction of geothermal fluids 

from high permeability, high temperature upwelling zones, the impact of changing fluid 

pressures on principal stress orientations (discussed in the following chapter) must be carefully 

considered. Where multiple fracture orientations are present, the potential for fault 

reactivation and induced seismicity may be significantly increased. Within fluid recharge zones, 

into which cooled fluids may be reinjected, the effect of temperature differentials must also be 

considered to avoid thermally shocking the reservoir and potentially also inducing seismicity. 

Finally, the impact of reopening new fractures within permeable zones adjacent to duplex 

bounding faults must be considered in terms of frictional stability: since the development of 

major throughgoing faults in extensional duplexes is typically restricted, and fluid flow therefore 

concentrated in adjacent areas, major faults within such systems may have partially dried in 

areas of high heat flow. In well-developed faults such as the Bolfin Fault, which comprises a high 

proportion of clay minerals that are susceptible to frictional instabilities upon changing 

hydration states (e.g. Faulkner et al., 2008; Tembe et al., 2009; Lockner et al., 2011), there may 

be a significant risk of major fault reactivation and seismicity. This topic is explored within 

Chapter 4. 

2.6 Conclusions 

In this chapter, statistical analyses of structural outcrop data have been presented, which aim 

to convey the heterogenous distribution of fluid-hosting fractures across an exhumed 

transtensional duplex. Analyses also aimed to explore how this affects our understanding of 

fracture permeability in structurally similar geothermal systems. The following observations 

suggest that extensional duplex structures represent a focus for enhanced fluid flow that will 

be controlled by fault networks, however there are many important variables to consider when 

considering where in particular fluid flux may be greatest.  

¶ Indicators of mechanical damage around second-order faults to duplex-bounding faults 

show that the Caleta-Coloso Duplex contains a greater density of faults and fractures in 

comparison to surrounding regions, inferred to represent higher palaeo-permeability. 

Fracture damage within the duplex is systemically related to faults on all scales, and 

damage intensity increases along strike into the duplex. 



57 
 

¶ Data appear to conform to previous observations of fracture density drop-off with 

distance from a fault, suggesting that the amount of displacement on a fault coupled 

with the regional fault density may be the primary causes of intensity variation.  

¶ Two-dimensional damage within fault damage zones is heterogeneously distributed. 

Sites with higher average fracture intensity generally show less outcrop-scale variability 

and greater fracture connectivity. Connectivity, which ultimately controls permeability, 

appears to be controlled by the presence of abutting linkage structures, suggesting that 

later fluid flow phases are strongly influenced by pre-existing structures and are 

perhaps more tortuous as a result.  

¶ Veins (and hence principal fluid flow zones) within the duplex tend to form in clusters 

compared to a more uniform distribution outside of the duplex. Analysis of two distinct 

vein phases (chlorite-epidote-quartz and calcite) suggests that fluid flow in general uses 

the whole of the open fracture network, however phases precipitating calcite are 

limited to certain areas. Some complexities and implications of this will be explored in 

more detail in Chapter 3. 

These data have implications for understanding which areas may be considered suitable targets 

for geothermal drilling sites in similar structural settings, suggesting that stimulating areas 

adjacent to a high density of high-displacement faults in areas with multiple pre-existing 

structural fabrics may create greater permeability than other areas within a duplex structure, 

although all areas within the overlap zone provide a better target than those outside of it. 

Further study would be required to determine whether the selected sites accurately represent 

the position within the duplex rather than simply highlighting intrinsic variability. Further 

analysis of vein geometry and textures within each identified mineral phase (Chapter 3) also 

aim to develop an understanding of high- and low-temperature flow events and the influence 

of alteration and pre-existing fabric orientations on later fluid flow events, which have 

implications on the longevity of a geothermal system. Finally, considerations of proportions of 

each mineral phase within veins (cf. Chapter 3), as well as sealing mechanisms at micro-scale 

(cf. Chapter 5), may potentially yield information that helps to reduce inherent uncertainties 

arising from using vein thickness as a an indication of fluid flow, since different amounts of vein 

material may precipitate at different rates given different conditions or mineralogical phases. 
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3 The Creation and Maintenance of Structural Permeability: 

Unravelling the Temporal Evolution of Fluid Flow in an 

Exhumed Duplex-Hosted Geothermal System  

Abstract 

Permeability in isotropic geothermal reservoirs is largely controlled by fracture networks 

forming damage zones of major faults. An understanding of the temporal history of how these 

fracture networks are created and destroyed (e.g. via sealing by mineral precipitation), as well 

as the physical properties of the fractured host rock, are thus of fundamental importance when 

considering the development and evolution of a geothermal system.  A transtensional duplex 

structure within an exhumed propylitic system, part of the Atacama Fault System in northern 

Chile, provides an analogue for contemporary geothermal systems hosted in similar structures. 

