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ABSTRACT 

Brittle-viscous deformation cycles at the base of the seismogenic zone in the 

continental crust 

Francesca Prando 

The main goal of the study was to determine the dynamical cycle of ductile-brittle 

deformation and to characterise the fluid pathways at different scale of a brittle-viscous 

fault zone active at the base of the seismogenic crust. Object of analysis are samples 

from the sinistral strike-slip fault zone BFZ045 from Olkiluoto (SW Finland), located in 

the site of a deep geological repository for nuclear waste.  

Combined microstructural analysis, electron backscatter diffraction (EBSD), and 

mineral chemistry were applied to reconstruct the variations in pressure, temperature, 

fluid pressure and differential stress that mediated deformation and strain localization 

along BFZ045 across the BDTZ. Ductile deformation took place at 400-500° C and 3-4 

kbar, and recrystallized grain size piezometry for quartz document a progressive 

increase in differential stress during mylonitization, from ca. 50 MPa to ca. 120 MPa. 

The increase in differential stress was localised towards the shear zone centre, which 

was eventually overprinted by brittle deformation in a narrowing shear zone. Cataclastic 

deformation occurred under lower T conditions down to T ≥ 320° C and was not further 

overprinted by mylonitic creep. Porosity estimates were obtained thought the 

combination of x-ray micro-computed tomography (µCT), mercury intrusion 

porosimetry, He pycnometry and microstructural analysis. Low porosity values (0.8-

4.4%) for different rock type, 2-20 µm pore size, representative of pore connectivity, 

and microstructural observation suggest a relationship to dynamical cycle of fracturing 

and sealing mechanism, mostly controlled from ductile deformation. Similarly, the 

observation from fracture orientation analysis indicates that the mylonitic precursor of 
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BFZ045 played an important role in the localization of the brittle deformation. This 

thesis highlights the ductile-brittle deformation cycle in BFZ045 was controlled by 

transient oscillations in fluid pressure in a narrowing shear zone deforming at 

progressively higher differential stress during cooling. 
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1 Introduction 

 

1.1 Thesis rationale 

 

According to strength envelopes of the continental crust the Brittle Ductile transition 

zones (BDTZ)   occurs at a depth of 10-15 km in the continental crust (Kohlstedt et al., 

1995, Ranalli, 1997, Bos and Spiers, 2002). Such zone corresponds conventionally to 

the base of the seismogenic zone (Sibson, 1982). Yet, an increasing number of studies 

indicate that the depth interval for the BDTZ may fluctuate transiently, reflecting 

variations in strength (Hirth and Tullis, 1994; Scholz, 1998; Fossen and Cavalcante, 

2017; Melosh et al., 2018) and fluid pressure (Cox, 2010; Kjøll et al, 2015; Sibson and 

Rowland, 2003; Yardley and Baumgartner, 2007; Marchesini et al., 2019), thus 

controlling rheological behaviour of the crust both in the short- and long- term. 

The cyclical interplay between brittle and ductile deformation has been documented 

being an important part of the evolution of some mid-crustal shear zones (e.g. 

Pennacchioni and Mancktelow, 2007; Fusseis and Handy, 2008; Wehrens et al., 2016; 

Melosh et al., 2018). However there are still uncertainties about the interplay between 

the several mechanisms underlying such cyclicity.  

A critical question is whether what evidence of such cyclical fluctuations can be 

preserved in the geological record and if the scale of such variations may be determined 

by examining natural fault rocks. 

The case of study presented in this thesis is a fault zone located in the migmatitic 

Proterozoic crystalline basement of southwest Finland on the Island of Olkiluoto and 

characterized by a ductile precursor. The fault is located within the location designated 
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to host the Finnish deep repository of high-grade nuclear waste. To produce reliable 

evaluation of the site's long-term stability and the corresponding risk assessment 

extensive research has been conducted around Olkiluoto's bedrock, and provide an 

incommensurable resource for the wide array of data offered.  

The further refinement of knowledge about the process that characterized faults present 

in  the basement block being excavated in Olkiluoto, brought the support of Posiva Oy, 

the Finnish organisation responsible for the management of the nuclear waste and the 

construction of the national repository (http://www.posiva.fi/en) to the research 

activities of this Ph.D. thesis.  

This thesis is part of a larger study in regards of a defined set of conjugate subvertical 

structures, exhumed from the brittle-ductile transition zone (BDTZ), aimed to be used 

as a proxy to study fault initiation and reactivation in a crystalline basement in response 

to fluid pressure oscillations. This study was conducted in collaboration with the 

University of Bologna, (IT) where a second Ph.D. project was completed in 2020, 

focusing mostly on the syntectonic veins in the fault zones of the Proterozoic basement. 

The main goal of this thesis study was to determine the mechanical evolution, and to 

characterise the multi-scale fluid pathways of brittle-viscous fault zone active at the 

base of the seismogenic crust.  

Given the presence of a ductile precursor in fault architecture, the research focused on 

the role played by this ductile precursor in controlling deformation cycles at 

seismogenic depth.  

In this thesis a multi-methodological approach was applied to pursue the set objectives.   

Firstly the observation and identification of a record of transient behaviour of 

deformation by describing the geometry and characteristic microstructure of the fault 
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trough microstructural studies.  Afterwards the work of study was conducted with the 

objective to estimate the role of different rheological parameters, most notably 

differential stress, P-T conditions, and fluid pressure, on the activation of brittle vs 

viscous deformation processes leading to the observed cyclicity. Moreover the 

characterization of porosity and fractures distribution along the faults was aimed toward 

the improvement of a proposed conceptual model of the evolution of fault slip 

behaviour in a cyclical brittle-ductile transition zone.   

1.2 Thesis structure:  

 

The approach to the studies presented in this thesis followed a progressive investigation 

of these subjects, allowing for the generation of (semi-)quantitative restrictions on the 

deformation mechanisms following the initial microstructural analysis using a 

multimethodological approach.  

Chapter 2: introduces the basic concepts of rock mechanics and fault rheology in the 

lithosphere that form the necessary conceptual basis to the following chapters. 

Moreover it provides an overview of the regional geology of southwestern Finland, with 

a particular focus on the local geology of the Olkiluoto Island. A concise description of 

the long-term evolution of its basement and of the deformation stages registered is 

presented. 

Chapter 3: gives an overview of the set of analytical techniques and methodologies 

employed in the study of the Olkiluoto fault rocks. Analysis setting for each technique 

are given in the chapter in which they have been applied.  

Chapter 4: description and characterization of microstructures of the fault BFZ045 with 

a focus on the brittle fault zone (BFZ) presenting a ductile precursor that forms the main 

focus of the study. It present the constrained deformation history of the fault zone and 
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use quartz microstructure to estimate the stress history of the mylonitic precursor. A 

conceptual model of the evolution of fault slip behaviour is also presented. 

This Chapter is based on the published paper :   

 Prando, F., Menegon, L., Anderson, M., Marchesini, B., Mattila, J., Viola, G., 2020. Fluid-

mediated, brittle–ductile deformation at seismogenic depth – Part 2: Stress history and 

fluid pressure variations in a shear zone in a nuclear waste repository (Olkiluoto Island, 

Finland). Solid Earth 11, 489–511. https://doi.org/10.5194/se-11-489-2020 

 

Chapter 5: is focused on a detailed multiscale porosity study of the fault rock type 

characterizing BFZ045. The methods used includes microstructural analysis, µ-CT, 

pycnometry, porosimetry used to assess the residual porosity of the fault rock and asses 

possible cyclicity or deformation mechanism controlling variation of fluid pressure. 

In Chapter 6: Orientation of fluid pathways are investigated trough image analysis of 

3D microtomography dataset of fault rock samples. Using the chlorites lining fractures 

as proxy to interpret into more the role of the ductile precursor in affecting the brittle 

onset of the fault deformation.  

Chapter 7: final remarks of the presented study and future works   

 

  

https://doi.org/10.5194/se-11-489-2020
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2 The Brittle-Ductile Transition in the continental crust 

2.1  Crustal rheology and deformation mechanisms 

The deformation behaviour of the continental crust is traditionally described by strength 

profiles (Kohlstedt et al., 1995). The conventional strength profile of the continental 

crust is a combination of the increase in frictional strength of the upper crust (which 

therefore is expected to deform in a dominant brittle way) with depth, and the viscous 

strength of the ductile middle- and lower crust, commonly described by the rheology of 

quartz deforming by dislocation creep. The brittle-ductile transition separates the two 

end-member deformation behaviours and is associated with the change from fracture 

and frictional sliding on one or more discrete surfaces to thermally activated creep 

within zones of viscous, solid-state flow (Handy et al., 2007). 

The brittle upper crust is characterized by low temperatures and confining pressures; its 

frictional behaviour is defined by the pressure-dependent Byerlee’s law (Byerlee, 1978; 

Kohlstedt et al., 1995; Ranalli, 1997), also described by the Mohr-Coulomb failure 

criteria.  

𝜏 = 𝜎 tan 𝜙 + c      𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 ( 2.1) 

 

Where 𝜏 is the shear strength, 𝜎 is the normal stress, c is the cohesion, and 𝜙 is the 

angle of internal friction. 

The increase in the temperature and confining pressure in the middle crust results in the 

transition towards a ductile deformation style, described by a temperature and strain rate 

-dependent viscous flow.  The deformation mechanisms in the ductile domain are 

described by flow laws that relate the stress to the strain rate: 

 έ = 𝐴 (𝜎)𝑛  exp (−
𝑄

𝑅𝑇
)    𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛( 2.2) 
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where έ is strain rate, σ is the differential stress raised to the stress exponent n, A is a 

constant (derived experimentally), Q is the activation energy, R is the gas constant, T is 

temperature.  

The two dominant deformation mechanisms that are commonly operative in the ductile 

regime are: stress sensitive dislocation creep and grain size sensitive diffusion creep. 

Dislocation creep produces crystal plastic deformation trough motion of dislocation in a 

crystal lattice. Dislocations move through the crystal lattice along slip systems, defined 

by specific crystallographic planes and directions. The activation of a slip system 

depends on multiple factors, such as crystallography, temperature, orientation of the 

stress field relative to a slip plane, the magnitude of the shear stress, the activation 

energy, the amount of deformation (strain), and the strain rate (e.g. Stipp et al., 2002; 

Heilbronner and Tullis, 2006; Karato, 2008). Evidence of dislocation creep in the 

microstructural record is a strong crystallographic preferred orientation (CPO), flattened 

and elongate ribbon grains, development of subgrains, and dynamic recrystallization.    

Dynamic recrystallization is a recovery mechanism that forms new grains by bulging 

(BLG), subgrain rotation (SGR) or grain boundary migration (GBM) (e.g. Hirth and 

Tullis, 1992). BLG forms ‘bulges’ in the grain boundaries as effect of intragranular 

dislocation density differences between adjacent grains. Bulges might form new grains 

if rotated, pinched or sheared off (Stipp and Kunze, 2008). 

With SGR new grains are formed from the progressive rotation of subgrains. Rotation 

occurs until the misorientation angle between two subgrains reach a determined 

threshold, usually defined at 10°. The resulting grains are smaller, strain-free grains, 

with a different orientations with respect to the parent grain. GBM forms new grains by 

fast migration of a grain boundary from a grain with lower dislocation density into a 

grain with greater dislocation density (Blenkinsop, 2007; Karato, 2008). 
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Diffusion creep produces crystal plastic deformation trough the diffusion of 

intracrystalline point defects along grain boundaries (Coble creep) or within the grain 

lattice (Nabarro-Herring creep)(Karato, 2008). Nabarro-Herring creep occurs under high 

temperature conditions, and is rare in crustal rocks, whilst Coble creep is a common 

process. Diffusion creep is characteristic of high strain rates and low differential stresses 

and is a grain size sensitive mechanism. Thus, it is facilitated by small grain sizes. 

Diffusion creep can be identified microstructurally by the fine grain size of polyphase 

mixtures, a high degree of phase mixing, the high frequency of triple and quadruple 

junctions between grains, the presence of internally strain free grains, and the absence 

of a crystallographic preferred orientation (Blenkinsop, 2007). 
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2.2 The Brittle-Ductile Transition. 

The brittle-ductile transition in the continental crust (BDT) is commonly associated with 

a depth of 10-15 Km, corresponding to the base of the seismogenic zone (Sibson, 1982). 

However, a growing number of evidence of seismic behaviour below the BDT in the 

“ductile” crust (e.g. Menegon et al., 2017; Stewart and Miranda 2017; Prieto et al., 

2017) indicates that the BDT can propagate to deeper crustal conditions.  

Numerous parameters determine the behaviour of faults at the BDT zone in the crust: 

tectonic settings, fluid pressures, strain rate, bulk-rock composition, and the geotherm 

(Handy 2007). Of particular interest for this project are the roles of bulk-rock 

composition (and its associated rheology) and of fluid pressure. 

2.2.1  Role of bulk rheology 

Depending on the bulk rock composition and mineralogy, the BDT can occur at 

different depths resulting in “Christmas Tree” type strength profiles (e.g. Kohlstedt et 

al., 1995, Fig. 2.1). The strength profiles are commonly derived for single mineral 

phases, which are considered representative of the bulk rheological behaviour of 

specific crustal depths (e.g. quartz for the middle crust, plagioclase and pyroxene for the 

lower crust). The average bulk composition at mid crustal level is represented by 

granitoids, therefore the rheological proprieties of quartz and feldspar are commonly 

used to model the deformation behaviour of the middle crust at the BDT zone (Hirth et 

al 2001; Handy and Brun, 2004).  
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The rheological behaviour of quartz is generally used to describe the rheology of the 

middle crust, which typically includes also the BDT (Fig. 2.1). The transition from 

brittle to plastic deformation of quartz, associated with the onset of dynamic 

recrystallization processes, has been observed to occur at T of 280° ± 30° (Stipp et al. 

2002a).  

Observation of natural (Dunlap 1997, Stipp et al., 2002) and experimental (Hirth and 

Tullis 1992) deformed quartz identified that dislocation creep dominates plastic 

deformation for quartzite. Hirth et al. (2001) derived the following flow law for 

dislocation creep of quartzite, which is now commonly used to predict the deformation 

of quartz under mid crustal conditions: 

έ =  𝐴𝑓𝐻2𝑂
𝑚  𝜎𝑛 exp (

−𝑄

𝑅𝑇
)  𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 (2. 3) 

 

Figure 2.1 Crustal strength profiles for monomineralic (quartz) and polymineralic (quartz 

and feldspar) rocks (modified from Wehrens et al. 2016). 
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With n=4, m=1, log (A) =-11.2±0.6 MPa –n/s, f H2O is the fugacity of water, Q=135±15 

kJ/mol, R is the gas constant, T is temperature. 

Assuming a fixed temperature for BDT, (e.g. ~300 for quartz, corresponding to lower 

greenschist facies metamorphic conditions), the flow law indicates that the depth at 

which the onset of quartz plasticity occurs can be controlled by variations in stress, 

strain rate, or fluid pressure.  

Considering polymineralic rocks is fundamental to predict a more realistic deformation 

behaviour of the crust. It is especially true in transient stages involving considerable 

grain size variations, with potential switches from dislocation creep to diffusion creep 

triggered by metamorphic reactions and grain boundaries pinning effects (Herwegh et 

al., 2011), whereas in monomineralic rocks, the effect of secondary phases on the grain 

size is negligible (Herwegh and Berger 2004). In polyphase rocks, the resulting rock 

strength will strongly depend on the spatial distribution and amount of different phases, 

on their relative strength, and on the deformation mechanisms dominant in each phase 

(e.g. Kilian et al., 2011).  

However, in this project we will use quartz microstructures as a proxy for the bulk 

mechanical and rheological behaviour of the fault. Quartz occurs in large amounts (> 

60% ) in the fault rock photolith, a veined gneiss with SiO2 content exceeding 75% 

(Kärki  and  Paulamäki, 2006), and quartz veins represent a large fraction of the studied 

fault rocks.  

 



29 

 

2.2.2  Role of fluids pressure 

Fluid pressure has an important role in the mechanical behaviour of the crust, as it 

lowers the normal stress acting on a surface ( 𝜎𝑛
𝑒𝑓𝑓

= 𝜎𝑛 − 𝑃𝑓  for Terzaghi’s principle 

where  𝜎𝑛
𝑒𝑓𝑓

 is the effective normal stress, σn is the normal stress and Pf is the fluid 

pressure), therefore facilitating brittle failure at depths where the rock would otherwise 

be stable or in the ductile domain. Estimating the pore fluid pressure is crucial to 

determine the depth and the processes of the BDT, especially in cases where pore fluid 

pressure has values higher than hydrostatic  

(Fig. 2.2). 

 

Figure 2.2 Strength profile calculated for a strike slip setting (Hirth and Beeler 2015). 

Strain rates calculated using quartzite flow law (Hirth et al. 2001). Brittle failure shown 

for ratio of pore fluid pressure l ranging from 0.4 (hydrostatic pore fluid pressure) to 

0.9 (near-lithostatic pore fluid pressure). 

Pore fluid pressure is expressed by the pore fluid factor λ, which is the ratio of fluid 

pressure Pf to vertical stress σv. Values of λ=0.4 are characteristic of hydrostatic fluid 

pressures in the crust, while λ=1 indicate a lithostatic fluid pressure. Evidence for 
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elevated pore fluid pressure (λ>0.4) affecting fault behaviour has been reported from the 

granitoid middle crust (Cox, 1995; Cox, 2007; Wehrens et al., 2016; Molli et al. 2017).  

Figure 2.2 (from Hirth and Beeler, 2015) shows an example of how pore fluid factor can 

affect the depth of the BTD and the rheological behaviour of a strike slip fault.  

Considering a possible range of differential stresses associated with fault reactivation of 

normal, strike-slip, and reverse faults at seismogenic depth (40 to 160 MPa, taken from 

the literature), Streit and Cox (2001) inferred that high pore fluid factors values are 

needed to  have seismic reactivation of cohesive faults near the base of the seismogenic 

zone at ≈ 15 Km (e. g strike slip λ≈ 0.6 to 1).  

Fluid flow at the BDT depends on the competition between porosity-generating (e.g. 

micro cracks, dilatancy) and porosity-destructing (e.g. crack healing and sealing) 

processes. The competition between these mechanisms may result in transient episodes 

of high fluid flux associated, for example, with the emplacement of veins in an 

otherwise ductile environment (Cox 2002). This reflects also the competition between 

brittle and ductile deformation mechanisms that characterizes shear zones and faults at 

the BDT. In turn, the transitions in deformation mode (from viscous creep to brittle 

fracturing) is likely to be related to episodic fluctuation in differential stress, strain rate 

and fluid pressure (Cox, 1999), leading to episodic fluid flow.  

 To visualize the transient behaviour of faults related to the evolution of pore fluid 

pressure and differential stress, Cox et al. (2010) proposed the use of λ-σ failure mode 

diagrams.  

These diagrams illustrate brittle failure envelopes and strain rates contours calculated 

for faults in different tectonic regimes, depth, cohesive strength, friction coefficient and 

orientation (as defined by the angle between σ1 and the fault plane) (Fig. 2.3).  
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Brittle failure occur either by extension mode fracture or shear failure, while in some 

cases it may involve a component of shear and dilation, resulting in a hybrid 

extensional-shear failure. The mode of brittle failure depend on relative values of 

differential stresses and tensile strength (T). The diagram in Fig.2.3 presents the pore 

fluid factor-differential stress for a given depth in the crust. The extension mode 

envelope (in red) extends between 0≤ σ1-σ3 ≤4T; hybrid extensional-shear failure (in 

green) is modelled as a parabolic failure envelope in the interval 4T ≤σ1-σ3 ≤ 4T/sinθ, 

with θ being the angle between σ1 and the shear fracture. Brittle shear failure (in blue) 

occur on a linear failure envelope σ1-σ3≥ 4T/sinθ. For all stress and pore fluid factors 

state occuring below the composite failure envelope, the rock mass can deform 

plastically or be elastically strained. Brittle failures occurs when stress or pore fluid 

pressure states reach the envelope. States of stresses or pore fluid factor above the 

envelope cannot be attained. 

 

Figure 2.3 Pore fluid pressure (λ) – differential stress (σ) failure mode diagrams. A) 

Generic failure mode diagram at a given depth. For stresses below the composite 

failure envelope, the rock mass deform viscously. Strain rate contours based on a cubic 

power law illustrate viscous creep. Paths A-E illustrate how changes in fluid pressure 

and stress states can drive failure. B) Failure mode diagram for reverse, normal and 

strike-slip regimes at depth of 10 km. The composite failure envelop are colour coded as 

in A (Modified from Cox et al. 2010). 
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The λ-σ failure mode diagrams provide an ideal tool to model the possible evolution of 

failure modes as a function of oscillations in pore fluid pressure and differential stress. 

Brittle failure of a rock can be induced by a combination of changes in pore fluid 

pressure and differential stress (Sibson 2001). In the example shown in Figure 2.3,  Path 

A represents a purely stress driven failure, while path C and E are purely fluid driven, 

however due to the variation in differential stresses they result in the development of a 

shear fracture and of an extensional fracture, respectively. Paths B and D represent 

cases where brittle failure is triggered by a combination of pore fluid pressure increase 

and differential stress increase.   

2.3  Overview of the geology of southern Finland  

 

The crystalline bedrock of Finland is part of the Precambrian Fennoscandian Shield.  

North Finland is characterized from the Karelian Craton and Lapland greenstone belt, 

Archean in age (3.5-2.5 Ga) (Vaasjoki et al., 2005). (Fig 2.4)  

A younger Paleoproterozoic basement (1.93-1.8 Ga) characterises central and southern 

Finland, delineating the Svecofennia tectonic province (Nironen et al. 2017). The 

province is divided in Western and Southern subprovince, emplaced either during a 

single Svecofennian orogenic episode (e.g. Lahtinen et al 1994, Nironen et al. 1997, 

Pajunen et al. 2008 ) or during several separates orogenies. (e.g. Lahtinen et al 2005, 

Korja and Heikkinen 2005). 

The accretionary event came to conclusion at approx. 1.8 Ga, marked from extensive 

late syn- and post- orogenic granitoids intrusion. After a 150 Ma phase of orogenic 

collapse, extensive melting of the lower crust characterised an extensional tectonic 

regime, leading to the emplacement of Mesoproterozoic Rapakivi granites (1.65-1.54 

Ga) in the southern Finland craton.  This tectonic phase could be related to the 
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development of a rift along the present Baltic Sea (Korja et al., 2001). The latest stage 

of crustal evolution in southern Finland is expressed by the intrusion of 1.27-1.25 Ga, 

N-S striking olivine diabase dikes (Suominen, 1991). 

 

Figure 2.4  Simplified geological map of Finland (Modified from Lehtonen, 2005), 

showing the location of the studied area (black dot). 

 

2.4 The study area: Olkiluoto, SW Finland 

Situated at the western end of the Southern Finland subprovince, Olkiluoto island is part 

of the Paleoproterozoic Svecofennian orogeny.  The bedrock comprises migmatitic 

metasedimentary rocks, injected by leucocratic granites, granodiorites and tonalities.  

The migmatites formed at the peak of the regional metamorphism, under upper 

amphibolite facies condition. The estimated age is between 1.89-1.86 Ga. The peak 

pressure and temperature conditions were  estimated at 3.7-4.2 Kbar and 660-700° C 
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from the stable mineral assemblages (Tuisku and Karki, 2010).  Intra-orogenic 

magmatism occurred at the same time of metamorphism, dated using U/Pb at 1.89 – 

1.85 from intruded granites. 

Retrograded greenschist facies metamorphism followed the peak conditions, ceasing 

with the orogenic collapse at 1.79-1.77 Ga.  (Lahtinen et al., 2005). Mesoproterozoic 

intrusion of Rapakivi granites and diabase in the surrounding of the area took place at 

1.5 Ga.(Vaasjoki et al., 2005). Crustal extension formed a NW-SE trending graben 50 

Km north of Olkiluoto, filled with Jotnian sandstones.   

The main lithological units in Olkiluoto are two different migmatites, a veined gneiss 

unit and a diatexite, intruded by small lenses of mica-bearing gneiss and granitic 

pegmatoids and diabase dykes.(Fig2.5) Diatexites outcrop in the eastern and south-

eastern part of the island, and are characterized by high grade migmatites, containing a 

granitic leucosome forming up to 85% of the rock volume. The western part of 

Olkiluoto is characterised by the veined gneiss unit and by metatexitic migmatites with 

20-40% of leucosome.  
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Figure 2.5 Simplified geological map of Olkiluoto (in blue migmatitic units, in red, 

yellow and brown lenses of granitoids and gneisses.) The white line show the extension 

of the Onkalo facility (Aaltonen et al., 2016) 

A polyphase ductile deformation has been observed in Olkiluoto (Aaltonen et al. 2010). 

The earliest observed structural element of the area is the biotite foliation S1 of 

deformation phase D1, retained in restite blocks (20-50 cm in diameter) surrounded by 

high-grade migmatites, formed during the metamorphic peak. 

The second phase (D2) was active at the peak of the metamorphism that caused intense 

migmatisation. It is characterized by a pervasive S2 foliation visible as a metamorphic 

banding, and its age is estimated to be close to 1.86 Ga (U-Pb age 1863±3Ma of a 

granitic gneiss deformed during D2). D3 phase was active between 1.86- 1.82 Ga 

(pegmatitic granite dated with U-Pb). It took place under amphibolite-facies conditions 

and formed NE-SW striking pervasive foliation (S3) and shear zones. At 1.81 Ga 

(Monazite age 1808±6 Ma)  

D4 phase produced NNE-SSW and N-S striking shear zones, characterised by mylonitic 

foliation (S4). Retrograde metamorphism to green schist facies condition affected the 
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rocks soon after the metamorphic peak, lasting until 1.79-.172 Ga, the estimate cooling 

ages based on Ar40/Ar39 analysis of biotite, muscovite and hornblend (Aaltoonen et al. 

2016).  

The onset of the brittle deformation in Olkiluoto can then be placed at approx.  1.75 Ga, 

based on biotite Ar 40/Ar39cooling ages (Aaltoonen et al. 2016). Seven distinct brittle 

stage has been recognized through paleo stress inversion analysis of fault slip data 

(Fig.2.6, Mattila and Viola, 2014). The stages of brittle deformation are characterized 

by both the reactivation of optimally oriented pre-existing ductile structures, and 

nucleation of new structure (Nordbäck et al., 2022).  

 

Figure 2.6 Overview of the brittle deformation history of Olkiluoto. (Modified from 

Mattila and Viola, 2014) 

The earliest brittle structures are related to a compressional event, oriented NW-SE to 

NNW-SSE, occurring after the Svecofennian orogeny, ca. 1.79-1.75 (Torvela et Ehlers, 

2010). Structures related to this event are both brittle reactivation of NE-SW striking 

ductile shear zone and  N-S striking strike-slip faults at the brittle-ductile transition.. 
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Nucleation of N-S faults zones has been interpreted to be the result of strain localisation 

during late stage of ductile deformation D4, linked to an anastomosing network of high-

grade shear zones ( Skyttä and Torvela, 2018).Shortly after an NNE-SSW oriented 

compression episode affected Southwest Finland. It was characterised by dextral 

reactivation of originally sinistral strike slip striking N-S and the development of new 

NE-SW trending structures. 

Trastensional stresses related to tectonic events during the Gothian orogeny, ~1.6 Ga 

ago (Stage 3, fig 2.6), have been associated to the formation of E-W striking oblique 

dextral/normal faults.   

The following deformation events were active in tensional regime, during a regional 

episode of rifting and the emplacement of Rapakivi granite in the Mesoproterozoic 

(1.65-1.50 Ga). In Olkiluoto the structure representing those tensional regimes are NE-

SW striking diabase dykes (1.56 Ga) and greisen veins crosscutting the diabase dykes 

(1.56-1.38 Ga, Mänttäri et al, 2007), that occur as subvertical, NNW-SSE or N-DS 

striking veins in the migmatites. At approximately 1.3–1.2 Ga, NE-SW compression led 

to the reactivation of pre-existing fault networks, coeval with the intrusion of olivine 

diabase sills. At the beginning of the Sveconorwegian orogeny, approximately 1.1–1.0 

Ga ago, low-angle thrust faults formed and some of the pre-existing fault systems were 

reactivated in response to E-W compression (Stage 6, fig. 2.6). The collapsing phase of 

the Sveconorvegian orogeny, ~ 0.97–0.87 Ga ago, was characterised from E-W 

extension that reactivated parts of the pre-existing fault systems (Stage 7, fig. 2.6). Later 

reactivations of faults in Olkiluoto have been linked to NW-SE to E-W crustal 

shortening at the first stages of the Caledonian Orogeny (Viola et al. 2011; Elminen et 

al., 2018;Tillberg et al., 2021) Of major interest for the project is the onset of the brittle 

deformation that followed the last ductile deformation stages (D4), associate with the 
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first compressional stages of brittle deformation (1.79-1.70 Ga) active during the 

cooling of the crust.  

2.5 Fault complex of Olkiluoto 

Faults in Olkiluoto have been grouped in four different fault system named Fault system 

I to IV (Nordbäck et al., 2022). Fault system I present N-S to NNE–SSW trending 

sinistral strike-slip faults, and Fault system II is composed of sub-vertical, NNW-SSE 

striking and steeply dipping dextral strike-slip faults. Given the long deformation 

history that has interested Olkiluoto the age of initial nucleation and localisation of the 

first fault system has been difficult, and is still object of study (Nordbäck et al., 2022). 

Formation of Fault system I and II has been described to have occurred in response to 

the onset of brittle deformation in Olkiluoto, that occurred in response of tectonic events 

in the late phases of the Svecofennian orogeny (~1.79-1.75 Ga) and have been related to 

the first two stages of brittle deformation described in Mattila and Viola (2014) 

(fig.2.6). Topological relationship between the two fault systems and the presence of 

mylonitic precursors only observed for Fault system I (Aaltonen et al., 2016), indicates 

that Fault system I formed under more ductile conditions than Fault system II. 

Nordbäck et al. (2022) suggest that formation of the oldest fault system might have 

caused changes in the local stress field, and acted as “master” faults controlling the 

formation of antithetic Fault system II, in accordance with the criteria for distributed 

strike-slip shear zones (Schreurs et al.,2003).  

Fault system III is characterised from E-W striking, sub-vertical to moderately south 

dipping dextral fault zones, that develop along E-W trending and moderately south 

dipping dextral shear zones, formed ca. 1.86–1.82 Ga ago, during D3 (Mänttäri et al., 

2006). Crosscutting relationships between the first two fault systems and Fault system 

III, coupled with observed differences in orientation and kinematics, indicate that Fault 

system III formed in response to a later tectonic event.  Fault system IV contains SE 
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dipping low-angle fault zones, whose structures exploit the lithological contacts 

between porphyritic granite rocks and migmatitic foliation planes. K-Ar radiometric 

ages of samples from Fault system IV suggest nucleation ~ 1.04–1.0 Ga (Viola et al., 

2011; Nordbäck et al.,2022).  

Between 1.3 Ga and 0.55 Ga multiple events of structural reactivation of pre-existing 

fault systems have been differentiate from illite K-Ar ages of fault gouges (Mänttäri et 

al., 2007; Viola et al., 2011). 

2.6 Structural characteristic of fault system at the ONKALO facilities 

ONKALO the underground rock characterisation facility is located in the central part of 

Olkiluoto (Fig. 2.7a). It consists of one access tunnel, extending to a depth of ~450 

meters and three shafts: a personnel shaft and two ventilation shafts.  

At the end of the ONKALO tunnel, a number of pilot holes were drilled at pre-

determined locations, with the purpose to characterise the hydrogeological properties of 

the rocks previous to the excavation of the actual repository (Fig.2.7c). 

A network of vertical N–S and NW–SE faults, belonging to Fault system I and II, has 

been mapped and investigated at the repository scale in ONKALO with underground 

surveys and boreholes (Aaltonen et al., 2016, Fig. 2.7 a, b). Intersecting the repository 

site are a set of conjugate strike slip fault zones, named BFZ045 and BFZ300, that have 

been select has representative fault for Fault system I and II respectively (Fig. 2.7 b). 

BFZ045 is a N-S trending sinistral fault and BFZ300 is a NW-SE dextral fault (Fig. 2.7 

c). Modelled fault surfaces are shown inf Fig. 2.7d, with orientation of  095°/87° dip 

direction/dip angle for BFZ045 and  250°/80° for BFZ300.  

BFZ045 exploits a mica-rich mylonitic precursor, whereas BFZ300 cut across 

discordantly the metamorphic foliation and does not shows any correlation with older 

ductile fabrics (Aaltonen et al., 2016) 
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Figure 2.7 Schematic geological and structural map and site scale view of the studied 

system of faults. a) Geological setting of Olkiluoto, SW Finland (top-right inset). 

Geological map showing surface intersection of modelled brittle fault zone (BFZ) and 

ductile deformation zone, modified from Aaltonen et al. (2016) and Skyttä and Torvela 

(2018). Coordinates are for zone 34N in UTM coordinate system. The white line 

indicates the location of the underground ONKALO facility. A–B is the trace of the 

cross section shown in (b). b) East–west cross section for the underground 
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infrastructure, with the tunnel traces shown as white lines. Sub-vertical fault BFZ045 

described in this study and its conjugate BFZ300 are shown as orange lines. c) Plan 

view of the facility layout and intersection of BFZ045 and BFZ300 fault segment at 426 

m b.s.l. Lower-hemispere projection stereonet of modelled fault orientation. d) 

Northwest view of modelled set of faults in study. Underground infrastructures are 

marked in yellow. Photo courtesy of Posiva Oy, Finland. 

 

This study uses the N–S sinistral strike-slip fault BFZ045 as a natural laboratory to 

investigate the stress history of the ductile precursor and the possible role of fluids on 

the deformation processes active at the brittle–ductile transition. The companion PhD 

project, conducted at the University of Bologna, by Marchesini et al. (2019) has 

thoroughly described the deformation history of the conjugate dextral BFZ300 fault.  
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3 Methods  

 

This chapter aims to offer an overview of the analytical techniques applied throughout 

the PhD, and to familiarize the reader with terminology used in the thesis. The 

following sources are suggested to the reader for detailed information and 

comprehensive explanation of each techniques: Goldstein et al., (2017) and Reed (2005) 

for information regarding scanning electron microscopy and electron microprobe, Smith 

and Dent (2005) for an overview of Raman spectroscopy, Ketcham and Carlson (2001) 

and Withers et al. (2021) for a review of X-ray computed tomography, Anovitz and 

Cole (2015), Giesche (2006) and Webb(2001) for methods regarding porosity 

measurements. 

Thin sections were observed under polarised light microscopy for general 

microstructural characterisation, and to select areas of interest for analysis such as 

scanning electron microscopy, electron microprobe analysis and Raman spectroscopy. 

Care was taken to select complementary methodologies to characterise several samples 

with multiple analytical methods, making possible to correlate different information, 

e.g., 3D orientation, porosity, microstructural and chemical data.  

3.1 Scanning Electron Microscope (SEM) 

 

Scanning Electron Microscopy (SEM) is commonly used in structural geology for its 

versatility, since it can be used to obtain microstructure images, compositional data, and 

crystallographic orientation data (Goldstein et al., 2017, Reed 2005). In this thesis, SEM 

was used to obtain high-resolution backscatter electron images (BSE) of deformation 

microstructures and pores, to identify mineral phases and their distribution using energy 

dispersive spectroscopy (EDS), to assess the presence of healed cracks and growth 
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features in quartz trough cathodoluminescence (CL), and to acquire quantitative 

microstructural and crystallographic orientation data for quartz using Electron 

Backscatter Diffraction (EBSD). 

Scanning electron microscopy is based on the interactions between an accelerated high-

energy electrons beam and a small volume of matter. This results in the emission of 

different signals, which include electron scattering (e.g., secondary electron SE and 

backscatter electrons BSE), and electromagnetic signals (e.g. photons and X-rays) (Fig 

3.1).    

 

Figure 3.1 Schematic representation of beam-sample interactions and produced 

signals( modified from Reed 2005). 

 

Electrons scattered as a result of the interaction between the sample's atoms and the 

electron beam are partially absorbed by the sample, while others are scattered back out 

of the sample. Secondary electrons are low energy particles (<50 eV) dislocated by the 

incident beam in the first few nm3 of interaction, that are used to obtain morphological 

images. Backscattered electrons are charged particles belonging to the incident beam 

that are scattered backward after the interaction. Since their energy depends on the total 
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number of interactions within the sample, which is controlled by the average atomic 

number, their use help to discriminate phases based on the mean atomic number.   

Besides electron scattering, photons of characteristic wavelength can be emitted from a 

material interacting with a high-energy electron beam. This process is called 

cathodoluminescence (CL). CL signals can be controlled from defects and crystal 

damage effects, from impurities, and from compositional variations. This is why CL is 

commonly applied to obtain information on the presence of specific elements in the 

minerals, which can affect the CL signal, or to observe mechanically induced defects. 

The distribution of CL signal in the samples can be used to obtain information on 

crystal growth structures, replacement, dissolution and provenance (Frelinger et al. 

2015). CL signal is detected with a camera (monochromatic or panchromatic), and the 

intensity differences results in greyscales images. 

X-rays emitted from the beam-sample interaction represent the most energetic 

interaction that causes the electrons to gain energy and move from an orbital to another. 

The subsequent transition to the previous energy state triggers an emission of X-ray 

characteristic of the involved chemical element (known as characteristic spectrum). A 

semi-quantitative chemical composition of a sample can be obtained from an 

investigation of the emitted X-ray spectrum. The x-ray energy spectrum is recorded and 

processed using energy dispersive spectroscopy (EDS) to identify the abundance of the 

major elements in the sample and their relative concentrations. The spectrum is plotted 

as x-ray counts vs energy peaks (in keV) corresponding to the various elements in the 

sample. Due to the high intensity of characteristic spectra and low spectral resolution, 

EDS can acquire semi-quantitative elemental maps or spot chemical analyses. 

3.1.1 Electron Backscatter diffraction (EBSD) 

With Electron Backscatter diffraction (EBSD) analysis, the pattern of the BSE are 

analysed. At the interaction with the sample, the incoming electrons are randomly 
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diffracted. Electrons are diffracted by lattice planes at angles which satisfy the Bragg’s 

equation:  

𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃 (3.1) 

where n is an integer, λ is the wavelength of the electrons, d is the spacing of the 

diffracting plane, and θ the angle of incidence of the electron on the diffracting plane. 