Using a combination of fieldwork and laboratory work, fault damage zones within the duplex 

have been studied to bring together relevant aspects of regional fracture-hosted fluid flow, 

fracture formation, sealing mechanisms, and effects of alteration on rock strength to help 

understand the temporal evolution of the system. The composition and texture of sampled 

Mode I/II epithermal veins varies according to where within the duplex they have precipitated, 

ŀƴŘ ŘǳǊƛƴƎ ǿƘŀǘ ǎǘŀƎŜ ƻŦ ǘƘŜ ǎȅǎǘŜƳΩǎ ŜǾƻƭǳǘƛƻƴ ǘƘŜȅ ŦƻǊƳŜŘΦ aŜŀǎǳǊŜŘ ǾŜƛƴ ƻǊƛŜƴǘŀǘƛƻƴǎΣ 

combined with a timeline of precipitation, inform on the evolution of the state of stress during 

fluid flow in this geothermal system. Within the duplex, most vein material has precipitated in 

extensional structures favourably oriented perpendicular to the minimum principal sǘǊŜǎǎ όˋ3) 

(~WNW-ESE), with thin (<~2 mm) fractures appearing to have most control on fluid flow within 

this system. Crack-seal/stretching veins - implying fracture reactivation - almost always form 

sub-parallel to the dominant precipitation orientation and are most common in structurally 

complex areas adjacent to the duplex-bounding fault. In the laboratory, Uniaxial Compressive 

Strength tests show that mechanical strength of a hydrothermally altered host rock is greater 

than that of unaltered host rock. The presence of a vein within the host rock however, 

regardless of orientation, does not appear to significantly affect strength or influence fracture 

patterns, as evidenced by Brazilian Tensile Strength tests. It is suggested therefore that degree 

of alteration controls where subsequent creation of structural permeability takes place, rather 

than the presence of a vein itself as a planar discontinuity. In the studied duplex, preferential 

structural grain formed by veining does not appear to create new permeability in a different 

direction to that expected through an assessment of regional stress, however other mineral 

assemblages are likely to affect this. This study highlights the importance of assessing the extent 

of pre-existing fracture-related precipitation and alteration in a prospective geothermal area 

prior to drilling, or prior to changing effective pressures via reservoir operation. Anisotropy 

reactivation will have variable influence on permeability within a duplex structure with fracture 

reactivation the most common process facilitating fluid flow.  
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3.1 Introduction 

As introduced in Chapter 2, fault and fracture development in the upper crust is important in 

controlling fluid flow and provides insights into the mechanical, hydraulic and seismic 

properties of faults (Caine et al., 1996; Chester et al., 1993; Hickman et al., 1995; Gudmundsson 

et al., 2001; Faulkner et al., 2003, 2008; Wibberley and Shimamoto, 2003). In recent years the 

development of both natural and enhanced geothermal systems in a variety of isotropic host 

rocks (e.g. igneous and metamorphic basement lithologies) has increased, with fluid flow in 

these systems largely controlled by fǊŀŎǘǳǊŜ ƴŜǘǿƻǊƪǎ ǿƛǘƘƛƴ ŀ ŦŀǳƭǘΩǎ ǇŜǊƳŜŀōƭŜ ŘŀƳŀƎŜ ȊƻƴŜ 

(Chester and Logan, 1986; Caine et al., 1996; Wibberley et al., 2008, Davatzes and Hickman, 

2010; Faulkner et al., 2003, 2008, 2010; Dezayes et al., 2010; Bertani, 2016). High permeabilities 

and near-hydrostatically pressured fluids (i.e. high flow rates) are required to efficiently 

transport hot fluids (Limberger et al., 2018; Sibson, 2000), hence an understanding of fracture 

generation, precipitation history, and physical properties are of fundamental importance when 

considering the development and evolution of a geothermal system. Whilst the previous 

chapter explored spatial and scaling variations of permeable fracture networks to help 

understand fluid flow within a transtensional duplex, this chapter will focus on how the same 

network has evolved over time and how successive phases of fracture sealing and hydrothermal 

alteration of the host rock may influence later structurally controlled fluid flow. Data presented 

here are discussed in terms of implications for the temporal evolution of a geothermal system. 