The diffracted electrons will form diffraction cones, that correspond to each diffracting 

lattice plane, and can be detected when they impact an EBSD detector (phosphor screen 

that convert the electron to light) (Fig 3.2 a). Kikuchi bands, or "EBSP's" (electron 

backscatter patterns) (Fig 3.2 b), generated from the intersection of the diffraction cone 

with the detector are recorded by a CCD (carged couple device) camera. Kikuchi bands 

are projections of the geometry of the lattice planes in the crystal, and they give direct 

information about the crystalline structure and crystallographic orientation of the grain 

from which they originate. The EBSD software uses angles and position of the Kikuchi 

bands to recognize patterns and compares them with theoretical match units of specific 

mineral phases derived from their lattice parameters. The process of attributing a 

specific crystallographic orientation to a mineral phase is referred to as “indexing” 

(Fig3.2b). Noise in the EBSD pattern is subtracted using a background pattern collected 

before the indexing procedure. The quality of the indexing can be checked using 

different parameters, which are mostly depended on the software used. In this thesis 

indexing accuracy is expressed using the Mean Angular Deviation (MAD). MAD 

indicates the angle of  deviation of the indexed pattern from the theoretical match unit, 

and a good indexing present MAD values <1°. EBSD patterns are measured in raster 

mode using a step size defined by the user. The obtained patterns can be visualized as 

crystallographic orientation maps, where each pixel represents an orientation of the 

crystals lattice. EBSD maps can also be used to display other quantitative information 

such as grain size, misorientation angles of all pixels from one specific orientation, 
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misorientation angles between two pixels or between set of pixels (within grains or at 

grain boundaries, Prior et al., 2009; Fig 3.2 c-g)). Additionally, EBSD data can be 

presented with pole figures (PF), which are stereographic projections showing the 

orientation of specific crystallographic planes and directions of the analysed phase with 

respect to an external reference frame (Fig 3.2e). Inverse pole figure maps (IPF) are 

colour-coded to visualise how a specific direction (e.g. one of the axes of the SEM 

chamber) is oriented with respect to the crystal lattice of the investigated phase (Fig 

3.2d). The symmetry of the crystal and the known slip systems guide the choice of 

crystallographic planes and directions to plot. The specimen reference frame of the 

samples (axes X, Y, Z) investigated here can be defined from the user, and in this thesis 

X parallel is to the stretching lineation, Z to the pole to the mylonitic foliation, and Y is 

perpendicular to the XZ plane.  



47 

 

 

Figure 3.2 Drawing illustrating geometry of EBSD analysis and possible results of the 

analysis. a) Set up of sample tilted at 70° to the horizontal position. The cone of 

diffracted electron at the contact with the detector produces a pattern of lines (Kikuchi 

bands). B) example of EBSD pattern for quartz. 

 

3.2 Electron Microprobe (EMP) 

 

Quantitative mineral chemistry was obtained using Electron Microprobe (EMP) 

analysis. The electron microprobe, like the SEM, is based on the interaction between a 

focused electron beam and the sample. Differently than the SEM, EMP are equipped 

with multiple Wavelength Dispersive Spectroscopy (WDS) detectors, which measure 

the wavelength of X-rays emitted during the beam-sample interaction. Characteristic x-

ray wavelength is defined through diffraction and is used in WDS analysis to identify 
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chemical elements. The sample characteristic spectrum is collimated and conveyed 

toward an analyser crystal, of known composition, structure and spatial orientation that 

optically disperses the characteristic spectrum according to the Bragg's law. By 

comparing the signal's strength to that of standards, element concentrations can be 

identified. The number of counts per second that the WDS detectors measure is the 

signal's intensity. The data output is a table showing the weight percent of the simple 

oxides that constitute each mineral. 

Using stoichiometric principles, the compositional data can then be used to calculate the 

structural formulas of the minerals. 

3.3 Raman Spectroscopy 

 

Raman spectroscopic analysis was applied to investigate the grade of amorphization of 

graphite, which was used to estimate the temperature of deformation. Raman 

spectroscopy is based on the interaction between an incident monochromatic light 

(laser) beam and the sample surface (matter). This interaction results in reflected, 

transmitted, or scattered light beams. The radiation scattered from the material is 

detected in Raman spectroscopy. The light that hits the molecule causes the electron 

cloud to become distorted. This is called polarisation of the electron cloud, and it puts 

the molecule in a higher energy state called the "virtual state." (Smith and Dent, 2005). 

Since this state is unstable, the photon is almost immediately re emitted as scattered 

light. The energy of scattered light is dependent on the frequency of the light source 

used. The majority of the scattered light carries the same energy as the incident light. 

(i.e., elastic scatter: Mie and Rayleigh scattering) (Fig. 3.3 a). A small portion of the 

incident beam light is scattered with a different energy with respect to the incident beam 

(i.e., inelastic behaviour or Raman scattering). Two types of Raman scattering can be 
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differentiated, the Stokes scattering and the anti-Stokes scattering. In the Stokes 

scattering process, the molecule from the initial vibrational state (m) is excited to the 

virtual state and absorbs part of the energy, which after scattering, leads to a promotion 

of the molecule to a higher energy vibrational state (n) (Fig. 3.3b). Inversely in the anti-

Stokes scattering the molecule loses energy by relaxing to a lower vibrational state (n to 

m in fig 3.3b), thermal energy influences the presence of molecules at an initial excited 

state. Since the Stokes Raman scatter is always more intense than the anti-Stokes, it is 

commonly the previous that is presented in Raman spectroscopy (Fig.3.3c).  
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Figure 3.3 Schematic representative of Raman scattering process. a Three types of 

scattering processes that can occur when light interacts with a molecule. b Energy-level 

diagrams of Rayleigh scattering, Stokes Raman scattering, and anti-Stokes Raman 

scattering. Rayleigh scattering is elastic; the incident photon is of the same energy as 

the scattered photon. Raman scattering is inelastic; in Stokes scattering, the incident 

photon is of greater energy than the scattered photon, while in anti-Stokes scattering, 

the incident photon is of lower energy. (modified from Smith and Dent, 2005) c 

schematic of Raman spectrum.  

In order to compare spectra acquired with various lasers, the Raman scatter wavelength 

is converted to the Raman shift, which is the change in wave number between the 

incoming and emitted photons. The wave number is the inverse of wavelength, which 
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represent the number of waves in a length number and is expressed in cm-1. The 

wavenumber shift is characteristic for a material.  

The Raman spectrum plots light intensity (arbitrary units) in the y-axis versus light 

frequency (relative wavenumbers) in the x-axis expressed as Raman shift (Fig 3.3 c). 

The Rayleigh line equals a value of 0 Raman shift. 

3.4 X-ray Computed Micro Tomography (µCT) 

 

X-ray Computed Micro Tomography is based on the mapping of the interaction of X-

rays with the investigated materials. As the X-ray beam passes through the sample, its 

intensity is decreased as a function of composition and density of the sample. This 

intensity decrease is described by the Beer–Lambert Law for a monochromatic beam: 

  

I =  𝐼0 exp[ − ∫ µ(𝑥)𝑑𝑥
∞

−∞
]  𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 (3.2) 

 

       

where I0 is the intensity of the original incident beam from the X-ray source, I is the 

attenuated intensity measured at the detector after X-rays have passed through a sample 

of thickness x, and μ(x) is the linear attenuation coefficient (Ketcham and Carlson, 

2001; Cnudde and Boone, 2013). For multi-phase samples and polychromatic beam the 

attenuation in the previous equation becomes:  

 

I =  𝐼0 exp[ − ∑ 𝜇𝑖𝑥𝑖𝑖 ]  𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 (3.3)                                                                                    
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in which the path length and attenuation coefficients (µi) for all materials in the sample 

are considered (Ketcham and Carlson, 2001; Wildenschild and Sheppard, 2013; Kyle 

and Ketcham,2015). The attenuation of an X-ray beam of a given energy depends on the 

atomic electron density of the imaged material and its bulk density. Dense mineral 

phases have a high attenuation coefficients compared to less dense minerals, and appear 

as bright objects in the reconstructed tomographic data. 

An X-ray source, a sample stage, and an X-ray detector are the three fundamental 

components of laboratory CT scanners. The system geometry is the so-called cone beam 

system, where a rotational sample holder is located between the X-ray source, 

commonly an X-ray tube, and the X-ray detector (Fig 3.4).  

 

Figure 3.4 X-ray computed tomography configuration. Cone beam system characteristic 

of laboratory system. 

 

In this the distance between the X-ray source and the sample can be decreased to 

magnify the image. The X-rays passing through the sample are collected by the detector 

using a scintillator screen that converts the X-rays into photons in response to the 

absorption of X-rays (Baker et al., 2012; Wildenschild and Sheppard, 2013, Fusseis et 

al., 2014). The photons are then counted, recorded and converted into a digital signal for 

processing by using either charge-coupled devices (CCD) or complementary-
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metaloxide-semiconductor (CMOS) sensors. Radiographs of the samples are recorded 

in evenly spaced angular intervals through a full 360° rotation. Combination of a 

sufficient number of 2D radiographs slices allows to create a 3D dataset, composed of 

3D pixels, called voxels, and mapped in grey values. Commonly µCT images collected 

during an analysis comprise of projections, which are the radiograph of the sample, of 

the dark current (or offset) and flat-field (or gain) images. Dark current images collect 

the environmental signal measured in the absence of X-rays, while flat-field images 

present the signals of the X-rays beam without a sample present. Flat-field and dark 

current are used to correct the projections from heterogeneity due to defects of the 

incident X-ray beam, defects of the detector or scintillator (with or without X-rays 

respectively). Another correction applied to the projections is to diminish the effect of 

brightness variations of the X-ray source (known as normalisation process: Gürsoy et 

al., 2014). After normalization the projections are used to generate sinograms.  

Considering a row of pixel in the detector, a sinogram is traced as the sample rotates, 

showing the variation in attenuation values across the row of pixel as the projection 

angle varies, producing a curve similar to a sinusoid for each pixel. The sinograms are 

then mathematically reconstructed and converted to tomographic 2D slices. The most 

common reconstruction technique is called filtered back-projection, based on the 

"Fourier Slice Theorem" (Landis and Keane, 2010). The reconstructed 3D dataset 

consists of horizontal reconstructed tomographic 2D slices stacked together along the z-

axis in grey scale value (Figure 3.5a). Digital image analysis can then be applied to the 

reconstructed 3D dataset to visualize and quantitatively analyse the tomographic data. 

As reconstructed images contain noise, pre-processing using filters is needed. During 

this stage other common operations can include resizing, scaling, sharpening or masking 

of the greyscale data (Fig 3.5b). Material or structures of interest are then selected from 

the images by the process of segmentation. Image segmentation is a process of images 
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classification, which needs to be assessed based on the features and contrast present 

between the sample components. Several segmentation procedures have been developed 

in function of the different need of the case study, time constrains, computational power 

available and other factors (Guntoro et al., 2019). For example, objects can be divided 

into groups based on the range of the voxel values through the use of a global grayscale 

threshold methods, or by using boundary-based methods, using relative differences in 

greyscale to detect edges between materials. 

In this thesis the used segmentation is the Weka (Waikato Environment for Knowledge 

Analysis) segmentation method, a supervised label-based segmentation augmented by 

machine learning (Arganda-Carreras et al., 2017). To do label-based segmentation, a 

user first selects regions of interest, from which the contour is then extended until a 

significant difference in material absorption is seen. The Weka has been compared to 

other algorithms and found to perform similarly. (Berg et al., 2018). Segmented data 

can be visualised as is or undergo post-processing operations to improve the clarity of 

the dataset (Fig. 3.5b). Operations can include morphological operations (erosion, 

dilation, opening, closing), and removal of unwanted segmented spots/phases.  

Lastly characterization, quantification and analysis of each segmented material such as 

size, shape and orientation analyses are commonly carried out following similar 

procedure as in 2D image analysis (e.g. Heilbronner and Barrett 2013). 
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Figure 3.5 Workflow for µ-CT analysis. 

 

3.5 Helium pycnometry  

 

Helium pycnometry is a gas expansion method that accurately measures the effective 

porosity and solid-phase volume of objects of irregular or regular shape (Anovitz and 

Cole 2015, Tamari 2004). The method works by calculating the volume of gas, helium, 
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displaced by the sample. Helium is commonly chosen among other gases since, due to 

its size, it can easily penetrate small pore; moreover, it is inert, and can be considered an 

ideal gas (i.e. compressibility factor z=1.0) for ambient pressure and temperature 

(Weber and Bastick 1968, Neimark and Ravikovitch 1997; Talu and Myers 2001). 

The instrument for He pycnometry comprises two chambers.  One is the sample cell, 

which has volume Vcell. In this sits the sample, with known volume Vsamp.  So the 

volume of gas in the sample cell is (Vcell  - Vsamp). This chamber is connected through a 

valve to a second chamber, known as the ‘expansion volume or reference chamber’, 

with volume Vexp. Both the sample cell and the expansion volume chamber are at 

ambient pressure Pa and Ta. He gas is introduced into the sample cell and its pressure is 

raised to an arbitrary value P1.  Then the instrument opens the valve between the sample 

cell and the expansion volume.  The gas expands from the sample cell into the 

expansion volume, until the pressures inside the two chambers are equal. This pressure 

P2 will be intermediate between the two starting pressures P1 and Pa. During the re-

equilibration the Helium penetrates into the pores of the sample. The volume of the 

pores is then calculated by the instrument using the ideal gas law, from the following 

equation: 

𝑉pores = 𝑉samp − 𝑉𝑐𝑒𝑙𝑙 − 𝑉𝑒𝑥𝑝 (
𝑃2

𝑃2 − 𝑃1
) 𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 (3.4) 

3.6 Mercury intrusion porosimetry 

 

Mercury intrusion porosimetry (MIP) is commonly employed in material science to 

measure the pore size distribution of powdered and bulk materials with open and 

connected pore structures (Webb, 2001; Cnudde et al., 2009; Sasanian and Newson, 

2013; Anovitz and Cole, 2015). 



57 

 

The principle behind MIP is the idea that a liquid that does not wet surfaces can only 

enter capillaries when pressure is applied. The difference in surface tensions between a 

liquid and the solid surface on which it rests is expressed as contact angle. A liquid, 

such as water, forming a contact angle < 90 °with the solid surface is referred to as 

wetting (Fig 3.6). In the case of a non-wetting liquid, the surface energy of the liquid 

exceeds that of the solid, leading to a contact angle between 90° and 180°, and the 

liquid will form a bead (Fig. 3.6). For mercury the contact angle with the solid can vary 

between 120° to 150°, and a value of 140° is commonly assumed in MIP (Webb, 2001).  

The properties of the solid surface and whether or not the mercury is advancing, or 

retreating can be factors in the variation of the contact angle (Modrý et al., 1981; Sing 

2004).  There is an open discussion on whether those variations affect the MIP 

reliability, and development of methods to measure contact angle values for solid 

surfaces accurately is still underway (Salmas and Androutsopoulos, 2001; Drelich et al., 

2020).  

 

Figure 3.6 Comparison of wetting and non-wetting fluids. The shape of the fluid drop 

on the solid surface in the presence of air indicates its preferential wetting phase. 

 

When pressure is applied to the mercury, it will be forced to progressively intrude the 

voids in the solid. The following relation, based on the Young-Laplace equation, can be 

used to express the pressure necessary for the mercury to intrude capillaries:  

∆𝜌𝑔ℎ = ±
2𝛾𝑐𝑜𝑠𝜃

𝑟
= 𝑝 𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 (3.5) 
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in which ρ is the density of the liquid, γ the surface tension of the liquid, θ the contact 

angle of the liquid, r the radius of the capillary, and p is the pressure. 

MIP test is characterized by placing a sample into a sample holder, evacuating the 

container to remove gases and vapours, and filling the container with mercury under 

vacuum. The sample holder or cell is called dilatometer. The dilatometer can be 

separated into (i) a glass bulb that function as sample holder, for samples that can be a 

solid object, granules, or powder, and (ii) a capillary glass stem. The stem is greased to 

create a tight seal when the dilatometer is connected, and a metal bolt can be used 

additionally to keep connected the two units.  The dilatometer stem is then covered from 

a metal electrode and placed into the porosimeter. A vacuum is created to remove 

possible trapped moisture in the sample, and the sample chamber is filled with mercury.  

Pressure is then applied and the amount of mercury that intrudes the pore network is 

recorded as a function of the applied pressure. Pressure can be applied continuously or 

at increments, to assure that the flow of mercury can reach an equilibrium. The volume 

of intruded mercury is measured trough changes in the capacitance between the metal 

electrode surrounding the dilatometer stem and the column of mercury. Many MIP 

instruments presents a dual pressure system, with a low pressure and a high pressure set 

up, in which the dilatometer is placed into an oil hydraulic pressure chamber, where 

pressures up to 414 MPa are applied in an isostatic way. After reaching the highest 

pressurization event on each system, the pressure is decreased to ambient atmospheric 

pressure, and the volume of mercury leaving the pores is measured. The 

depressurization that results in the retraction of the mercury is referred to as “extrusion”. 

The resulting mercury porosimetry data are plotted as intrusion and extrusion curve 
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(Fig.3.7 a), plotted as volume of intruded mercury (expressed per unit weight of 

sample), as function of applied pressure.  

Figure 3.7  Scheme of idealised mercury porosimetry data and idealised pore system. a) 

The intrusion proceeds from low pressure(left side of the image) to high pressure, 

followed by extrusion, which occurs when the pressure is decreased.b) Pore size 

distributions. The maximum in the grey line can be read as representative of the 

inflection point of the red line. (c) schematic drawings of void spaces in a rock 

specimen illlustrating mercury entrapment with respect to different arrangements of 

pore and pore throats (modified from Staněk and Géraud, 2019, used under CC BY 4.0).  

 

Intrusion and extrusion curves frequently present a different path, especially at lower 

pressure, thus forming hysteresis loops (Giesche, 2006).  During the intrusion process, 

mercury can only access the connected porosity that can be reached by the mercury at a 

given pressure. This implies that the obtained pore size is representative of the size of 

entrance of the pore. Using a simple scheme to illustrate this phenomenon (Fig. 3.7 c, 
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stage A), pore space in a rock is characterized by larger open spaces, referred to as pores 

or fracture, that are connected by smaller spaces or constrictions referred to as throats 

(Wardlaw et al., 1987). Under increasing pressure, mercury fill only pore volumes that 

can be reached at the given pressure, which results in larger pores being ‘shielded’ from 

narrower pore throats (Stage B, Fig 3.7a, c) (Giesche, 2006). Therefore, the volume of 

some larger pores will be evaluated at pressure consistent with smaller pore throat 

(Stage C, Fig 3.7a, c). The mercury that entered a large pore when it was accessible by a 

narrow throat remains trapped after the mercury pressure is reduced (Wardlaw & 

McKellar, 1981). After extrusion, fractures and pores with a high throat to pore size 

ratio are free of mercury because they do not trap it (stage D in Fig. 3.7a, c). The 

trapped porosity corresponds to the volume that remains in the specimen at ambient 

pressure at the completion of the extrusion indicated by pore-throat configurations with 

a low throat to pore size ratio (Fig. 3.7 a) 

Another plot commonly used to represent MIP data is the pore size distribution, which 

can be represented as cumulative pore volume (percentage of total or volume per unit 

mass) plotted against the pore diameter (d) or radio, or in the case of this thesis, as the 

first derivative of the cumulative curve, (dV/dlogd) as a function of the pore diameter 

(Fig 3.7 b) 
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4 Deformation microstructures, stress history and fluid pressure 

variations along BFZ045 

 

4.1 Cyclical deformation behaviour in quartz 

 

There have been several studies that identify quartz micro fabrics indicative of brief co-

seismic damage under BDT circumstances, when quartz suffers plastic deformation in 

the inter-seismic interval.   

Experiments of non-steady state behaviour in quartz (Trepmann et al., 2007, Austin and 

Evans, 2009; Kidder et al. 2016) and the result comparison to natural rock studies (e.g., 

Kidder et al. 2012, Trepmann et al., 2017) provided several evidence of transient 

damage.   