Fault duplex structures (as described in greater detail in Chapter 2) develop as a fault 

ǇŜǊƛƻŘƛŎŀƭƭȅ ǇǊƻǇŀƎŀǘŜǎ ƻƴ ƻƴŜ ǎƛŘŜ ƻŦ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ŀƴŘ ΨǎƘǳǘǎ ƻŦŦΩ ǘƘŜ Ŧŀǳƭǘ ƻƴ ǘƘŜ ƻǘƘŜǊ ǎƛŘŜ 

(Cembrano et al., 2005; Wakabayashi et al., 2004). Overstepping fault segments can link and 

accommodate stretching and rotation of the regional stress field (Sibson, 1985; Woodcock and 

Fisher, 1986; Peacock and Sanderson, 1991; De Paola et al., 2007). Transtensional duplexes 

comprise a complex interaction of extensional-shear (i.e. Mode II) and purely extensional (i.e. 

Mode I) fractures, and their formation and evolution is largely dependent on the tensile 

strength of the host rock, differential stress (̀1- 3̀) and pore fluid pressures (Sibson 1996, 2000). 

Enhanced fault and fracture development within the fault overlap zone are considered to be 

important sites for fluid transport (e.g. Sibson, 1987; Berger, 2007; De Paola et al., 2007; Nixon 

et al., 2019), and the distribution and orientation of fractures with in them can significantly 

influence permeability and fluid flow properties (e.g. Leckenby et al., 2005; Choi et al., 2016). 

Whilst dense fracture sets generally increase structural permeability, fracture orientation must 

also be considered to identify the interaction between fractures and therefore which sets are 

contributing most to structurally controlled fluid flow (Wallis et al., 2012). 

Fluid-transporting fractures are temporally dynamic in that they may both operate as 

interconnected, open fluid flow pathways but also behave as fluid flow barriers, thereby 

decreasing the effectiveness of a potential geothermal resource (Dobson et al., 2003; Genter et 

al., 2010; Ball et al., 2015; Griffiths et al., 2016, McNamara et al., 2016). Structural permeability 
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may be reduced by the continued slip along a fracture (reducing asperities and producing fault 

gouge) and reduction in fluid pressure (causing the fracture to narrow or close) (Sibson, 1995, 

1996, 1997; Rutter and Maddock, 2007; Faulkner et al., 2010; Rempe et al., 2018). In this 

chapter, however, we focus on how structural permeability may be reduced through sealing by 

hydrothermal mineralisation (e.g. Rimstidt and Barnes, 1980; Sibson, 1990; Oliver and Bons, 

2001; Wiltschko and Morse, 2001; Cox, 2010; Bons et al., 2012). As well as causing sealing, 

pressure and temperature fluctuations may also reverse vein-forming precipitation reactions, 

causing mineral breakdown resulting in porosity and permeability generation (e.g., Heap et al., 

2012, 2013, 2017). The amount, composition and texture of vein fill provides a record of 

pressure, temperature and strain history, fluid compositions, and interactions between fluids 

and fractured host rock (Bons et al., 2012). TƘŜ ŦƛŜƭŘ ǎǘǳŘȅ ƻŦ ǘƘƛǎ ΨǇŀƭŀŜƻ-ǇŜǊƳŜŀōƛƭƛǘȅΩ ƛƴ an 

exhumed system offers a useful analogue of structural networks and fracture-forming 

processes that can be used to establish the evolution and sustainability of contemporary 

fractured geothermal systems, particularly those with no surface manifestations (Sibson, 1996; 

Faulkner et al., 2010; Faulds et al., 2011; Gomila et al., 2016; Sanderson, 2016). 

Mineral vein textures are largely a function of crystal nucleation and growth and the kinetics of 

these processes (e.g. Bons, 2000; Bons et al., 2012), and can therefore be used to gain insight 

into the pressure/temperature conditions that the fractured host rock has experienced as well 

as the local stress conditions ς this topic is explored further in Chapter 5. Vein formation 

(fracture sealing) can occur as a single precipitation event (e.g. a rapid decrease in the pressure 

of circulating fluids), or as multiple crack-seal or crack-jump events caused by fluid pressure or 

strain oscillations (e.g. Ramsay, 1980). As well as potentially creating permeability barriers, 

sealing by precipitation as a result of complex thermal-hydraulic-mechanical-chemical 

interactions (e.g. Fisher and Brantley, 1992; Laubach et al., 2004; Bons et al., 2012) has been 

ǎƘƻǿƴ ǘƻ ŎƘŀƴƎŜ ŀ ǊƻŎƪΩǎ ƳŜŎƘŀƴƛŎŀƭ ǎǘǊŜƴƎǘƘΦ Lƴ ƎŜƴŜǊŀƭΣ ƛǘ Ƙŀǎ ōŜŜƴ ŜǎǘŀōƭƛǎƘŜŘ ǘƘŀǘ ǊƻŎƪǎ 

containing planar discontinuities are usually weaker than those that are intact (Pluymakers et 

al., 2020), however the mechanical properties of a sealed fracture depend on many factors 

including the mineralogical composition and texture of the host rock, strength and morphology 

of vein crystals (hence indirectly also the rate of fluid flow, pressure-temperature conditions, 

mineral nucleation and growth processes, and fluid chemical composition) and adhesion of the 

vein to the host rock (e.g. Oliver and Bons, 2001; Hilgers and Tenthorey, 2004). 

Whilst fluid flow through fractures often results in vein precipitation, fluid percolation through 

microfractures in the adjacent host rock causes hydrothermal alteration that can be highly 

variable both between and within geothermal reservoirs as a result of changes in by pressure, 

permeability, rock type, temperature, and time (Pola et al., 2012). The dissolution of primary 

minerals and precipitation of secondary minerals that occurs has been shown to affect the 

mechanical strength of the rock (e.g. Sousa et al., 2005; Nara et al., 2011; Pola et al., 2012, 2014; 

Heap et al., 2014; Wyering et al., 2014, 2015) and hence may influence later fracture-hosted 

fluid flow events. Since compressive failure in strong, low porosity, isotropic rocks occurs 
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through the coalescence of pre-existing microcracks (e.g. Ashby and Sammis, 1990; Lockner et 

al., 1992), the intensity of microfracturing has a strong negative correlation with unconfined 

compressive strength (UCS) and a positive correlation with permeability that will change as 

fractures and microcracks are sealed with alteration minerals (Siratovich et al., 2014). The 

strength of the host rock is of particular interest to the geothermal industry because few 

ǊŜǎŜǊǾƻƛǊ ǊƻŎƪǎ ŀǊŜ ΨŦǊŜǎƘΩΥ improved knowledge of how alteration influences rock strength can 

help improve drilling efficiency and guide drill bit selection (Wyering et al., 2012, 2014). 

Siratovich et al. (2014) suggested that physical and mechanical properties are largely 

independent of alteration mineralogy, however many studies have shown that hydrothermal 

alteration causes a reduction in compressive strength (e.g. Rigopoulos et al, 2010; Meller and 

Kohl, 2014; Siratovich et al., 2016). Clay-rich alteration zones have also been shown to locally 

rotate stress fields up to 90°, resulting in high fracture densities in wells (Meller and Kohl, 2014). 

Tugrul and Zarif (1999) found that textural characteristics influenced rock strength more than 

mineralogy. Despite the high variability in the degree of alteration in typical geothermal areas, 

Wyering et al. (2015, 2017) showed that mechanical strength can be predicted using the relative 

percentage of primary and secondary mineralisation, mineral hardness, connected porosity and 

fracture abundance (which they developed into an alteration strength index). Hydrothermal 

alteration does not however cause a significant deviation in the relationships expected between 

physical and mechanical properties (e.g. increased density and decreased porosity, faster wave 

propagation and increased compressional strength with depth) (Wyering et al., 2014). 

As well as altering the permeability and mechanical strength of a reservoir, sealed fractures can 

influence (and be influenced by) local stress conditions (e.g. Barton et al., 1995; Caine et al., 

1996; Townend and Zoback, 2000; Healy, 2008) and the nature of subsequent fracturing (e.g. 