During the seismic cycle, transient high stress deformation can be followed by 

recrystallization during viscous relaxation at decreasing stresses (e.g., Trepmann and 

Stockhert, 2003). When there is a significant stress decrease, the microstructures that 

can be found include bands of fine new grains (isometric and without CPO) that 

overprint cracks within quartz grains (Figure 4.1a, Trepmann and Stockhert, 2013) or a 

partial foam texture (Kidder et al. 2016). When stress relaxation is slower, new grains 

generate a shape preferred orientation (SPO) and a CPO, that indicate deformation 

affects also the newly formed grains. (Fig, 4.1b). The deformation of new grains may be 

the product of a single event in which the stress level after the stress drop was 

sufficiently high for effective plastic deformation, or it could be the consequence of 

several subsequent deformation events. (Trepmann et al, 2017)  
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Quartz microstructures may be utilised to quantitatively measure stress history during 

transient deformation events (Kidder et al. 2016). More precisely, stress fluctuations 

during crystal-plastic deformation can be linked to bimodal distributions of 

recrystallized grain sizes (Fig 4.2a, Kidder et al., 2016). Even if the youngest population 

of recrystallized grains does not reach steady state, quantifiable information on the 

stress history may be obtained from the microstructures and grain size. As a result, the 

two separate populations represent a two-stage deformation history in which a high 

stress event overprinted a previous lower stress deformation event. (Kidder et al, 2016) 

The smaller recrystallized grain size provides a reliable constrain on the magnitude of 

the differential stress during the most recent deformation. 

 

 

 

Figure 4.1 Quartz microstructure developed for rapidly relaxing stresses following a 

high stress deformation event (a) and for slow relaxation rates (b).  From Trepmann et 

al. (2017). 
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Figure 4.2 Grain size evolution observed in the experiments of Kidder et al (2016) for 

samples experiencing switches from low to high stress deformation (A) and from high to 

low stress deformation (B). 

 

Other than stress variation, high pore fluid pressure has a main role in the development 

of microstructures recording deformation at the BDT. An example is given in Kjøll et 

al. (2015), where high pore fluid pressure triggered brittle fracturing inside quartz veins 

that were undergoing ductile deformation. After drop in fluid pressure, the cracks were 

eventually filled by dynamic recrystallization or neo-crystallization. As a result, there 

were several instances of viscous-brittle-viscous deformation cycles. Proposed 

microstructural evidence for fluid driven fracturing are fluid inclusions trails parallel to 

the intracrystalline bands of recrystallized grains. Fluid inclusion abundance can also 

provide evidence for brittle co-seismic deformation at depth (Song et al, 2020). Since 

fluid-filled pores along grain boundaries may also be introduced by creep cavitation 

during grain boundary sliding (Fusseis et al., 2009; Menegon et al., 2015) or Zener-

Stroh cracking during dislocation creep (e.g. Gilgannon et al., 2017), it is important to 

first determine the quartz deformation mechanisms. 

Quartz is ideally suited to investigate the relationships between deformation 

mechanisms and differential stress, as there exist experimentally calibrated 

paleopiezometric relationships for quartz that relate the grain size of recrystallized 
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grains to the flow stress (e.g. Stipp and Tullis 2003; Cross et al., 2017). Recrystallized 

grain size piezometers relate stresses and recrystallized grain size as follows (Eq. 1): 

∆𝜎 = 𝐵𝐷−𝑥 𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 (4.1) 

 

Where Δσ is the differential stress, D the recrystallize grain size, B and X are empirical 

constant. 

Stipp and Tullis (2003) experimentally calibrated a paleopiezometer for quartz, in which 

the size of dynamically recrystallized grains of a quartzite is a function of differential 

stresses. The grain size was observed with the use of light- optical microscopy and CIP 

(Computer Integrated Polarization) microscopy, and the recrystallized grains were 

distinguished from porphyroclasts manually and on the basis of the bimodal grain size 

distribution when observed.  

Cross et al. 2017 proposed a routine to separate recrystallized and relic (porphyroclasts) 

grains of quartz, by quantifying the degree of intracrystalline lattice distortion in each 

grain. Intracrystalline lattice distortion is proportional to dislocation density and can be 

visualized using grain orientation spread (GOS), which is the average value of the 

misorientation angle between every pixel in a grain and the mean orientation of that 

grain. GOS has a positive correlation with differential stresses, reflecting an overall 

increase in lattice distortion with stress. The average 2-dimensional recrystallized grain 

size can then be calculated as the root mean square diameter from all measured 

recrystallized grains (Stipp and Tullis, 2003). 

The recalibrated EBSD- based recrystallized paleopiezometer for quartz is the 

following:  

 

D = 10(3.91 ± 0.41) ∙ σ(−1.41 ± 0.21) 
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4.2  Methods 

 

The study of deformation microstructures was conducted using petrographic and 

scanning electron microscopy (SEM). SEM and EBSD analysis were performed at the 

Plymouth University Electron Microscopy Centre using a JEOL 7001 field emission 

gun SEM (equipped with EBSD and EDS detectors) and a JEOL 6610 with tungsten 

filament (EBSD detector).  Panchromatic CL analysis were conducted at ETH of 

Zurich, using a FEI Quanta 200 F with a panchromatic camera, in order to observe 

growth features in quartz and possible evidence of healed cracks (e.g. Mills et al, 2017 

).  

 Thin sections used for Electron Backscatter Diffraction (EBSD) analysis were polished 

with colloidal silica before being carbon coated. Data were acquired on a NordlysNano 

and a NordlysMax EBSD detector (Oxford Instruments). Working conditions during 

acquisition of the EBSD patterns were 20 kV, 20 mm working distance, 70° sample tilt 

and high vacuum. AZtec software was used for pattern indexing on rectangular grids 

with step size of 0.7 µm, 1 µm and 1.8 µm. EBSD patterns were processed with the 

Channel 5 software (Oxford Instruments), and noise reduction was performed following 

the procedure suggested in Bestmann and Prior (2003). 

After acquisition, EBSD data was processed with Oxford Instrument CHANNEL 5 

software. Raw data firstly underwent noise removal, with the cleaning of poorly 

indexed points. The routine for each analysis comprised the removal of data point with a 

mismatching orientation with the surrounding pixels and a different degree of 

extrapolation of zero solutions, where the orientation of unindexed pixels is 

extrapolated based on the orientations of the neighbours.  
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Cleaned EBSD data was used to produce crystallographic orientation maps and grain 

size distribution maps. Orientation maps and pole figures were used to show the 

presence of a crystallographic preferred orientation in the samples. Inverse pole figure 

maps (IPF) are colour-coded to visualise how a specific direction (e.g. one of the axes 

of the SEM chamber) is oriented with respect to the crystal lattice of the investigated 

phase. Pole figures (PF) are stereographic projections showing the orientation of 

specific crystallographic planes and directions of the analysed phase (quartz in this case) 

with respect to an external reference frame.  The choice of crystallographic planes and 

directions to plot depends on the symmetry of the crystal and on known slip systems. 

The specimen reference frame of the samples (axes X, Y, Z) investigated here is X 

parallel to the stretching lineation, Z pole to the mylonitic foliation and Y perpendicular 

to the XZ plane. 

The EBSD data are presented as grain size maps, with a 10° misorientation threshold to 

define grain boundaries (in black), while low-angle boundaries are defined as having 

misorientation > 2° and < 10° and are displayed as white or cyan lines. Quartz c-axis 

orientation is presented as pole figures on equal area, lower hemisphere projections, and 

one point per grain.  The XY plane of the pole figure is parallel to the shear zone 

foliation, X is parallel to the stretching lineation, and Z is normal to the foliation. 

The grain size was measured as the diameter of a circle with equivalent area to the 

grain.  The spread of the internal orientation of each grain was shown as Grain 

Orientation Spread (GOS) maps and was considered as a measure of the internal strain 

of the grain. A trade-off curve was used to calculate a threshold GOS value, which 

separates recrystallized grains from relict grains, following the procedure outlined in 

Cross et al. (2017). It is known that the GOS method has a slight grain size bias, which 

results in higher GOS values for larger grains (Cross et al., 2017). However, this bias 

has no impact on the ability to separate between relict and recrystallized grains where 
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their size overlaps on the cumulative grain size distribution, and the GOS-based 

separation is considered robust (Cross et al., 2017).The average recrystallized grain size, 

calculated as root mean square (RMS), was used to apply the EBSD calibrated 

recrystallized grain size piezometer for quartz (Cross et al., 2017). Grain reference 

orientation deviation angle maps (GROD) were used to visualise subgrains only 

partially outlined by low-angle boundaries and to estimate their size. GROD maps are 

colour coded to show the angular deviation at each point of a grain from the average 

orientation of the grain 

Major element mineral chemistry of chlorite and white mica was measured with 

Electron Microprobe Analysis (EMPA), at the Department of Earth Sciences, 

University of Milan, Italy. Carbon coated thin sections were probed with a JEOL 8200 

Super Probe equipped with 5 wavelength-dispersive spectrometer (WDS). Working 

conditions were set to 15 kV of probe current, 5nA current on sample, 1 µm beam 

diameter. Natural minerals were used for standardization, measurement times were 30s 

on peaks and 10s on backgrounds of the X-ray lines.   

Pressure was estimated using the Si‐in‐phengite geobarometer , which require to have 

stable K-feldspar next to the Phengite (Massonne and Schreyer, 1987). White mica 

composition was measured for grains parallel to the foliation associated with neoblasts 

of K-feldspar. Structural formulae were calculated assuming 11 oxygens.  

Raman spectroscopy was applied for feldspar and opaque phase identification and for 

carbonaceous material (CM) characterization. Data acquisition was conducted at the 

Department of Chemistry, University of Padua (Italy), using a Thermo Scientific DXR 

MicroRaman spectrometer, equipped with a 532 nm depolarised laser. Raman analysis 

was also carried out at the Department of Mathematical, Physical and Computer 

Sciences of the University of Parma (Italy) using a Jobin-Yvon Horiba LabRam 
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spectrometer equipped with He–Ne laser (emission line 473.1 nm) and motorized XY 

stage. Spectra were acquired from polished thin section, using a laser power of 5 mW, 

spectrograph aperture 25 μm pinhole, and 50X or50X low distance objective. The 

estimate spot size was 1-2 μm in diameter and spectral resolution of 2 to 4.4 cm-1, with 

acquisition time of 30–90 s. Feldspars composition was classified on the basis of the 

acquired Raman spectra, as suggested in Freeman et al. (2008), using a comparison with 

standard Raman spectra from the RRUFF Project database (Lafuente et al. 2015). To 

assure a good statistical analysis of the CM structural heterogeneity, only samples with 

> 10 CM spectra were taken in consideration.  

Omnic software (Thermo Fisher Scientific) was used for Raman spectrum 

decomposition, sing the software Lorentian/Gaussian function, following the procedure 

described in Kouketsu et al. (2014). Peaks with centre in position at~ 1580 cm-1, 1350 

cm-1 and 1620 cm-1 were identified respectively as G, D1 and D2. R2 parameter, 

defined as the ratio between the peaks area D1/(D1+D2+G) was calculated for each 

measurements.  

A linear relationship between temperature and the Raman parameter R2 forms the basis 

of the CM geothermometer (Beyssac et al., 2002). Temperature can be estimated to ± 

50° C in the range 330–650° C. Deformation can affect the internal disorder and 

underestimate the temperature obtained from the spectra analysis (Kirilova et al., 2017). 

To consider the possible role of deformation, analysis of CM both in the host rock and 

along the D4 mylonitic foliation were collected. Care was taken to avoid CM within 

cracks, and to prevent altered measurement from CM damaged during the thin section 

polishing, we performed measurements by focusing the laser beam on CM beneath the 

surface of a transparent adjacent grain as suggested in Beyssac et al. (2002).  CM in the 

host rock was analysed using λ=514 nm, while CM in the mylonite was analysed using 

λ=532 nm. To avoid error in the temperature estimation we applied two different 
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geothermometer calibrated for the different laser wavelength used to collect the data: 

Beyssac et al. (2002) for the λ=514 nm analysis and Aoya et al. (2010) for the λ=532 nm 

analysis. Although both give similar results, the equation given in Beyssac et al. (2002) 

for the Raman CM geothermometer is linear whereas that in Aoya et al. (2010) is 

quadratic.  

  

4.3 Results 

 

4.3.1 BFZ045 fault zone structure  

 

The analysed samples come from two selected sub-horizontal drill cores: (1) a 2 m 

continuous section along the drill core PH-28 (PH stands for pilot hole), with orientation 

SE-NW taken at a depth of 433 m, and (2) selected samples of fault rocks from drill core 

PH-16(Fig. 4.3). Both drill cores intersect the fault BFZ045, which exploits a pre-existing 

mylonitic fabric. BFZ045 is a sinistral N-S sub-vertical strike slip fault (87/095, dip/dip 

direction) (Fig. 4.3). Photograph of selected section of the drill core PH-28 are shown in 

Appendix A. 

A narrow (20 cm) cataclastic fault core overprints a banded mylonite in BFZ045. 

Cataclasite foliation runs parallel to mylonitic foliation. Semi-cohesive fractures 

(presence of chlorite slickensides and millimetre calcite-filled veins) and thin (1 cm) 

localised cataclasites in the associated damage zone. Mylonite stretching lineation is 

characterised by quartz and feldspar rodding and muscovite mineral lineation. The 

stretching lineation has an average orientation of 10/168 (plunge/trend), which is 

parallel to the average orientation of the cataclasite slicken lines and fault striations. 
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Figure 4.3 BFZ045 fault geometry. a,b  3D representation of BFZ045(grey) intersecting 

the excavated repository(yellow). Black lines indicate location of drill core used in this 

study.(c) Schematic representation of fault architecture from core logs, vertical axis not 

to scale. Grey rectangles locate the studied drill cores PH28 and PH16, black squares 

show sample location. The red rectangle indicates the samples shown in figure 4. (d) 

Stereoplot of BFZ045 fault core orientation and mylonitic foliation observed at different 

drill hole intersection in the Onkalo facility (Aaltonen et al., 2016). 

 

Stepped slickensides indicate a dominant sinistral sense of shear, although striations 

associated with dextral kinematics have also been observed (Aaltonen et al., 2016; 

Nordbäck et al., 2018). The host rock and mylonite are covered in a network of veins 

which are frequently composed of quartz, calcite, and chlorite, in addition to fractures 

which are also chlorite-filled (Fig 4.3; Aaltonen et al, 2016). The damage zone is 

located between 0.5 and 1 m from the fault core, and it is characterized by a higher 
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fracture density that reduces in average fracture spacing from 3 cm to roughly 0.5 cm as 

one moves closer to the fault core. The brittle core of BFZ045 defined by cohesive 

cataclasites that overprint the mylonite is referred to as the "fault core" in this context. 

This implies that both the migmatitic host rock and the BFZ045 mylonite are impacted 

by the BFZ045 damage zone. 

4.4 Petrography  

 

Figure4.4 depicts typical samples of core PH28 from left to right, from the damage zone 

in the host rock to the fault core. High resolution images of the upper half core are 

present in Appendix A. The host rock is a veined migmatite with coarse grains (Fig. 4.4, 

I). The farthest occurrence of chlorite-filled fractures, recognised microscopically as 

deformation bands coupled with apparent slip, served as a proxy for defining the extent 

of damage to the host rock. There are a total of 12 fractures longer than 5 cm along the 

core, with 7 of these being within 10 cm of the fault core (west side of the core). The 

host rock and mylonite have a sharp contact. The millimetre-spaced mylonitic foliation 

is defined by a compositional layering of alternating quartzo-feldspathic domains and 

mica-rich domains (Fig. 4.4, II). Multiple slip surfaces marked by 0.5 – 10 cm thick 

cataclastic domains overprint the mylonite along the foliation (Fig. 4.4, III). Locally, 

phyllosilicates and trails of opaque minerals define thin (<1 mm thick) anastomosing 

foliation planes within the cataclasites, which wrap around sub-angular fragments of the 

mylonitic precursor. Along a thin (<5 mm thick) slip surface, two pseudotachylyte 

injection veins intruding the mylonite at a high angle have been observed, which 

demonstrates the transient seismogenic behaviour of BFZ045. Calcite veins (1-3 mm 

thick) locally overprint the fault core both at high angle to the foliation and along the 

slip surfaces. 
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Figure 4.4 Samples from PH28 drill core representative of different domains of the 

fault: damaged coarse-grained host rock (I), and fault core with mylonite and chlorite 

rich cataclasites (II-III). B)Rectangle representing the area of petrographic thin 

sections. White arrow points to pseutotachylyte injection veins. 
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4.4.1  Host rock 

 

The migmatitic host rock mineral assemblage observed in the PH28 samples consists of 

50 % of quartz, 40 % K-feldspar, and plagioclase, and the remaining 10% of white 

mica, graphite, alteration minerals of plagioclase (sericite) and secondary chlorite, and 

calcite veins. Coarse-grained (1-2 mm) quartz and feldspars are homogeneously 

distributed in an equigranular texture and show mostly straight grain boundaries (Fig. 

4.5a). K-feldspar occurs as orthoclase, with a well-developed veined perthitic texture. 

Plagioclase, albitic in composition as determined from Raman analysis, has lamellar 

twinning, and is commonly altered to sericite. Both types of feldspar locally show bent 

twin lamellae and undulose extinction. Microfractures in feldspars are preferentially 

oriented parallel and at low angle (≤ 20°) to the mylonitic foliation. White mica was 

observed occasionally as millimetric sub-euhedral grains. Quartz displays 

intracrystalline deformation features such as undulatory extinction, wide extinction 

bands (WEBs, following the terminology of Derez et al., 2015; Fig. 4.5b), and bulges 

resulting in sutured grain boundaries (Fig. 4.5c; Stipp and Kunze, 2008). WEBs are 

locally bounded by fluid inclusion trails with different orientations, which give them a 

blocky or slightly elongated aspect (Figs. 4.5b-c). Two main sets of intracrystalline fluid 

inclusion trails are observed, one at a low angle with respect to the mylonitic foliation 

and the other perpendicular to the foliation. Fine bulges (10-20 μm in size) occur along 

grain boundaries and intercrystalline fractures (Fig. 4.5b). Quartz grains in the 

proximity of the mylonite develop intracrystalline bands of recrystallized grains sub-

parallel to the foliation, with grain size of ~ 30-60 μm (Fig. 4.5c). Shear bands in the 

deformed host rock appear as cohesive micro-cataclasites, with fine grained (< 10 µm) 

chlorite surrounding angular feldspar and quartz clasts. 
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Figure 4.5 Polarized light microscope images of the damaged host rock (a), and 

representative quartz microstructures (b-c). Cross polarized light. (a) Host rock 

showing the original magmatic textures and mineral assemblage. White arrow shows a 

chlorite-rich shear band oriented at a low angle to the mylonitic foliation of BFZ045. 

(b) Quartz with wide extinction bands (WEBs) and undulatory extinction. WEBs are 

bounded by sets of fluid inclusions trails (FI trail, dashed lines). Intercrystalline 

deformation bands and well-developed FI trails developed sub-parallel to the mylonitic 

foliation. (c) Polygonal recrystallized quartz grains, with small grain size (~20 µm), 

forming bands oriented sub-parallel to the mylonitic foliation. The white arrow shows 

sutured grain boundaries between magmatic quartz grains, indicative of bulging. 

Foliation trace is projected as a white line on to the images from the adjacent foliated 

host rock. 

 

4.4.2 Mylonite 

 

The relative mineral abundances in the mylonite are slightly different from those in the 

host rock, and consist of 50% quartz, 20% white mica + chlorite, and 30% K-feldspar + 

plagioclase. Accessory phases are graphite, rutile, anatase, and apatite, which are 

typically found associated with chlorite to form black seams. The spaced mylonitic 

foliation is defined by a compositional layering between alternating millimetre-thick 
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quartz bands and narrower (0.2 to 1 mm thick) mica- and feldspars-rich bands (Fig. 