Caputo and Hancock, 1999; Virgo et al., 2013) ς the latter of which is common but not well 

understood (Virgo et al., 2014). Both are important in assessing the longevity of a geothermal 

resource, as well as the effect of production on wellbore stability in conventional geothermal 

systems (Ellsworth, 2013), and the effect of stimulation by fluid injection on local stresses, fault 

reactivation, and induced seismicity in EGS reservoirs (Moeck et al., 2009). Most structures 

conducive to fluid flow are those that are critically stressed and in frictional equilibrium with 

the in-situ stress field (Healy, 2008). Multiple deformation events on a strike-slip fault generally 

develop a vertical array of tensile fractures and a dominant horizontal permeability anisotropy 

ƴƻǊƳŀƭ ǘƻ ˋ1; indeed, significant proportions of fluid flow in some geothermal reservoirs are 

attributed to fractures of a single orientation (Barton et al., 1995). However, fault interactions 

and heterogeneous structural grain (i.e. pre-existing veins and fractures) may also produce 

important fault-parallel and oblique fracture sets (Lockner et al., 1992; Wilson et al., 2003; 

Healy, 2008; Virgo et al., 2014). Heterogeneities in fracture aperture and degree of 

mineralisation can cause stress concentrations that have been cited as the cause for increased 

fracture density and connectivity - and significant fluid flow - in non-optimally oriented 

structures (Brown et al., 1987; Barton et al., 1995; Wilson et al., 2003; Wallis et al., 2012).  
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Upon sealing, fractures develop cohesion, form a mechanical discontinuity and accommodate 

tensile stress in a different manner to that of the surrounding host rock. Existing planes of 

weakness can reduce the tensional strength and the required differential stress and fluid 

pressure for a fracture to form (Bons, 2000). In the presence of older vein sets, new fractures 

may cut the pre-existing vein, or be deflected/refracted, terminate or bifurcate against another 

structure, changing the relationship of the vein and the regional stress orientation (Virgo et al., 

2013). The ratio between host rock and vein strength determines where a new fracture will 

localise, with weak veins likely to cause fracture localisation within the vein to create a crack-

seal microstructure, and strong veins likely to create stretching όΨŎǊŀŎƪ-ƧǳƳǇΩύ microstructures 

where new fractures form in the adjacent host rock (Caputo and Hancock, 1999; Bons, 2000; 

Bons et al., 2012). The angle of orientation with respect 1̀ may be the most important factor in 

determining whether a vein influences later fracturing (Turichshev and Hadjigeorgiou, 2017). 

The influence of a planar discontinuitȅΩǎ ƻǊƛŜƴǘŀǘƛƻƴ ƻƴ ǊƻŎƪ ǘŜƴǎƛƭŜ ǎǘǊŜƴƎǘƘ Ƙŀǎ ōŜŜƴ explored 

for a range of anisotropic rocks, however data are lacking on the effect of single heterogeneities 

such as veins (Pluymakers et al., 2020). Lower angles of misorientation between a vein and a 

tensile fracture normal to ̀1 are likely to result in a greater degree of interaction (Virgo et al. 

2013) and a lower tensile strength (He and Afolagboye, 2018). Where misorientation angles 

between the two are higher, tensile fractures are more likely to propagate across the vein at a 

higher tensile strength, whilst intermediate angles tend to result in fracture deflection at low 

tensile strengths (Virgo et al., 2013; Turichshev and Hadjigeorgiou, 2017). 

This chapter will detail the temporal evolution of veining within an exhumed duplex-hosted 

geothermal system in the Atacama Fault Zone, Chile, aiming to bring together aspects of 

fracture formation, fracture sealing processes, and the effects of alteration on rock strength on 

regional fracture-hosted fluid flow. Section 3.2 gives an overview of the regional geological 

setting, before providing an overview of the methodology employed at selected field sites as 

well as during subsequent data analysis and laboratory tests in Section 3.3. Examples of studied 

vein compositions and textures are presented in Section 3.4.1, and Section 3.4.2 presents the 

results of spatial precipitation distribution analyses. Section 3.4.3 details how the orientations 

of these veins vary spatially across the duplex and temporally in terms of successive vein phases 

and highlights a particular interest in crack-seal-type veins. Section 3.4.4 uses laboratory data 

on the compressive strength of host rocks with differing degrees of alteration and on the tensile 

strength of veins with varied orientations to complement the field data and help to understand 

the effect of hydrothermal alteration and vein orientation on the creation and maintenance of 

structural permeability. Section 3.5 discusses the data in terms of the influence of precipitation 

on the mechanical strength of veins and host rock, the influence of regional stress on 

precipitation and the reactivation of pre-existinƎ ǎǘǊǳŎǘǳǊŜǎΣ ǿƛǘƘ ǘƘŜ ŎƘŀǇǘŜǊΩǎ ŎƻƴŎƭǳǎƛƻƴǎ 

summarised in Section 3.6. 
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3.2 Geological Setting and Site Overview 

The Atacama Fault System (AFS) and the associated Caleta Coloso Duplex (CCD) that contains 

the study area were described in detail in Chapter 2 and are summarised briefly again here. The 

!C{ ƛǎ ŀ ŎΦмллл ƪƳ ƭƻƴƎ ǎƛƴƛǎǘǊŀƭ ǎǘǊƛƪŜπǎƭƛǇ ǎǘǊǳŎǘǳǊŜ ōŜǘǿŜŜƴ LǉǳƛǉǳŜ όнмϲ{ύ ŀƴŘ [ŀ {ŜǊŜƴŀ 

(30°S). The fault zone cuts dominantly Early Jurassic ortho-amphibolite and ortho-granulite 

(Cembrano et al., 2005) (Figure 3.1). Structures ranging over 7 orders of magnitude (10-4 to 104 

m) (Jensen et al., 2011) are related to brittle, sinistral strike-slip events (~132 Ma and ~106 Ma 

- Scheuber et al., 1995; Taylor et al., 1998; Scheuber and González, 1999; Dallmeyer et al., 1996), 

and are overprinted on sinistral transpressional arc-related ductile deformation dated at 190-

110Ma (Cembrano et al., 2005; Scheuber and Andriessen, 1990; Royden, 1993; Taylor et al., 

1998; Scheuber and González, 1999). These structures have subsequently modified by Miocene-

Pliocene normal dip-slip reactivation (Dewey and Lamb, 1992; González et al., 2003, 2006).  

 

Figure 3.1: a) and b) Simplified structural map of the Atacama Fault System and c) Simplified geological 

map of the field area (modified from Cembrano et al., 2005). Field localities are marked as red stars. d) 

Simplified schematic diagrams of a transtensional duplex (in plan view, as well as cross sectional view 

across the transect X-Y) in the context of local and regional stress fields) (adapted from Wakabayashi 

et al., 2004; Cembrano et al., 2005 and De Paola et al., 2007).  
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The CCD is a transtensional duplex system bounded by the NNW-trending and steeply E-dipping 

Bolfin and Jorgillo strike-slip faults that show displacements of at least 10-200m (Cembrano et 

al., 2005). Duplex imbricate faults (i.e. second- and third-order faults) developed progressively 

by splaying off both bounding faults (Cembrano et al., 2005; Scheuber and González, 1999; 

Faulkner et al., 2011; Jensen et al., 2011; Stanton-Yonge et al., 2020) (Figure 3.1) and 

accommodate along-strike stretching and vertical displacement within the duplex via a 

combination of low-displacement NW-SE transtensional and N-S dip-slip movements 

respectively. ~E-W-trending third-order faults generally formed later within blocks defined by 

second-order faults, and minimum displacements of 10-100 m (second-order faults) and 0.01-

0.1 m (third-order faults) have been suggested (Jensen et al., 2011; Herrera et al., 2005; 

Olivares, 2004). Fault and fracture networks concentrated between the two bounding faults 

host a large proportion of total CCD mineralisation.  

3.3 Methodology 

In this study, vein orientation and thickness data were analysed for 836 veins from 15 1D 

transects. As outlined in greater detail in Chapter 2 and Appendix A, six areas from five different 

structural settings across the duplex (ΨǎƛǘŜǎΩύ ŀǊŜ ŘƛǎŎǳǎǎŜŘ ƛƴ ǘƘƛǎ ǎǘǳŘȅΣ ŀǎ ŘŜǎŎǊƛōŜŘ in Table 

3.1 and referred to in subsequent figures. Linear transects were taken sub-perpendicular to the 

orientation of second-order faults (i.e. approximately NE-SW), where faults are defined as 

structures containing at least a partially-developed core and, if determinable, some evidence of 

displacement. At some sites the relationship to a major fault was less clear, however this is 

noted wherever this was the case.  

36 veins of varying compositions were sampled in the field and cut perpendicular to the vein. 

Cut samples were mechanically polished using diamond pastes and made into 30 µm uncovered 

thin sections. As well as standard optical petrography, backscatter Scanning Electron 

Microscopy (SEM) and cold cathode cathodoluminescence (CL) analyses were also performed 

(Appendix B, Section B1). Imaged vein textures have been classified according to their 

macroscopic, microscopic, and growth morphology as described in Bons (2000) and Bons et al. 

(2012) (also see Chapter 1). Veins are considered to be Mode I (extensional) where there is no 

evidence of shear motion. Mode II/III (transtensional to shear) veins are defined as those with 

an initial displacement direction oblique to the sealed fracture surface. The majority of analysed 

veins have been classified as Mode I or II, with just ~5% classified as Mode III.  