4.6a). Porphyroclasts of K-feldspar are up to 7 mm in size and show asymmetric 

pressure shadows filled with chlorite + muscovite ± feldspars (albite and K-feldspar), 

with a geometry indicative of a sinistral sense of shear. Feldspars in the mylonite 

present brittle behaviour, with domino-type fragmented porphyroclasts. Neoblasts of K-

feldspar are commonly observed in the pressure shadows of porphyroclasts or together 

with fine-grained white micas along the mylonitic foliation. 

Quartz in the mylonite presents various degrees of recrystallization (Figs. 4.6b, c). In 

zones where ductile deformation is less prominent (e.g., samples PH28_3, PH16_1, Fig. 

2), quartz retains a coarser grain size (1-5 mm), and forms slightly asymmetric 

(sigmoidal-shaped) grains. Internally, the grains display patchy undulatory extinction, 

well-developed blocky to elongated WEBs (100-300 μm wide), and discrete 

intracrystalline bands (< 200 μm wide) of bulges and recrystallized grains preferentially 

oriented sub-parallel to the foliation and at ca. 45° from the foliation, measured anti-

clockwise (Fig. 4.6b). The host grains contain small subgrains (< 60 μm), which, 

towards the boundaries of the host grain, make transition to aggregates of recrystallized 

grains of size comparable to the subgrains, forming typical core-and-mantle 

microstructures (Fig. 4.6b).  

In zones of complete recrystallization, quartz forms highly elongated polycrystalline 

ribbons (up to 0.5 – 1 mm thick, and up to 2 cm long) parallel to the foliation (Fig. 

4.6c). The recrystallized grains locally define a shape preferred orientation (SPO in Fig. 

4.6c) inclined with 10° to 30° with respect to the trace of the foliation, consistently with 

the bulk sinistral sense of shear. 

Adjacent to the cataclastic fault core, ataxial/unitaxial (i.e., with no visible median line; 

Bons, 2012) quartz veins occur parallel to the mylonitic foliation (and to the layers of 
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recrystallized quartz) and contain grains elongated normal to the vein boundary (i.e. 

normal to the foliation; Fig. 4.6d). The vein crystals range in length from 200-400 μm 

and have a maximum thickness of 150 μm measured parallel to the vein. Quartz in the 

veins shows undulatory extinction and bulges at the grain boundaries (Fig. 4.6e) 

indicative of crystal plastic deformation. The recrystallized quartz in the mylonite 

surrounding the vein has a finer grain size than the one in the mylonite described in 

Figs. 4.6a-c, which is located farther away from the cataclastic core. Veins of radiate 

chlorite are observed cutting the mylonitic foliation at a high angle (~60°).  

 

Figure 4.6 Microstructure of the BFZ045 mylonite. Cross-polarized light. (a) The 

mylonitic foliation is defined by the alternation of quartz-rich and mica-rich bands. 

Fractured porphyroclasts of feldspars are preferentially located in mica-rich domains. 

(b) Quartz ribbons in the shear zone boundary are stretched along the foliation and 
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show typical core-and-mantle microstructure, with recrystallization localized at the 

grain boundaries. Ribbons contain also well-developed WEBs. (c) Completely 

recrystallized quartz ribbon. The recrystallized grains show a shape preferred 

orientation indicating a sinistral sense of shear. Thin muscovite (Ms) layers define the 

mylonitic foliation, together with the elongated and recrystallized quartz domains. (d) 

Quartz veins along the foliation, filling a mode I fracture at a distance of ~ 1cm from 

the cataclasite fault core. Quartz grains elongation in the veins is normal to the vein 

wall and to the foliation. (e) High magnification view of the quartz vein. Bulges along 

the grain boundaries, and subgrains within the grains are visible. 

 

4.4.3 Cataclasite 

The brittle overprint in BFZ045 occurs mostly as 3 to 10 cm thick protocataclasites, that 

transition to 0.5 - 2 cm thick cataclasite bands in the fault core. The cataclasite is rich in 

chlorite and opaque minerals, which occur as fine-grained (2-10 µm) flaky aggregates 

within the fine grained (< 50 µm) quartz + feldspars + muscovite rich matrix. Locally, 

the cataclasite matrix contains a foliation defined by aligned phyllosilicates and 

anastomosing dark seams of opaque minerals. Clasts are predominantly angular 

fragments of the mylonite, ranging in size from 100 µm to 5 mm, and surrounded by a 

variable proportion of matrix. Quartz in the protocataclasite occurs in almost entirely 

recrystallized ribbons with a finer grain size (ca. 10 µm) than the one observed at higher 

distances from the brittle fault core (Figs. 4.7b-c vs Figs. 4.6b-c). The quartz clasts in 

the cataclasite (Fig. 4.7c) preserve the deformation and recrystallization microstructures 

observed in the mylonite near the cataclasite (Fig. 4.7b). 

A pseudotachylyte generation surface is observed subparallel to a cataclastic band (Fig. 

4.7a) and is identified from characteristic centimetric injection veins, branching in the 

mylonite at high angle to the foliation. The pseudotachylyte main generation surface is 

less than 1 mm thick and is parallel to the mylonitic foliation (Figs. 4.7a, d). The matrix 

of the pseudotachylyte is completely altered to a fine-grained, < 2 µm, chlorite and 

muscovite rich matrix that surrounds survivor clasts of quartz and rutile (Fig. 4.7d). 

Chlorite- and quartz aggregates commonly fill fractures within feldspar porphyroclasts 
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in the mylonite. Similar fractured feldspar porphyroclasts with quartz + chlorite fillings 

are observed inside slightly rotated clasts of mylonite in the protocataclasite (Fig. 4.7e).  

 

Figure 4.7 Microstructure of the BFZ045 brittle fault core. Cross-polarized light (a-c), 

plane-polarized light (a), and scanning electron microscope backscatter electron 

images (SEM-BSE) (d-e). (a) Cataclasite with characteristic pseudotachylyte injection 

veins (arrow). The cataclasite matrix is enriched in chlorite and Ti-oxides. (b) Contact 

between the mylonite (upper left corner) and the cataclasite. Quartz forms almost 

entirely recrystallized polycrystalline ribbons. (c) Detail of a sub-angular 

polycrystalline clast of quartz in the cataclasite. The trace of the mylonitic foliation is 

still visible in the clast and is only slightly rotated with respect to the trace of the 

foliation in the mylonite. The surrounding matrix is a fine mixture of white mica and 

plagioclase. (d) Pseudotachylyte injection vein. Rounded quartz clast (dark grey) and 

Ti-oxides (white) are surrounded by a chlorite and mica rich ultrafine-grained matrix. 

(e) Quartz + chlorite aggregates filling fractures within and strain shadows around 
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plagioclase porphyroclasts in the mylonite. The clast is slightly rotated within the 

protocataclasite. The white line in the top right corner indicates the trace of the 

mylonitic foliation. 

 

4.4.4 Cathodoluminescence overview  

Cathodoluminescence of mylonitic quartz-rich layers gave a continuous bright signal, 

with no clear zoning or differential luminescence (Fig.4.8C). CL images of quartz veins 

cutting the mylonite also does not show great differences in brightness (fig 4.8D There 

is no evidence of healed fractures in quartz in the CL images (Fig.4.8).CL images of 

quartz veins cutting the cataclasite show zoning features in the crystals (Figure 4.8e). 

 

Figure 4.8 Cathodoluminescence images of mylonitic quartz-rich layers. 
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4.5 EBSD Analysis 

4.5.1 Mylonite  

 

EBSD analysis of the mylonite was conducted on sample PH16_1, which is located at 

the mylonitic shear zone boundary at a distance of 4 cm from the brittle fault core. 

EBSD maps were acquired from intracrystalline bands of recrystallized grains within an 

elongated mm- sized quartz grain (Fig. 4.9a), and from a highly recrystallized quartz 

layer along the mylonitic foliation (Fig. 4.10a). 

The recrystallized grain size within the intracrystalline bands ranges from 5 to 60 μm 

(Fig. 4.9b, c,). The Grain Orientation Spread (GOS) within the recrystallized bands 

varies between 0° and 8.4°, with a threshold value of 1° between the recrystallized 

grains and the relict grains when analysing the trade-off curve proposed by Cross et al. 

(2017). The average grain size of recrystallized grains (GOS < 1°) is 16 ± 7 µm whereas 

relict grains (GOS > 1°) have an average grain size of 25 ± 9 µm. Relict grains contain 

subgrains of an average size of 17 ± 7 µm (Fig. 4.9f).  Similarly recrystallized grains in 

Fig. 4.10 have an average grain size of recrystallized grains of 12 ± 3 µm whereas relict 

grains 26 ± 4 µm.  
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Figure 4.9 EBSD data of quartz from the mylonitic fault core. In all the EBSD maps, 

black lines correspond to high-angle boundaries (misorientation > 10°), white lines to 

low-angle boundaries (misorientation between 2° and 10°), and red lines to Dauphiné 

twin boundaries (misorientation of 60° around the c-axis). (a) Quartz ribbons and 

intracrystalline bands of recrystallized grains. Cross polarized light. The box locates 

the EBSD map shown in (b-d, g). (b-c) Grain size map (diameter of the equivalent 

circle, µm), the higher magnification in (c) highlights the presence of subgrains in the 

large relict quartz grains and in the recrystallized grains. (d) Grain orientation spread 

(GOS) for each grain, coloured relative to the GOS threshold (black line) between 

recrystallized (blue) and relict (red) grains. (e) Histogram of grains size distribution of 

grains in the intercrystalline bands. (f) Histogram of subgrains size distribution of 

subgrains in the relict quartz from the intercrystalline bands (light red in (d)). (g) Grain 

Orientation Distribution maps (GROD) was used to estimate visually the subgrains size 

in the quartz ribbon 
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Quartz grain hosting the intracrystalline band shows subgrains of 25-50 µm in size, 

which is comparable to the size of the coarser recrystallized grains observed in the 

intracrystalline bands (Fig. 4.9c). The size of the subgrains in the host quartz was 

estimated visually with the aid of Grain Relative Orientation Distribution maps (GROD, 

Fig. 4.9g).  

In the recrystallized quartz layer (Fig. 4.10a), quartz grain shape ranges from equant to 

elongate parallel to the foliation, with grain size ranging from 5 to 87 µm (Figs. 4.10b, 

c). GOS analysis identified a threshold value of 1.56° to separate recrystallized- and 

relict grains (Fig. 4. 10d). Average grain size of the recrystallized grains is 18 ± 8 µm, 

while relict grains have an average size of 28 ± 11 µm (Fig. 4.10e).  

The relict grains contain subgrains of an average size of 17 ± 7 µm (Figs. 4.10c, f). The 

crystallographic preferred orientation (CPO) of the c-axis of the relict grains and 

recrystallized grains forms a single girdle consistently inclined with the sinistral sense 

of shear of the sample (Fig. 4.10g). The EBSD-calibrated recrystallized grain size 

piezometer for quartz of Cross et al. (2017) was used to estimate the differential stresses 

during plastic flow in the mylonite. The estimated differential stress is 73-80 MPa for 

the average recrystallized grain size of 16-18 μm. 



83 

 

 

 

Figure 4.10  EBSD data of quartz from a recrystallized ribbon in the mylonite. (a) 

Polycrystalline ribbons of recrystallized quartz grains elongated parallel to the 

mylonitic foliation (Fig. 5b). Cross-polarized light is used. The box indicates the EBSD 

maps shown in (b)–(d). Colour coding of the boundaries like in Fig. 6. (b, c) Grain size 

map (diameter of the equivalent circle in micrometres, µm) and detail (c) showing that 

the larger grains contain subgrains of the same size as the surrounding finer grains. (d) 

GOS map showing that the GOS values are mostly under the threshold, indicative of 

high degree of recrystallization. (e) Histogram of the grain size distribution for 

recrystallized and relict grains. (f) Histogram of the subgrain size distribution in the 

relict quartz grains identified in (d) and (e). (g) Pole figure of the c-axis orientation of 

recrystallized and relict grains, colour coded like the GOS map in (d) (equal area, 

lower-hemisphere projection). 
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4.5.2  Veins parallel to the mylonitic foliation 

 

The quartz vein parallel to the foliation shown in Fig. 4.6 (d,e ) was analysed to identify 

possible evidence of crystal-plastic deformation and dynamic recrystallization. Grain 

shape varies from fibrous with elongation perpendicular to the vein wall, to more 

equant/less elongate. Grain boundaries of vein crystals are straight to lobate, the latter 

most commonly observed in association with fine recrystallized grains and bulges (< 15 

µm in size) (Figs. 4.11 b, c). Irrespective of their shape, most of the grains contain low-

angle boundaries and Dauphiné twins. The low-angle boundaries are typically arranged 

to define polygonal to slightly elongated domains of ~10 µm in size, comparable to that 

of the surrounding recrystallized grains in the mylonite (Fig 4.11c). Quartz in the 

mylonite flanking the vein shows fine grain size (< 20 µm), with only a small fraction 

of coarser grains (30-60 µm). GOS analysis indicates that dynamic recrystallization is 

pervasive. The mean recrystallized grain size is 10 ± 3 µm, and the relict average grain 

size is 20 ± 9 µm, with a GOS threshold value of 1.94° (Figs. 4.11d, e). Selected relict 

grains (size > 40 µm) in the mylonite contain subgrains with size between 5 to 25 µm 

range (Fig. 4.11f). Finer grains observed within the vein also present a GOS value 

below the threshold, which suggests they represent the recrystallized fraction in the 

quartz vein (Figs. 4.11c, f). In the vein quartz, GOS analysis indicates that the average 

subgrain size is 24 ± 7 µm, although the largest fraction of subgrains is smaller than 15 

µm, i.e., similar in size to the recrystallized grains in the flanking mylonite and in the 

vein itself. The c-axis CPO of the recrystallized grains in the mylonite forms a single 

girdle synthetically inclined with the sinistral sense of shear (Fig. 4.11h). The c-axis 

CPO of recrystallized grains in the veins overlaps with the one of the relict grains (Fig. 
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4.11i). The differential stress estimated from the average recrystallized grain size in the 

mylonite (10 μm) is 106 MPa. 

 

 

Figure 4.11 EBSD data of quartz from a foliation-parallel vein in the mylonite near the 

contact to the cataclasite. Colour coding of the boundaries like in Figure 4.9. (a) 

Quartz vein along the foliation. Quartz in the mylonite show a strong SPO consistent 

with the sinistral sense of shear of BFZ045. Cross polarized light. (b) Grain size map 

(diameter of the equivalent circle, µm. (c) Details of previous maps.  Bulges and 

subgrains (white arrows) of comparable size of the bulges are evident within the vein 

quartz. (d) GOS map of quartz in the vein and of the surrounding mylonite. The GOS 

threshold value of 1.94° separates relict grains (red) from recrystallized grains (blue). 

Grey stars indicate relict grains plotted in (f) for subgrain size estimates. (e) Histogram 

of the grain size distribution in the mylonite, with relict and recrystallized grains 

separated with the GOS method. (f) Histogram of the subgrain size distribution (red) in 
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relict quartz of the mylonite (grey). (g) Histogram of the recrystallized grain size (red) 

and subgrains size (blue) distribution in the vein. (h-i) Pole figures of the c-axis 

orientation of the recrystallized and relic quartz in the mylonite (h) and in the veins (i). 

Equal area, lower hemisphere projection. 

 

4.5.3 Cataclasite 

 

We analysed a largely recrystallized quartz clast in the cataclasite from sample 

PH28_10 (Fig. 4.12a). The selected clast is rotated of less than 10° with respect to the 

adjacent mylonitic foliation. Quartz grain size in the clast ranges from 4 to 60 µm. The 

coarser grains are elongated parallel to the foliation, show bulges and fine recrystallized 

grains at their boundaries, and contain a high density of low-angle boundaries (Fig. 

4.12b). The low-angle boundaries define small polygonal domains of a size comparable 

to the one of the recrystallized grains found at the grain boundaries (Fig. 4.12c). The 

GOS map in figure 9d identifies two grain size distributions, separated by a GOS 

threshold value of 3.23°. The recrystallized grains (average grain size: 8 ± 4 µm) form 

equigranular aggregates at the boundaries of the coarser (average grain size: 17 ± 10 

µm) elongated relict grains. The c-axis CPO of the recrystallized grains and of the relict 

grains is the same, showing two maxima at an intermediate position between the centre 

of the pole figure and its periphery, and consistently inclined with the sinistral sense of 

shear of the sample (Fig. 4.12f). The differential stress estimated from the average 

recrystallized grain size in the clast (8 μm) is 123 MPa. Although the map has been 

acquired from a clast, these microstructures and recrystallized grain size are similar to 

those of the mylonite in the immediate vicinity (< 2 cm) of the brittle fault core. 
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Figure 4.12 EBSD data of quartz from a clast in the cataclasite. Colour coding of the 

boundaries like in Figure 6. (a) The analysed quartz clast (Fig. 5f). The white rectangle 

locates the EBSD map shown in (b-d). (b-c) Grain size map (diameter of the equivalent 

circle, µm). The map highlights the presence of subgrains in the coarser elongated 

quartz grains with size comparable to the surrounding finer quartz. (d) GOS map. (e) 

Histogram of the grain size distribution of the recrystallized (blue) and relict (red) 

grains. (f) Pole figure of the c-axis orientation of recrystallized and relict grains. Equal 

area, lower hemisphere projection, color coded as GOS map. 
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4.6  Mineral chemistry, Raman spectroscopy, and pressure-temperature (P-

T) conditions of deformation 

 

Using Raman spectroscopy of carbonaceous material (RSCM), chlorite thermometry, 

and phengite barometry, P-T conditions of mylonitic deformation were calculated. 

Carbonaceous material was found in the host rock as grains and aggregates ranging in 

size from 50 to 200 µm (sample PH21 1, Fig. 4.13a) and as smaller grains (20-50 µm) 

in the mylonitic foliation (sample PH16 1-2, Fig. 4.13b), along chlorite and muscovite 

rich layers. A maximum temperature of 530° C ± 50° C for the carbonaceous material in 

the host rock (Fig. 4.14 a) (using the thermometer calibration for a laser wavelength of 

514 nm, Beyssac et al. 2002), and a lower T of 440° C ± 50° C for the mylonite was 

obtained (Aoya et al., 2010, using the thermometer calibration for a laser wavelength of 

532 nm; Fig. 4.14a).  

The pressure during mylonitization was estimated using the Si‐in‐phengite 

geobarometer (Massonne and Schreyer, 1987). Representative compositions of white 

mica are listed in Table 1. White mica composition was measured for grains parallel to 

the foliation associated with neoblasts of K-feldspar, as the application of the Si‐in‐

phengite geobarometer requires stability of K-feldspar (Figs. 4.13c, d). Structural 

formulae were calculated assuming 11 oxygens. The range of Si a.p.f.u. in the probed 

white mica grains is 3.12 –3.16. This compositional range indicates a pressure of 2-4 

kbar for the mylonitization (Fig. 4.14b), considering the average temperature of 440° C 

derived for the mylonite with the graphite thermometry. 
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Figure 4.13 Light microscopy and SEM backscattered electron (BSE) images of 

characteristic microstructural domains and mineral assemblages used for 

geothermobarometry estimates. (a) Graphite flakes in association with radiate chlorite 

in the host rock. Plane-polarized light is used. (b) Detail of graphite grains along the 

mylonitic foliation of BFZ045. Plane-polarized light is used. (c) Chlorite in pressure 

shadows around a K-feldspar porphyroclast in the mylonite. White mica and a fine-

grained recrystallized K-feldspar assemblage is common along the foliation. (d) Light 

microscope image of a microstructure similar to (c) (cross-polarized light). (e–f) SEM 

BSE images of radiate chlorite used for chlorite thermometry in the cataclasite matrix 

(e) and in a vein cutting the mylonitic foliation (f). The trace of the mylonitic foliation in 

(f) is oriented ca. NW–SE. 

. 

Chlorite composition was determined for i) chlorite grains intergrown with quartz and 

muscovite in the strain shadows around feldspar porphyroclasts in the mylonite (Fig. 
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4.13c, d), ii) chlorites flakes aggregate in the cataclasite quartz matrix (Fig. 4.13e), and 

iii) radiate chlorites filling veins at high angle to the mylonitic foliation (Fig. 4.13f).  

 

Figure 4.14 Results of P-T estimates. (a) Carbonaceous material Raman 

geothermometer. Average R2 ratio (refer to text for explanation) for graphite rich 

mylonitic and host rock samples was measured to derive a T estimate using the method 

of Beyssac et al. (2002) and Aoya et al. (2010). (b) Estimated P of mylonitization using 

the Si-in-phengite barometer (Massonne and Schreyer, 1987) for the average T of 440° 
C obtained with the carbonaceous material Raman thermometry. Red line show the 

total spread of the Si values obtained. Black square show the average result. (c) 

Chlorite compositional diagram based on Hey (1954). (d) Chlorite formation 

temperature estimated for mylonitic foliation, veins and cataclasite using the method of 

Lanari et al. (2014). 

 

Chlorites along the mylonitic foliation have Si content (~2.60 - 2.70 apfu), Al between 

2.74-2.88 apfu, and are moderately Fe-rich with a XFe (XFe=Fe/(Fe+Mg)) between 
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0.62 and 0.82. Chlorites in the mylonitic sample from PH_16 have a more narrow range 

of XFe, between 0.57 and 0.73. In the cataclasite chlorites Si content range between 

2.53-2.772 apfu, and Al have a wider range of 2.61-2.94 apfu. The cataclastic chlorite is 

richer in Fe compared to the mylonite, with a XFe range between 0.71-0.85. The radial 

chlorite filling the veins cutting the mylonite has Si content between 2.51 and 2.780 

apfu, Al between 2.74 and 3.00 apfu, and XFe vary between 0.69 and 0.81. In general, 

BFZ045 chlorites have an aphrosiderite-ripidolite composition and the microprobe 

results show that the composition of distinct chlorite generations is similar (Fig. 4.14c). 

The CHL(2) semi-empirical thermometer of Lanari et al. (2014) was applied to each 

EMPA analysis of chlorite with Si < 3 apfu and (Na + K + Ca) < 0.1apfu. FeO was used 

as Fe total, and aH2O = 1 and aSiO2 = 1 were assumed. The estimated temperature for 

the mylonite ranges from ~380° C to 500° C (limit of the used thermometer) for an 

assumed P of 3.5 kbar (Fig. 4.14d), with a temperature variation of 10° C every 0.5 kbar 

increment. Temperatures estimated for the cataclasite matrix and for the radiated 

chlorite in the veins have a larger range (~300-500° C, Fig 4.14d). Compositions 

yielding T lower than 400° C are more frequent, especially in the cataclasite, however 

no clear relationship could be discerned between temperature and microstructural 

position of the chlorites.  
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Table 4-1Representative compositions of muscovite from the BFZ045 mylonite 

 

Table 4-2 Representative compositions of chlorite from different domains of BFZ045 
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4.7  Discussion 

 

Our observations constrain the details of the structure and the deformation history of 

BFZ045. In particular, the microstructures of fault rocks indicate a sequence of 

deformation events where ductile deformation (mylonitization) was punctuated by 

brittle deformation (veining), and eventually culminated in the formation of the brittle, 

cataclastic fault core. We interpret this sequence to result from the evolving stress 

history and possible fluid pressure variations during the overall ductile-to-brittle 

deformation history of the strike-slip BFZ045 fault. 

4.7.1  The sequence of deformation events in BFZ045: ductile-brittle 

deformation history 

Our microstructural observations are consistent with the general conclusion that brittle 

deformation along BFZ045 exploited a ductile (mylonitic) precursor (Nordbäck and 

Mattila al., 2018; Skyttä and Torvela, 2018). Veins, cataclasites and pseudotachylytes 

are localised along the mylonitic fabric of BFZ045, and only minor evidence of brittle 

deformation (mostly in the form of fractures filled by chlorite) is present outside of the 

mylonitic fault core (Figs. 4.3a, 4.5a). The first stage of deformation of BFZ045 is 

represented by the development of a localised N-S trending mylonitic foliation (Figs. 

4.3, 4.5a-c). Mylonitic creep was punctuated by transient brittle events, with the 

opening of extensional fractures along the mylonitic foliation filled by quartz veins 

(Figs. 4.5 d, e). Veining was again followed by mylonitic deformation, as indicated by 

dislocation creep and dynamic recrystallization microstructures of quartz in the veins. 

Mylonite and veins were then overprinted by brittle deformation that formed cm- thick 

cataclasites (Figs. 4.5a-c) and a < 0.5 cm thick pseudotachylyte (Fig. 4.6 d) that, 
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together, form the brittle fault core of BFZ045. Cataclasites and pseudotachylytes were 

not overprinted by mylonitic creep, which might indicate that they formed under 

condition favourable to predominantly brittle deformation along BFZ045.  

The observed parallelism between stretching lineation in the mylonite and chlorite 

slicken lines in the cataclasites suggest that the ductile-brittle deformation history of 

BFZ045 occurred under a prolonged strike-slip regime with sinistral kinematics (Figs. 

4.3b,c). This conclusion is consistent with the model of the brittle evolution of SW 

Finland proposed by Mattila and Viola (2014), which attributes the sinistral kinematics 

of NNW-SSE trending subvertical faults to the ductile-brittle transition stage of the 

basement at 1.75 Ga (Stage 1 of deformation in Mattila and Viola, 2014). BFZ045 

experienced later reactivations during the prolonged brittle history of the SW Finland 

basement, as indicated by calcite veins cutting the brittle fault core and by (rare) slicken 

lines with dextral kinematics observed in the underground exposures (Aaltonen et al. 

2016). Local dextral kinematics along BFZ045 is potentially consistent with the Stage 2 

of deformation of Mattila and Viola (2014) at 1.7-1.6 Ga. These later features, however, 

are not discussed further in this paper as they are subordinate to and did not obliterate 

the earlier history.  

 

4.7.2 Deformation mechanisms and stress history during mylonitic creep of 

BFZ045   

Microstructural observations show that ductile deformation of the mylonite BFZ045 

was accommodated in quartz by dislocation creep, while feldspars experienced 

dominantly brittle behaviour with only limited neo crystallization in pressure shadows 

(Figs. 4.10c). Given the lack of crystal plastic deformation and recovery features in the 

interior of feldspar porphyroclasts, we interpret the neo crystallization in pressure 
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shadows as a possible indication of dissolution-precipitation, which has been commonly 

reported in feldspars deforming at mid-crustal conditions (Fitz Gerald and Stünitz 1993; 

Menegon et al. 2008; Eberlei et al., 2014; Torgersen et al., 2015; Giuntoli et al., 2018;  

Hentschel et al., 2019).  

Quartz recrystallization microstructures (bulges at grain boundaries and within 

intracrystalline bands, and core and mantle microstructures with subgrains of 

comparable size to that of the recrystallized grains; Figs. 4.4, 4.5) suggest that bulging 

and subgrain rotation were the dominant recrystallization mechanisms (Hirth and Tullis, 

1992; Stipp and Kunze, 2008). The average recrystallized grain size of quartz ranges 

between 8 and 18 µm, which falls within the < 40 µm size value representative of 

bulging as dominant recrystallization mechanism (defined as slow grain boundary 

migration coupled to localised subgrain rotation at the mantle of the host grain (Stipp et 

al., 2010). In all the studied samples, GOS analysis distinguished two quartz grain size 

populations, in which the coarser (relict) grain size contains subgrains of size 

comparable to the average size of the finer recrystallized grains (Figs. 4.7-4.9). The 

CPO of relict and recrystallized grains is the same, and this is consistent with the host-

controlled development of a CPO during subgrain rotation recrystallization (e.g., Stünitz 

et al. 2003).  

A key observation in the BFZ045 mylonite is the decrease in recrystallized grain size of 

quartz from the shear zone boundary (16-18 µm) towards the centre (8-12 µm; Fig.4.7-

4.9). The coarser (16-18 µm) grain size is the most representative of the partially- (Fig. 

4.7) and of the nearly completely (Fig. 4.8) recrystallized quartz ribbons in the BFZ045 

mylonite at distances ≥ 4 cm from the brittle fault core, and it also occurs as relict grain 

size in quartz clasts embedded in the cataclasite, where it is overprinted by the finer (8-

12 µm) recrystallized grains (Fig. 4.10). We interpret this overprint and the overall 

decrease in recrystallized grain size to reflect a progressive increase in stress and strain 
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rate towards the shear zone centre during mylonitic creep (Kidder et al. 2016). 

Throughout the samples the CPO of recrystallized quartz is consistently inclined with a 

sinistral sense of shear (Fig. 4.9-4.12); this is interpreted as evidence that they 

developed under constant kinematic conditions in BFZ045. 

Relict quartz grains of 25-28 µm in size are associated with the coarser (16-18 µm) 

grain size (Figs. 4.10-4.11), and un-recrystallized portions of quartz contain subgrains 

of similar size (≥ 25 µm, Figs. 4.10b-d). We consider that the 25-28 µm grain size 

population might represent an early, dynamic recrystallization event within BFZ045, 

which was later overprinted by recrystallization occurring under progressively 

increasing differential stress.  

Deformation and stress history of BFZ045 can be summarised in various stages. After 

the regional metamorphic peak and migmatite formation (i.e. 660-700° C, 3.7-4.2 kbar; 

Tuisku and Kärki, 2010), the basement of Olkiluoto was affected by different stages of 

ductile deformation (D2-D4, Aaltonen et al., 2010) under a metamorphic retrograde 

path toward greenschist facies conditions. The progressive change in P-T condition was 

favourable to the mobilization and subsequent recrystallization of carbonaceous 

material (e.g. Kirillova et al., 2017). We thus interpret the estimated metamorphic 

temperature of 530° C ± 50° C in the host rock as the temperature of remobilization of 

carbonaceous material during retrograde metamorphism that culminated in the D4 

deformation stage. During the final stage of D4 a localised N-S trending mylonitic 

foliation developed in the migmatites (Fig. 4.15a). Mylonitic creep took place under 

differential stresses increasing from ~ 54 to ~ 80 MPa, as determined from the 

recrystallized grain size of 16-18 µm overprinting grains of 25-28 µm. Foliation-parallel 

quartz veins crystallized transiently along the mylonitic foliation (Fig. 4.15b) and were 

overprinted by crystal plastic deformation and dynamic recrystallization under 

progressively higher stress (80-120 MPa, Figs. 4.11, 4.15c) during strain localisation 
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towards the centre of the shear zone. We are aware of the uncertainties and limitations 

of the palaeopiezometric calibrations, and our estimated flow stresses must be taken 

with care. However, the similarity between subgrain- and grain size, as well as the 

consistent sinistral asymmetry of the quartz c-axis CPO of relict and recrystallized 

grains in all the maps support that dynamic recrystallization occurred during the 

sinistral strike-slip movement of BFZ045 under progressively increasing differential 

stresses. 

We estimate that mylonitization of BFZ045 (Fig. 4.15a-c) occurred at ~450° C and 3.5 

kbar, consistent with the retrograde greenschist facies conditions attributed to the final 

stages of D4 deformation in the SW Finland basement at 1.81-1.77 Ga (Lahtinen et al., 

2005; Mänttäri et al., 2010; Skyttä and Torvela, 2018). Considering an average crustal 

density of 2.7 g/cm3, the depth of mylonitic deformation and of transient veining in 

BFZ045 corresponds to approximately 13 km. 

The mylonite and quartz veins were eventually overprinted by more pervasive brittle 

deformation that formed chlorite veins, cm-thick cataclasites and a < 0.5 cm thick 

pseudotachylyte that, together, form the brittle fault core of BFZ045 (Fig. 4.15 d). We 

attempted to estimate the temperature of chlorite veins cutting the mylonitic foliation 

and of chlorite in the cataclastic matrix (Fig. 4.11), but we obtained a wide temperature 

range of ~300-500° C that is unable to constrain the precise T of the final brittle 

deformation event(s). Although the conditions of formation of cataclasites and 

pseudotachylytes cannot be tightly constrained, it is interesting to note that the T 

estimates from the chlorite in the veins are generally higher than 400° C. This suggests 

that chlorite veining occurred early in the deformation history of BFZ045 (i.e. at T ≥ 

400° C) under overall ductile conditions, as also supported by the precipitation of 

chlorite + quartz aggregates in microveins and in strain shadows (Fig. 4.5e). This is 

consistent with the results of Marchesini et al. (2019), who estimated a temperature of at 
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least 350° C for the early stages of deformation and emplacement of quartz-chlorite 

veins along the dextral fault zone BFZ300 (conjugate to BFZ045).  

 

Figure 4.15 Schematic representation of the microstructural evolution of BFZ045. (a–d) 

Grey lines: traces of metamorphic foliation in the host rock. In the schematic fault 

scheme evolution, red displays the active deformation process, grey represents the 

inactive deformation processes, and orange suggests a transition in the deformation. (a) 

The development of mylonite was punctuated by the emplacement of quartz vein (b). (c) 

Ductile deformation localized toward the centre of the mylonitic fault core in an overall 

narrowing shear zone, and it was followed by formation of cataclasite, chlorite veins, 

and pseudotachylyte (d). (e) Schematic summary of the quartz recrystallized grain size, 

differential stresses, and P –T conditions of deformation for BFZ045 derived in the 

present study, in relation to the fault core geometry. 
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4.7.3  Conceptual model of the fault slip behaviour of BFZ045 at the base of the 

seismogenic zone  

 

Using a λ-σ failure mode diagram (Cox, 2010), we propose a conceptual model of the 

structural evolution of BFZ045 (Fig.4.16). Strain rates during mylonitc creep were 

estimated using the dislocation creep flow laws of quartz of Hirth et al. (2001). 

Parameters and assumptions used for the calculation of the strain rates and of the λ-σ 

failure envelopes are listed in Table 3. 

 

Table 4-3 Parameters used for λ -σ failure mode diagrams 

According to the failure envelope, differential stresses < 80 MPa are necessary for 

extensional- and hybrid fractures to occur. In our model, this stage of fault evolution is 

represented by the ~ 54 MPa creep recorded by quartz grain- and subgrain size of 25-28 

μm (Figs. 4.7b-d). The failure envelope also shows that extensional failure and vein 

formation required transient high fluid pressure reaching lithostatic values (λ = 1; Fig. 

4.16b, stage 2). Although the overall geometric stress conditions during ductile 

deformation of BFZ045 are expected to generate en-echelon vein systems oblique to the 

mylonitic foliation, the foliation-parallel veins are consistent with mode I opening mode 

due to hydrofracturing. A regional rotation of the stress field appears unlikely, given the 
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constant orientation of the stretching lineation and slickenlines in the core samples, and 

the consistent asymmetry of the pre- and post-vein quartz c-axis CPO (Figs. 4.7-4.9). 

Thus, a transient reorientation of the stress field in the fault zone must be invoked to 

explain the switch from viscous creep to mode I fracturing along the mylonite foliation. 

Following veining, there was a drop in fluid pressure (e.g., Sibson, 1989, 1993; Cox 

1995) and a return to mylonitic creep under increasingly greater stress and strain rate 

conditions (Fig. 4.16c, stage 3). The failure mode diagram shows that for pore fluid 

pressure factors greater than 0.8, these increased stresses are likely to result in brittle 

shear failure mode of the fault. The cataclasite and pseudotachylytes in the brittle fault 

core are most likely the result of BFZ045 deformation under increasing differential 

loads and fluid pressure throughout the BDTZ. The time span between high strain rate 

mylonitic creep and the creation of the brittle fault core, however, is unclear, as are the 

precise P-T conditions of cataclasites and pseudotachylytes. As a result, the stage 3 

model remains rather speculative. 

The rise in stress towards the shear zone centre (Fig. 4.16c) may represent the 

rheological development of a narrower shear zone with exhumation under progressively 

decreasing T from the ductile to the brittle crust (e.g., Kohlstedt et al., 1995; Behr and 

Platt, 2011). External stress loading from seismic faulting in the underlying upper crust 

might also be responsible (e.g., Küster and Stöckhert, 1998; Treppman and Stöckhert, 

2003; Treppman et al., 2017; Treppman and Seybold, 2019). Both hypotheses are 

equally valid in explaining the data and are not mutually exclusive. Due to the 

constraints of our P-T estimations, is not possible to differentiate between the two 

choices. The presence of pseudotachylytes along the BFZ045 fault core, on the other 

hand, suggests that the fault was capable of producing earthquakes, and the seismogenic 

behaviour of other faults in the Olkiluoto basement has previously been examined 
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(Marchesini et al., 2019 and references therein). This shows that transitory seismic 

stress may have caused the localised rise in creep rate during BFZ045 mylonitization. 

 

Figure 4.16 Conceptual model of the temporal and mechanical evolution of the BFZ045 

fault zone (see text for more details). BFZ045 was characterized by (a) the development 

of mylonite creeping at ca. 10–13 s−1, followed by (b) a transient increase in fluid 



102 

 

pressure responsible for the emplacement of quartz veins. Ductile deformation then 

continued under increasing differential stress and strain rates (c). 

 

4.8 Conclusions 

 

This study shows that deformation microstructures can be used to evaluate the stress 

history of a shear zone deforming across the brittle-ductile transition in the continental 

crust, and to reconstruct the cyclical brittle-ductile deformation history of fault zones. 

The fault zone BFZ045 exploited a mylonitic precursor in the Paleoproterozoic 

basement in SW Finland and records transient brittle deformation in the form of syn-

kinematic quartz veins emplaced during ongoing mylonitic creep at ~ 450° C and 3.5 

kbar, in response to transiently high fluid pressure. Mylonitic deformation continued 

after vein emplacement, as evidenced by the dynamic recrystallization of the vein 

quartz. Mylonitic creep occurred under progressively increasing differential stress 

towards the shear zone centre in an overall narrowing shear zone. Mylonitic 

deformation at the shear zone centre records peak stress conditions of around 120 MPa 

and was followed by brittle deformation that generated cataclasites and minor 

pseudotachylytes in the fault core.  

The constraints derived from microstructural analysis shaped the proposed conceptual 

model of the evolution of BFZ045 slip behaviour, which highlights the significant role 

of transiently sub-lithostatic fluid pressure in triggering vein emplacement during 

ongoing mylonitic deformation, as well as of the progressive increase in stress and 

strain rate during viscous creep towards peak conditions reached at the BDTZ in the 

Fennoscandian Shield. This study shows that microstructural studies leading to the 

acquisition of independent constraints offer the potential to reconstruct in detail the 

evolutionary history of fault zones that experienced a transition in deformation mode at 
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the BDTZ. In addition to deriving a conceptual model of varying fault slip behaviours at 

the BDTZ, the methods and the results of this work complement and expand thorough 

site characterization studies of deep geological disposal facilities. 
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5 Micro-porosity characterization and distribution across 

BFZ045 fault rocks 

 

5.1  Introduction 

 

Investigating the distribution and origin of porosity in exhumed shear zones and faults is 

critical to understand the interaction between fluid migration and rock deformation. In 

fault rocks, porosity variation is closely tied to the mechanics, structure, and 

development of the fault (Gratier and Gueydan, 2007; Faulkner et al., 2010). Fracturing 

in crystalline rocks can enhance permeability and, as a result, affects rates of fluid 

propagation (e.g. Caine et al., 1996; Micklethwaite and Cox, 2004). Presence of 

chemically active fluids within the fracture network can decrease the porosity by 

mineral precipitation (Sibson, 1987; Nishimoto & Yoshida, 2010).  Moreover, pressure 

solution processes and gouge compaction in brittle faults result in porosity reductions 

(Renard et al., 2000). Porosity reduction related, for example, to pressure solution can 

lead to an increase of pore fluid pressures within fault cores (Gratier et al., 2003). 