Thin sectioning of unaltered and hydrothermally altered host rock, alongside X-Ray Diffraction 

(XRD) analyses (Appendix B, Section B1), was also carried out to provide chemical and textural 

ŎƻƴǘŜȄǘ ŦƻǊ ǘƘŜ ƭŀōƻǊŀǘƻǊȅ ŀƴŀƭȅǎŜǎ ŘŜǎŎǊƛōŜŘ ōŜƭƻǿΦ Ψ¦ƴŀƭǘŜǊŜŘΩ Ƙƻǎǘ ǊƻŎƪ ǿŀǎ ǎŀƳǇƭŜŘ Ҕмлл 

m from the nearest fault at Site 2 and showed little visible evidence of alteration mineralogy in 

ǘƘŜ ŦƛŜƭŘΦ Ψ!ƭǘŜǊŜŘΩ Ƙƻǎǘ ǊƻŎƪ ǎŀƳǇƭŜŘ ŀǘ ǘƘŜ ǎŀƳŜ ǎƛǘŜ ǿŀǎ ǘŀƪŜƴ ŀŘƧŀŎŜƴǘ ǘƻ ŀ ǎŜŎƻƴŘ-order 

fault in an area of dense veining, however did not contain any veins itself. 
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Table 3.1: A description of field sites (data measurement and sampling locations) across the study area. 

More detailed information is provided in Appendix A. 

Site Description 

1 ΨhǳǘǎƛŘŜ ƻŦ ǘƘŜ 5ǳǇƭŜȄΩΥ Site 1a: ~280 m West of the 1st order Bolfin Fault core, covered by one 

7 m transect. Site 1b: ~11 km SSW of Site 1a, ~280 m West of the Bolfin Fault, covered by one 

9.5 m transect adjacent and perpendicular to a potential 2nd order fault. 5 veins were sampled 

and later thin-sectioned. 

2 ΨbƻǊǘƘŜǊƴ aŀǊƎƛƴΩΥ ~180 m East of the Bolfin fault, on the northern margin of the mapped 

extensional duplex footwall, and adjacent and perpendicular to a 2nd order fault. Covered by 3 

transects totalling ~30 m. 7 veins were sampled and later thin-sectioned. 

3 Ψ5ƛƭŀǘŀǘƛƻƴŀƭ WƻƎΩΥ ~200-370 m East of the Bolfin Fault and ~8 km SSE of Site 2, a complex 

structure adjacent to a bend in the Bolfin Fault. Covered by 3 transects totalling 17 m, all 

adjacent and perpendicular to 2nd order faults, with 2 also parallel to 3rd order faults. 9 veins 

were sampled and later thin-sectioned. 

4 Ψ5ƛǎǘǊƛōǳǘŜŘ CŀǳƭǘΩΥ ~200 m East of the main fault and ~2 km SSE of Site 3. The site is described 

in Jensen et al. (2011) as having a total distributed (2nd order) fault thickness of ~17 m. Horizontal 

displacement is estimated at a few metres. Covered by 2 structural transects totalling 17 m, and 

another 9 m transect ~800 m further East, perpendicular to a less distributed 2nd order fault. 7 

veins were sampled and later thin-sectioned. 

5 Ψ/ŜƴǘǊŀƭ 5ǳǇƭŜȄΩΥ ~3000 m East of the Bolfin Fault and ~1950 m West of the Jorgillo Fault, and 

also described in Arancibia et al. (2014). Covered by 3 structural transects totalling 17.5 m, 

adjacent and perpendicular to 2nd order faults, with one also parallel to a 3rd order fault. 5 veins 

were sampled and later thin-sectioned. 

 

Data collected in the field (vein orientation, thickness, mineral composition(s) and notable 

textures or kinematic indicators along defined 1D transects as described in Table 3.1) were 

analysed to investigate the total amount of precipitate distributed across the fault duplex. 