Variation of fluid pressure can prompt brittle failure under ductile condition, 

consequently promoting cyclicity in the fault deformation behaviour (Sibson, 1990). 

Extensive literature exists on porosity-forming mechanisms in different fault rock types 

and in conjunction with different mineral reactions, (e.g. Tullborg and Larson, 2006; 

Voorn et al., 2015; Staněk and Géraud, 2019; Wirth et al., 2022) especially in natural 

shear zones (Géraud et al., 1995; Mancktelow et al., 1998) and under different 

experimental conditions (e.g. Violay et al., 2017; Xing et al., 2018). Model of 

permeability distribution, with the related porosity, for fault zones and fractures have 
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been proposed taking into consideration different conductive and sealing structures 

(Caine et al., 1996; Evans et al., 1997; Wilson et al., 2003; Mitchell & 

Faulkner,2009;Faulkner et al., 2010, 2011). This chapter focuses on existing research on 

porosity distribution, evolution, and relative deformation mechanisms in crystalline 

rocks presenting a ductile precursor overprinted by brittle deformation.      

Porosity distribution has been described for the Alpine Fault in New Zealand, and in 

particular for its fault-rock assemblage formed at the brittle ductile transition (Kirilova 

et al., 2020). Low porosity values for the fault core are interpreted as indicative of 

porosity reduction due to the interplay of pressure solution processes and mineral 

precipitation (Kirilova et al., 2020).  

A useful approach to determine relationship between deformation evolution of a fault 

zone, fluid flow and its bulk porosity is the study of hydrothermal systems developed 

along exhumed fault network (e.g., Egli et al., 2018). Presence of ductile precursor and 

the ductile strain intensity are observed to be key factor in the evolution of matrix 

porosity and subsequent localization of brittle fracture network (Egli et al., 2018).  

Porosity observed in deformed crustal rocks is often related to different porosity 

generating processes such as dilatancy at grain boundaries, micro-cracking, and 

hydraulic fracturing (Oliver 1996; Billi et al., 2013). Under ductile deformation porosity 

could be produced by creep cavitation in rocks deforming by grain size sensitive creep 

(Fusseis et al., 2009; Gilgannon et al., 2017). In metamorphic environments other 

mechanisms could develop porosity even in the absence of deformation, in particular 

mineral dehydration reactions (Hövelmann et al., 2010; Plümper et al., 2017) and 

replacement reactions, where pores are generated due to volume differences between 

precipitated and dissolved minerals (e.g., Engvik et al., 2008).  
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In Olkiluoto, several studies have been conducted to characterize the permeability and 

retention properties of the host rocks, for which porosity measurement are necessary. 

Those studies applied different methods to characterize porosity, pore structure and 

other physical properties of Olkiluoto host rock. Porosity estimates for the host rock 

were derived with the 14C-labelled methyl methacrylate (MMA) method, which 

generates 2D porosity maps (e.g. Hellmuth et al. 1993, 1994, 1999; Siitari-Kauppi et al. 

2010; Voutilainen et al. 2012; Kuva et al. 2012), Ar-gas pycnometry (Kuva et al, 2015, 

2018) and X-ray tomography (Voutilainen et al. 2012; Kuva et al. 2012).  

Host rock porosity is commonly presented for the two main lithologies pegmatitic 

granite (PGR) and veined gneiss (VGN) either as ranges 0.44–0.63 % (PGR) and 0.19–

2.9 % (VGN) (e.g., Kuva et al. 2015), or as median values 0.38% for PGR and 0.43 for 

VGN (e.g. Jacobsson et al., 2016). Median porosity estimates for the drill core ONK-

PH28 is 0.40%, with a sample variation from 0.1% to 0.91%, with VGN presenting the 

smallest range of 0.2-0.6% (Tiensuu et al., 2017). In general porosity is higher for 

altered rocks, reaching max values of 6.8% and decreases with depth of the sample 

origin in the ONKALOTM tunnel. (Öhman et al., 2009). For both lithologies pores 

consist mostly of micrometer scale fissure, observed both internally and cutting the 

grains (Kuva et al.,2018, Ikonen et al., 2015, Sammalj ̈arvi et al., 2017). 

This study aims to complement and expand the existing work with a detailed analysis of 

porosity characterizing a section of BFZ045 fault zone. Pore volumes and pore sizes 

were obtained using a combination of micro-Computed tomography (µ-CT) datasets, 

He-pycnometry and mercury intrusion porosimetry measurements; pore type 

classification was conducted using µ-CT and scanning electron microscopy images.  

The application of multiple methods to characterize rock porosity, pore morphology and 

pore size distribution is a well-established practice (e.g., Halisch et al., 2016; Zhang et 

al., 2018), since each method provides information for a specific pore size range 
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(Anoviz and Cole, 2015). Moreover, none of the methods delivers the absolute value for 

the investigated parameters, be it pore size, porosity or surface area (Rouquerol et al. 

(1994). It is appropriate to address the limitations in the methods applied to the study 

and critically evaluate their validity prior to interpretation (Tullborg and Larson, 2006).  

 

5.2  Material  

 

All samples were obtained from the 100.42–100.71 m section of the PH28 drill-core, 28 

cm long and with diameter of 5 cm (Fig. 5.1 a). This drill core section encompasses the 

transition from the proximal damage zone to the brittle fault core of BFZ045. It includes 

a mylonite in contact with a chlorite-rich cataclasite and a damage zone occurring in the 

coarse-grained host rock that is characterised by networks of chlorite veins (Figs. 5.1 

a,b). It was cut in half parallel to the mylonitic stretching lineation (and to the chlorite 

slickenlines of the same orientation), and samples representative of the fault rocks were 

collected from the upper half-core (Fig. 5.1b).  

Eight cylindrical samples (~1 cm of diameter and up to 2.3 cm in length) were drilled to 

perform micro computed tomography (µ-CT) at the University of Edinburgh 

(previously discussed in Chapter 3 and 4). To preserve as much material as possible, the 

remaining half-core was sub-sampled into rectangular prisms with ~ 1 x 1 cm base and 

variable length, whose corners were smoothed to approach a cylindrical shape. Sub-

sampling of the core was carried out at the University of Plymouth. 
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Figure 5.1 Schematic of sample preparation. A) Photograph of PH 28 upper half-core 

selected section, cut parallel to lineation. b) Schematic representation of faults domains 

based on macroscopic and thin section observations, illustrated on the lower half of the 

scheme. Grey 3D shapes in the upper half of the scheme illustrates sample and name 

location on the PH28 drill-core that can be related to c) sample treatment. Cylindrical 

samples obtained for µ-CT where used for either MIP analysis or serial thin sectioning. 

Prism samples were only investigated with MIP and He-pycnometry 
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Based on tomographic observations, three cylinders (A, D, G in Fig. 5.1 b) were 

selected for Helium (He) pycnometry and Mercury Intrusion Porosimetry (MIP), while 

the remaining cylindrical samples (B, C, E, F, H in Fig. 5.1b) where put into resin and 

cut into six serial thin sections, with a spacing of ~3 mm between each section. Polished 

thin sections were analysed using petrographic microscope and SEM in backscattered 

electron (BSE) mode in order to ascertain the textural position of pores and 

microstructures, and with Energy Dispersive X-Ray Spectroscopy (EDS) to identify the 

main mineral phases. (Fig 5.1 c). Nine prisms samples, of which at least two 

representative for each fault rocks, were also chosen for He pycnometry and MIP (Fig. 

5.1 c). 
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5.3  Methods 

 

5.3.1 Definition of measured porosity 

 

In geology the term porosity is defined as the fraction of the volume of the void over the 

total volume. However, the definition and quantification of a ‘void,’ can have different 

meanings when related to different methods. It is necessary therefore to specify the 

definition of the used terms, to ease the reading. This chapter uses the definition of 

porosity, volumes and density provided in Webb (2001), briefly summarised here.  

Pores can be divided in open and closed (cavities with or without access to an external 

surface). Most methods measure the open (or effective, interconnected) porosity and 

infer the closed porosity from volume or density differences in the sample (Anovitz and 

Cole, 2015). In this thesis, effective porosity (φe) is expressed as the percentage of the 

ratio between the volume of interconnected voids (Ve) and the bulk volume (Vb) of the 

sample. The bulk porosity (φb) is calculated as the volume of all the pores (Vp) 

normalized to the bulk volume of the sample, and does not differentiate between closed 

and open pores. Skeletal volume (Vs) is the sum of the volumes of the solid material in 

the sample and the volume of closed pores within the sample. Bulk and skeletal density 

are calculated from the sample mass divided by the respective volume.  
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5.3.2  Micro Computed Tomography (µ-CT) 

 

Acquisition and reconstruction of the μ-CT dataset was performed by Dr. Ian Butler, at 

the Experimental X-ray Microtomography Laboratory at the School of GeoSciences, 

University of Edinburgh UK. Each sample was scanned with the same settings: 120kV 

peak energy, 10 W target power loading and 2000 projections, each with a 2s exposure 

time. After acquisition, tomographic slice reconstruction was performed using 

Octopus™ software. Digital image processing, data analysis and visualisation of 3D 

data was performed using dedicated workstations running Avizo™ software at the 

University of Edinburgh.  

5.3.2.1 Digital Image Processing 

Digital image processing was conducted using the software AvizoFire v.8.1 and Image J 

(Schindelin et al., 2012). 

First the upper and lower reconstructed dataset were merged using the Image 

registration wizard function in AvizoFire v.8.1, to obtain an aligned stack of images.  

The stack was saved as sequence of images in .tiff files format (Fig 5.2a), and opened in 

Image J, where the contrast in the images was enhanced to facilitate the segmentation of 

the different mineral phases, and subsequently saved in Bitmap format (.bmp) to 

preserve the new contrast. Data were then filtered using an Anisotropic Diffusion Filter 

2D to reduce image noise (Tschumperle and Deriche, 2005; Schlüter et al., 2014) (Fig 

5.2b). This filter is a common non-linear deionising filter implemented in ImageJ 

(Perona and Malik, 1990), which smooths the image gradually, through a diffusion 

process, while preserving the edges. The diffusion stop criterion is set up manually by 

choosing the parameters a1, a2 and number of iterations. The parameters were chosen 
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following in the approach of Macente (2017):  20 iterations, and a1 and a2 set up to 0.7 

and 0.5 respectively.  

Segmentation of the chlorite veins network was performed using the Trainable Weka 

Segmentation Plugin (Arganda-Carreras et al., 2017) in the Image J/Fiji software. For 

most sample up to five classes (phases) were manually selected, colour coded in base of 

the different grey values selected for each class (Table 5.1; 5.2c). Training of the 

classifier was performed using 50 images from sample A manually labelled. After 

several attempts Gaussian blur, Sobel filter, Difference of Gaussians and Mean were 

selected for the training of a fast random forest classifier (Supek 2008). Based on the 

trained classifier, image representing probability maps where obtained, where the grey 

value for each pixel represents the probability of belonging to a specific class. Black 

indicates 0% and white 100% probability of belonging to a determined class (Fig 5.2c). 

The resulting hyper stack of images was saved as .tiff files and images were re grouped 

based on the corresponding class. 

 

Class 1 Dark grey Quartz/ Plagioclase 

Class 2 Light grey Chlorites 

Class 3 Mid grey K-feldspar/white micas 

Class 4 White Oxides 

Class 5 Black Pores  

Table 5-1 Manually selected classes, characteristic grey values, and possible mineral 

component used for algorithm training in WEKA 2D. 
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Figure 5.2 Visual representation of the workflow followed in Image J to segment each 

orthoslices from the 3D dataset. a) original image, b) image filtered with Anisotropic 

Diffusion 2D. c) WEKA 2D plugin interface. Colour areas represent user selected area 

for each class. Examples of probability maps obtained for d) dark grey values (quartz-

albite class 1) and black  values (porosity class 5). 
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Probability maps stacks were imported in Avizo 8 separately for each class. Using the 

Edit new Label field operation, only results with a 95% or higher probability were 

selected and transformed into a binary image. To discard small objects due to image 

processing and separate larger object the morphological operation Opening was applied, 

selecting a Cubic configuration, a 6 neighbourhood (which defines cluster if connected 

at least by a face) with half kernel size of 3px. Lastly, the object present on the binary 

images were identified using the Labelling operator. Labelling operator identifies 

connected aggregates of voxels in the segmented data. Like with the Opening operator, 

the degree of connectivity depends on the chosen neighbourhood: 6 (defines face-

connected clusters) was applied for every class except for class5, representative of 

porosity segmented data, for which 26, that defines either a face, a side or a vertex in 

common, was selected. The resulting images present labels identified by different 

colours, which can repeat within the same dataset, as there is a limited number of 

colours in the map. Label analysis operator was used to characterise and quantify pore 

shapes. Pore size was obtained as the equivalent spherical diameter (EqD) (eq.5.1) for 

each pore. 

 

𝐸𝑞𝐷 = √
6 ×  𝑉𝑜𝑙𝑢𝑚𝑒

𝜋

3

  𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 (5.1) 

       

Micro computed tomography images were used to quantify the pore volume and the 

porosity of the samples. The resolved pore volume is function of the spatial resolution 

of the µ-CT, which for this study is 20 µm voxel size. Estimates of porosity volumes 

from micro-CT depend on the segmentation strategy, which may vary from user to user. 

Estimated porosity values differ up to 20 % depending on the applied segmentation 
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procedure and noise level of the images (see Kirilova et al., 2020). Uncertainty of the 

porosity measurement can be obtained by comparing the results of µCT and helium 

porosimetry measurements (Jaques et al., 2021). 

 

5.3.3 Microscopy  

 

Five cylindrical samples (Fig 5.1) used for µ-CT were then polished into thin sections 

that could be used for further analyses using light microscopy and Scanning Electron 

Microscopy (SEM). SEM was used to obtain backscatter electron images (BSE) of the 

textural position of porosity, and to identify mineral phases and their distribution using 

energy dispersive spectroscopy (EDS). SEM data acquisition were conducted at the 

Plymouth Electron Microscopy Center using a JEOL 6610 SEM with tungsten filament 

equipped with an Oxford Instrument X-Max 80 EDS SDD detector, and at the 

Department of Geosciences of the University Oslo using a Hitachi SU5000 FEG-SEM 

equipped with Dual Bruker Quantax XFlash 30 EDS SDD detectors.  

5.3.4 Helium Pycnometry 

 

Helium pycnometry was used to measure the effective porosity (φe), the throat size 

distribution and the skeletal density (ρs) of the samples. Diameter and length of the 

samples were measured using a digital calliper with an estimated accuracy of 0.1 mm. 

Before the analysis, the samples were oven-dried for 24 hours at 50 °C, to eliminate 

possible surface humidity left during sample preparation. The samples were then 

weighed with accuracy of 0.001 gr.  

Helium pycnometry analyses were conducted at the University of Plymouth, with a 

Thermo Fisher Pycnomatic ATC, a fully-automatic gas displacement pycnometer. For 
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each sample, a minimum of 3 to a maximum of 10 measurements have been recorded, 

each with standard deviation lower than 0.050 %. The atmospheric stabilization time 

was set at 600 second. The measured volume of the sample was recorded together with 

the calculated average density.  

Effective porosity was calculated from the ratio of accessible volume and bulk volume 

of the sample. As Helium pycnometry measures the solid volume of the sample, 

accessible volume was determined from the volumetric difference between bulk and 

solid sample volume, which is dependent on the density used, which in this case was of 

2.8 g/cm3, typical for granite.  

 

5.3.5  Mercury Intrusion Porosimetry 

 

Mercury Intrusion Porosimetry (MIP) was used to obtain effective pore volume and 

pore throat size distribution. Mercury porosimetry measurements were conducted using 

a PASCAL 140/440 instrument from Thermo Fisher, characterized from a pressure 

range between 0.015 and 400 MPa. This pressure range equate to a pore throat radius 

between 100 µm to 3 nm. Pressure increase was set to 13 MPa/min. All the mercury 

intrusion curves were corrected by subtracting the result of a blank experiment. A blank 

experiment is a test conducted with the same pressure setting but without a sample in 

the sample chamber. 

Pore volume was obtained by the cumulative intruded mercury volume in the samples, 

from intrusion curves plotted as a function of the cumulative pore volume (mm3) against 

the pore throat diameter (micron). The diameter of the intruded pore at an applied 

pressure P was calculated by the Washburn equation: 

 

𝑑𝑝𝑜𝑟𝑒 =  
−4𝛾 cos 𝜃

𝑃
 𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 (5.2) 
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With a value of 140° for the contact angle (θ) between the solid and the mercury and a 

value of 0.48 Nm-1 for the surface tension (γ)(Washburn, 1921). Those contact angle 

and surface tension values are commonly used for measurement at room temperature 

(25 °C; Giesche, 2006). 

Pore throat size distribution curves, obtained from first derivative of the intrusion 

curves, are plotted in the form of pore volume in the vertical axis vs pore throat 

diameter in the horizontal axis.  

 

5.4  Porosity Analysis  

5.4.1  Porosity types  

 

3D images from µ-CT scan were used to differentiate between two types of porosity: (i) 

fracture and (ii) matrix porosity (Fig 5.3). Micro fractures are mostly observed in 

samples from the damage zone (Sample B, Fig 5.3 a-b). Larger open fractures could be 

originated from sample preparation. Given the uncertain origin of fracture cutting 

through whole sample (Fig 5.3b), their volume was not quantified for µ-CT porosity 

estimates. Matrix porosity in µ-CT images could only be further differentiated into 

apparently isolated pores (Sample C, Fig 5.3c), or more clustered pores, but pores 

network was not possible to visualize. In the mylonite samples porosity is observed 

clustered inside plagioclase porphyroclasts (Fig 5.3 d), while in cataclasite samples 

porosity is more homogenously distributed (fig 5.3 e). BSE images of the serial thin 

sections were used to better differentiate the types of matrix porosity based on their 

textural position and dominant mineralogy (for each rock type). 
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Figure 5.3 3D images ( 400x300x300 voxel) illustrating pore distribution in a-

c)damage zone (sample B, C ) and d) cataclasite (sample E). a) highlight total porosity 

comprised of fracture and isolated pores and b) shows only pore with volume smaller 

than 50 Voxels. c) overview of isolated and small clustered pores in the damage zone. 

Light grey volume is representative of chlorites. d) distribution of pores/ microfractures 

and chlorites along cataclastic band in sample E. 

 

The mylonitic samples (F, G, H in Fig.5.1b) show intragranular porosity commonly 

related to feldspar porphyroclasts (Fig.5.4 a), and at the grain boundaries of 

recrystallized quartz (Fig. 5.4 b).  

In the cataclasite, clusters of pores are preferentially observed in feldspar clasts (Fig. 5.4 

c-d) and characterize the quartz-chlorite phase boundaries in the veins (Fig. 5.4d-e). In 

the veins recrystallized quartz shows grain boundaries pitting (Fig 5.4 f). 