When separated into mineralogies indicative of successive precipitation phases, these data are 

interpreted to represent phases of palaeo-fluid flow. The total amount of precipitate at each 

site was calculated as a total of all measured vein thicknesses at each site, normalised for the 

lengths of transects. Proportions of each mineral phase were calculated across the duplex as a 

whole and also for each site. Data were also analysed to investigate the spatial distribution and 

temporal evolution of vein orientations. All measured vein orientations, corrected for 

orientation bias as described in Chapter 2 and Appendix A (Section A4), were plotted by site as 

poles to planes with Kamb contours, alongside planes and poles of observed 1st, 2nd and 3rd 

order faults at the same site. The distribution of total amount of precipitate across each site 

was plotted as the amount of measured vein thickness within 10° orientation bins, with 

standard deviations from the mean also calculated. Average vein thickness per 10° orientation 
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bin was also plotted, alongside histograms of vein thicknesses at each site to indicate vein 

thickness distributions. Together, these plots provide an indication of how the amount of vein 

precipitate may correlate with local fracture distributions and regional stress patterns. 

To investigate the effect of vein orientation on sealed fracture reactivation, indirect (Brazilian) 

tensile strength experiments (Appendix B, Section B1) were conducted - in accordance with the 

D3967-16 laboratory standard (ASTM International, 2016) - on 2 rock discs cored through 

relatively unaltered host rock, 2 through hydrothermally altered host rock, and 16 through 

altered host rock containing chlorite (8 samples) and epidote (8 samples) veins at a range of 

orientations (0°, 30°, 60° and 90° ǿƛǘƘ ǊŜǎǇŜŎǘ ǘƻ ˋ1). To investigate the influence of 

hydrothermal alteration and presence of veining on rock strength, Unconfined Compressive 

Strength (UCS) tests (Appendix B, Section B1) were conducted on 2 cored samples of 

hydrothermally altered host rock and 2 cored samples of relatively unaltered host rock, as well 

as cores of altered host rock containing chlorite- and epidote-filled Mode I veins (2 samples 

each). Core samples were cut to 20 mm in diameter and ~50 mm long, and deformed in a 

uniaxial apparatus at a rate of 1 µms-1 until failure occurred, in accordance with the D7012-14 

laboratory standard (ASTM International, 2014). 

3.4 Results 

3.4.1 Vein Mineralogy and Microstructures  

Both Mode I and II veins are found in our study areas. Whilst the majority are considered to be 

Mode I, 8% of measured veins across the duplex contain crystal opening fibres that are not 

perpendicular to their fracture walls, indicating transtension, or show evidence of slickenlines 

that indicate either normal (Mode I/II) or shear (mode II/III) reactivation (cf. Faulkner et al., 

2011). Of this 8 %, ~70 % are located at Sites 3 and 4 and 84 % show evidence of sinistral offset. 

It is also common to see Mode III veins, usually comprising a chlorite-epidote-quartz gouge, 

within or adjacent to Mode I/II veins within a few metres of fault cores at all sites. Veins 

measured within fault damage zones in the study area contain dominant mineral assemblages 

of chlorite, epidote and quartz, with minor calcite, clays (e.g. palygorskite) and salts (e.g. 

gypsum). Vein composition and texture varies temporally with respect to evolving geothermal 

fluid flow within in this structural network (Figure 3.2a), as evident from the relationships 

between minerals in individual polyphase veins and between multiple vein generations. 

Composition and texture also varies according the spatial location within the duplex (Figure 

3.2b), and 20 % of the total vein population shows evidence of crack-seal or stretching vein 

textures (Figure 3.2c). 
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Figure 3.2: (Part a: See Page 69 for full caption). 
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Figure 3.2: (Part b: See Page 69 for full caption). 
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Figure 3.2: Photomicrograph images (plane polarised light and crossed polarised light), backscatter 

scanning electron microscopy images, and cathodoluminescence images highlighting the range of 

mineral compositions, textures, and relationships across the duplex, a) temporally and b) spatially, with 

c) also highlighting examples crack-seal and stretching vein textures. White scale bars on images 

represent 1 mm. 

Temporally (Figure 3.2a), chlorite precipitate forms a lining on the vein walls and represents the 

first phase of fracture sealing. Following this, epidote precipitates either as elongate euhedral 

crystals, or within a brecciated mass alongside chlorite and/or quartz. Quartz often precipitates 

coevally with epidote, or as blocky or elongate blocky quartz crystals post epidote scaling. These 

vein mineralisation phases are often succeeded by a later calcite precipitation phase, which 

typically fills open voids and microfractures and occasionally forms veins with blocky or 

asymmetric ataxial crystals. A second phase of calcite, smectite (palygorskite), gypsum, halite, 

and possibly haematite όΨ5оΩύ is distinguishable from earlier mineralisation phases using optical 

petrography and CL. Chemical changes both during the growth of individual calcite crystals as 

well as between precipitation phases are evident with CL analysis. 
































































































































































































































































































































































































