In the damage zone, porosity is concentrated inside perhtitic K-feldspars where it 

locally defines healed micro-fractures (Fig 5.4g), and plagioclase (Fig 5.4 h).  
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Figure 5.4 SEM images representative of the pores type. a) ‘Clustered’ porosity in 

albite porphyroclasts in the mylonite (sample H). b) Detail of pores along grain 

boundaries of recrystallized quartz in the mylonite. Yellow arrow indicate void located 

at the grain boundaries (sample F). c) Porous feldspar clast wrapped by a network of 

quartz-chlorite veins in the cataclasite. d) Porosity in quartz-chlorite veins and 

surrounding albite (sample PH28-22) e) Detail of pores in ductile deformed quartz 

along a band in the cataclasite. Yellow arrow indicate void located at the grain 

boundaries. (sample F) f) Detail of pitted grain boundaries of quartz  inside of  quartz 

chlorite veins (d) in the cataclasite, (Sample TS_23) g) Porosity inside perhtitic K-

feldspar, orientation of pores indicate microfractures.(Sample C) H) porosity in 

plagioclase(Orange arrow) and surrounding microfractures (green arrow) in a 

cataclastic bands of the damage zone(sample A). 
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5.4.2 Pore size distribution  

 

The distribution of the pore sizes is an important component in describing and 

quantifying the overall porosity of a sample. This study combines qualitative 2D 

analysis of pore size from SEM images with quantitative 3D analysis of pore body size 

and pore throat size from µ-CT and MIP (Fig. 5.5 and 5.6 respectively). For the 

mylonite, visual inspection of BSE images suggests a distribution of pores mainly in the 

range of 1-40 μm; smaller pores (<1 µm size) can be related to grain boundary porosity 

in quartz while larger pores (2-20 µm range) are commonly associated with feldspars 

porosity, prevalently as internal grain porosity (Fig 5.4 a)  

Pore equivalent diameters observed at the µ-CT range between 20 to 200 µm, with 

median diameter 32-39 µm (Fig. 5.5, sample F-H). MIP curves for mylonitic samples 

show low volumes of intruded mercury (< 2 mm3), and most of the intrusion occurs at 

pore throat diameters between 2 and 20 µm (Fig. 5.6a). 

Pores observed in BSE images of cataclasite have a wider range, with sizes varying 

from 2 to 100 μm. Lowest pore size is observed along quartz grain boundaries inside the 

veins (<1 μm, Fig 5.4d-e). Porosity associated with feldspar is in the 5– 20 μm range 

(5.4c), while larger pores are locally associate with microfractures along the cataclastic 

matrix (Fig 5.4x). This heterogeneity is also observed in pore equivalent diameters 

measured with µ-CT, for pore size ranging between 20-300 μm (Fig. 5.5). MIP curves 

for cataclasite samples shows the highest volume of intruded mercury, though still 

overall low (< 4 mm3), with most of the intrusion occurring at pore throat diameters 

between 3-10 µm (Fig. 5.6b).  
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Figure 5.5 Pore size distribution histograms obtained from µ-CT analysis. Bin size 10 

µm, threshold of measurements for equivalent diameter is 20 µm. 

 

Pore size observed in BSE images of the host rock in the damage zone is related to K-

feldspar, with mean pore size < 10 µm. The mean pore equivalent diameter for the 

damage zone is between 30-55 μm from µ-CT measurements (Fig 5.5). Mercury 

porosimetry intrusion curves for the fractured host rock samples shows a volume of 

intruded mercury between 0.6 and 2.5 mm3, with pore throat diameters between 4 and 

16 µm (Fig. 5.6c). 
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Figure 5.6 Intrusion and extrusion data from MIP and pore size distribution of 

intrusion data for Mylonite (a) cataclasite (b) and damage zone (c). The differential 

intrusion vs pore size graphs reflect the amount of pore space for a given pore throat 

diameter. The higher spikes indicate pore sizes that contribute the most to the overall 

porosity. 

The total volume of fractures and pores larger than 20 µm was determined through 3D 

image analysis of µ-CT data of 8 samples. The measured volume was divided for the 

known volume of the sample to obtain a total porosity estimate for each sample, without 

differentiation between open and closed porosity. Table 5.2 shows the porosity obtained 
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for each sample. Porosity values for the mylonite are up to 0.1%. Sample E (Fig. 5.1b) 

is the only representative sample for the cataclasite, with a total porosity of 1%. The 

porosity of the damage zone range between 0.3- 0.9%. 

He-pycnometry measurements determine pore volume and densities of the samples, and 

accessible pore volume of the sample was measured with MIP. Density and volume 

measurement are shown in Table 5.3. The obtained skeletal density ranges between 2.65 

g/cm3 to 2.83 g/cm3, with no clear distinction between rock types. Porosity was 

calculated from He-pycnometry and MIP intrusion curves and is presented in Table 5.4. 

Mylonite has the lowest values of porosity, 0.10-0.14% for MIP and 1.1-1.6% for He-

pycnometry. 

Cataclasite containing quartz-chlorite veins shows the broadest range in porosity and the 

highest values, 0.05-0.72% for MIP. He-pycnometry measurements for the cataclasite 

do not show a similar variation, with values in the 1.4-3.8% range. The fractured host 

rock shows porosity between 0.06-0.20% (MIP), similar to the mylonite values, while 

He-pycnometry yields higher porosity values between 2.1- 6.1%.  

Overall MIP and He-pycnometry measured low porosity values <0.8% and <7% 

respectively. 

 

Sample Name A B C D E F G H 

Rock type dz dz dz dz cat myl myl myl 

Porosity φ 

 

0.7% 0.5% 0.3% 0.9% 1% 0.09% 0.1% 0.1% 

Table 5-2 Porosity estimates for µ-CT samples divided in Damage zone 

(dz),cataclasite(cat) and mylonite(myl). 
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Table 5-3 Sample measurements and He-pycnometry measured volume and density 

Table 5-4Measured effective porosity values of different rock type based on r He-

pycnometry and MIP. 

 
Sample Mass 

(g) 
Bulk Volume 

(cm3) 
Bulk 

Density 
(g/cm3) 

Skeletal 
Volume 

(cm3) 

Skeletal 
Density 
(g/cm3) 

Damage 

zone 

A 3.2368 1.206 2.684 1.1939 2.711 

D 1.8663 0.716 2.607 0.6730 2.773 

6 1.7742 0.686 2.586 0.654 2.712 

9 3.4517 1.315 2.625 1.2569 2.746 

10 3.1363 1.206 2.601 1.1807 2.656 

Mylonite/ 

Cataclasite 

contact 

13 1.275 0.475 2.684 0.4656 2.738 

14 1.7854 0.653 2.732 0.6376 2.800 

17 3.2672 1.219 2.680 1.1736 2.784 

19 1.4564 0.522 2.790 0.5142 2.832 

Mylonite 

G 2.4153 0.882 2.738 0.8726 2.767 

20 2.4644 0.883 2.791 0.8713 2.828 

22 2.5013 0.930 2.690 0.9160 2.730 

Damage zone  

Sample A D 6 9 10 Mean Porosity Median  

φe He % 4.1 6.1 4.7 4.4 2.1 
4.2±0.6 4.4 

 

φe MIP % 0.19 0.12 0.06 0.13 0.10 
0.12±0.02 0.12 

 

Cataclasite  

Sample 13 14 17 19  Mean Porosity  

φe  He % 2.1 2.4 3.8  1.4   
2.4±0.5 2.25 

 

φe  MIP % 0.72 0.07 0.09 0.05  
0.23±0.16 0.08 

 

Mylonite  

Sample G 20 22   Mean Porosity  

φe  He %  1.1  1.3  1.6    
1.3±0.14 1.3 

 

φe MIP % 0.14 0.11 0.06   
0.10±0.02 0.11 
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5.5 Discussion 

5.5.1  Multi-method porosity estimations  

Figure 5.7 shows the porosity results presented in table 5.1 and 5.3. First, it is evident 

that there is a substantial difference between the porosity values determined by He-

Pycnometry and those determined by MIP and µ-CT. 

 

Figure 5.7 BOX plot graph summarizing the porosity values. a) porosity results are 

grouped for each rock type, and colours differentiate the used methods. b) grouped box 

plot represent results for each method and singular box plot showing results for the 

rock type. Spacing in the vertical axis was increased to let see the lower boxes, this 

introduces an exaggeration to the box plot with higher ranges (e.g.  He pycnometry 

results). X point represent mean porosity values, while line represent the median value 

  

He pycnometry not only has higher porosity values compared to the other methods, but 

also presents a wider range of porosities for each rock type. MIP and µ-CT values tend 

to vary less, especially when considering median porosities values. Higher effective 

porosity values derived from He pycnometry are due to the small size of Helium kinetic 

diameter, which permits to investigate a greater percentage of connected porosity. In 

low permeability rocks it has been shown that He pycnometry produce an 

overestimation (Anovitz and Cole, 2015). 
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The contribution of pores with diameters smaller than 3 nm, which is not taken into 

consideration during MIP measurements, may cause an underestimating of the porosity 

volume determined by MIP. Intrusion curves (Fig 5.6) however reach a plateau for pore 

size smaller than 1 µm, indicating that pore connectivity is controlled from pore larger 

than the nm scale limit.   

Moreover, another limitation of MIP is that the measured intruded volume of mercury is 

controlled by the throat size of the pores, and not by the inner pore size. 

The use of the Washburn equation to obtain the pore throat size induces an 

approximation since pores are assumed to have a cylindrical geometry (Giesche et al, 

2006). The approach follows the connectivity model (Salmas et al., 2001) that states 

that for a pore to be filled with mercury a continuous path of mercury leading to that 

pore is required. In the case of a large pore connected by smaller pores, such pathway 

cannot be filled unless the pressure is sufficient to permit the entrance of mercury 

through the smallest entrance to that pore (known as Ink Bottle theory Giesche et al, 

2006). Hysteresis between intrusion and extrusion curves (Fig 5.6) indicates that most 

pores trap mercury during the extrusion process, which is indicative of a high ratio 

between pore throats and pore size (Giesche et al, 2006).  

The presence of larger pores and fractures is shown from µ-CT data (Fig 5.3), which 

show only pores with a volume bigger than the voxel size (20 µm). The calculated µ-CT 

porosity has been deemed representative of only a fraction of the total porosity, as µ-CT 

pore volume consists of open and closed pores. To be cautious the porosities obtained 

with He pycnometry have been considered as maximum value of porosity.  

Median porosities values for the mylonite are the lowest for each method (Fig. 5.7), and 

for MIP and µ-CT are lower than the median values for host rock 0.4%. The highest 

estimation (1.3 % median porosity for He pycnometry) falls still in the range of host 

rock porosities (Kuva et al., 2015). In samples from the cataclasite and damage zone, 
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median porosities from µ-CT have higher values than MIP. MIP median porosities 

values (0.08 % for cataclasite and 0.12% for the damage zone) are lower than the 

median porosity for the host rocks (0.4%). Similarly to the mylonite, He pycnometry 

results in higher porosities estimate, whose median values (2.25% for cataclasite and 

4.4% for the damage zone) are higher than the median porosity of the host rock, while 

still comparable with porosities values (up to 6.8%) of altered samples described for the 

host rocks (Öhman et al., 2009). Alteration of the samples have been only locally 

observed and is localized in plagioclase (see chapter 3 and 4) therefore these differences 

are interpreted as indicative of presence of microfractures and larger pores (Fig 5.3). 

The possible origin of such fine porosity is discussed in the next section. 

 

5.5.2 Microstructural control on porosity variation in BFZ045 fault rocks 

 

The observed porosity of the BFZ045 samples can be explained for each fault rock type 

based on its composition and microstructural characteristics. It needs to be kept in mind, 

however, that the observed porosity is the result of a complex history of deformation.  

As previously discussed, the lowest porosity estimates are from the mylonite, where 

pores are observed inside feldspar porphyroclasts and at the grain boundaries of quartz 

(Fig. 5.4). Porosity in K-feldspar related to the formation of albite lamellae is 

commonly observed in granitic rocks in nature (e.g., Worden et al, 1990; Walker et al. 

1995; Plümper and Putnis, 2009; Hentschel et al., 2019) and experiments (Norberg et 

al., 2011). Cuspate boundaries of albite at the interface of K-feldspar porphyroclasts 

suggest dissolution-precipitation (Norberg et al., 2011), while albite grains along 

fractures within K-feldspar might be indicative of neo crystallization in the presence of 

a fluid phase (Fig. 5.4) (Stünitz and Gerald, 1993; Eberlei et al, 2014). Porosity in 
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porphyroclasts could be also related to process of albitization of plagioclase trough 

interface-coupled dissolution–precipitation mechanism (Hövelmann et al., 2010; 

Plümper et al., 2017; Giuntoli et al., 2018).  

In the mylonite of interest is the porosity observed on BSE images located at the grain 

boundaries of recrystallized quartz (Fig 5.4b), with pores diameter rarely larger than 2 

microns. As discussed in Chapter 4, quartz in the mylonite recrystallized via subgrain 

rotation recrystallization. It has been demonstrated that monomineralic recrystallized 

aggregates can produce creep cavities due to a combination of Zener-Stroh cracking and 

viscous grain boundary sliding (Gilgannon et al., 2017, 2020), possibly coupled to 

dissolution (Mancktelow, 1998). In line with these studies, we infer that the creep 

cavities at the quartz grain boundaries emerge with subgrain rotation recrystallization in 

the presence of grain boundary fluids. 

Low porosity values of the mylonite are consistent with an overall viscous deformation 

regime, where viscous compaction and flow are generally not associated with 

significant dilatant deformation (Connolly, 2010), unless deformation mechanisms are 

capable of generating and maintaining a dynamic porosity and permeability (creep 

cavitation model presented in Fusseis et al., 2009; Menegon et al., 2015). Pore 

formation by creep cavitation generates porosity that varies dynamically as function of 

strain gradient and nucleation by precipitation of new grains from a fluid phase (Fusseis 

et al., 2009; Précigout et al, 2022). 

Similarly, to what has been discussed in chapter 4, BFZ045 microstructures indicate 

that an undergoing ductile deformation was punctuated by brittle events in the form of 

cataclastic deformation and veining. Therefore, porosity values obtained for cataclasite 

samples are interpreted as a result of multiple mechanism of porosity formation, and 

could be affected by the inherited porosity from the hosting mylonite.    
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Through the formation of fractures, brittle deformation enhances porosity (Marone et 

al., 1990), consequently influencing permeability (Sibson, 1990). Sealing mechanism 

leading to porosity decrease over time can be related to in situ dissolution-precipitation 

processes, such as pressure-solution processes (Renard et al., 2000; Faulkner, 2010) or 

mineral precipitation from an external fluid (Giger et al., 2007). 

In the veins of the cataclasite pores at the recrystallized quartz grain boundaries, small 

chlorites at the triple point of quartz grains and the pitted quartz surfaces (Fig 5.4) 

suggest that creep cavitation was an active mechanism following the veins emplacement 

(Gilgannon et al., 2020), as concluded for the mylonite. 

In the damage zone, most of the pores are observed in perhtitic K-feldspar along healed 

microfractures, possibly representative of fluid inclusion planes, and at the core of 

plagioclase/albite (Fig. 5.4), suggesting that porosity observed in the damage zone is at 

least partly inherited from the host rock.  Mineral inclusions observed in the plagioclase 

(Fig 5.4h) could be used as indicator of variation in porosity occurring during 

plagioclase replacement reactions (Plümper & Putnis, 2009; Plümper et al., 2017; 

Putnis, 2015). 

Macro-fractures are what influences more the porosity estimates from the host rock (see 

section 5.4.1). Origin of those fractures could be related to partial precipitation of 

minerals in veins, or most probably are due to sample preparation, and will be discussed 

in chapter 6. 
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Figure 5.8 Visual representation of porosity data and deformation mechanism 

distributed along the PH28 drill core. a) Porosity distribution along sample section. b) 
Schematic representation of faults domains based on macroscopic and thin section 
observations, illustrated on the lower half of the scheme. c) Visual representation of 
porosity generating mechanism active during Bfz045 evolution.  

 

Geometry of the selected drill core section is representative at a smaller scale of the 

geometry of BFZ045, with mylonitic ductile precursor overprinted by brittle 

deformation. Distribution of the porosity along the core samples shows an increase of 

values from the mylonite towards the damage zone (Fig 5.8a). Studies shows that brittle 

fault core have higher porosity than surrounding rocks, due to effect of high strain and 

repeated fracturing (Faulkner et al., 2010; Egli et al., 2018). Low porosities along fault 
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core have been interpreted as the result of effective porosity reduction mechanism via 

efficient crack healing and sealing (Kirilova et al., 2020).  

The estimated porosities for BFZ045 are the result of multiple processes that took place 

during the fault evolution. Porosity in the host rock has been described in relation to 

dissolution–precipitation mechanism and alteration (Kuva at al., 2018; Öhman et al., 

2009). Strain variations and recrystallization mechanism in the mylonite can be linked 

to pore formation by creep cavitation and dissolution-precipitation (Fusseis et al., 2009; 

Precigout et al, 2019) leading to a dynamic porosity evolution under ductile conditions. 

Changes in porosity can affect the permeability of the surrounding rocks, potentially 

leading to local fluid overpressure (Cox, 2010; Kjøll et al., 2015) (Fig 5.8 b). Increase in 

pore fluid pressure can results in (hydro) fracturing with consequent release of pore 

pressure and short-term permeability enhancement, even under ductile conditions. 

Presence of veins can be used as evidence of such temporary permeability (Gomila et 

al., 2016, 2019). Subsequent mineral precipitation decreases the porosity, and can 

introduce weaker phases, such as phyllosilicates (Niemeijer and Spiers, 2005).  

Interplay of pore formation and reduction under ductile condition can affect the overall 

behaviour of the fault during time and could act as localization mechanism not only for 

fluid, but also for development of brittle structures, such as the cataclasite in BFZ045.   

This is consistent with the model of fault-zone evolution derived in Chapter 4, which 

indicates that quartz-rich veins formed transiently during ongoing mylonitization as a 

consequence of oscillating fluid pressure conditions. Marchesini et al. (2019) proposed 

the same cyclical fault-slip behaviour, largely steered by fluctuations in the fluid 

pressure, for the conjugate BFZ300 fault. 
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5.6  Conclusion 

Porosity and pore size were estimated for different structural domain of a core section 

representative of the BFZ045 fault geometry. Multimethod approach was helpful to 

investigate pores at different scales and interpret volumetric measurements obtained 

from He pycnometry and MIP in relationship to microstructural observation from SEM 

images and 3D porosity distribution from µ-CT data. Pores have been observed along 

grain boundaries in recrystallized quartz in mylonite and cataclasite, as intra-granular 

porosity in feldspar and locally as microfractures.  Overall, the samples present low 

porosity values, with median porosity values range from 0.08 to 4.4%. Estimated pore 

size varied from 1 to 100 µm, with pore throat diameters, representative of pore 

connectivity, mostly observed for values in range between 2-20 µm. Porosity formation 

and reduction mechanism have been proposed for different rock type. Under ductile 

conditions, interplay between creep cavitation, mineral replacement reactions and 

mineral precipitation from fluid is deemed responsible of dynamic changes in the 

porosity, which coupled with fluid overpressure drive the occurrence of brittle events. It 

is suggested that evolution of porosity is strictly related to deformation events 

previously described in the thesis, and overall is an important factor for BFZ045 fault 

evolution.  
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6 Spatial distribution of Chlorite filled fracture along BFZ045 

 

6.1 Introduction 

 

Fault zones and their fracture network play an important role in the migration of fluids 

through the continental crust (Sibson, 1992; Cox et al., 2002; Mizoguchi et al., 2008).  

A fracture network can be described as a system of fractures that developed in time 

within the same rock volume and could consist of multiple fracture sets (Peacock et al., 

2016). Fracture sets are generally grouped by their geometry, type or mineral fill, which 

can, in turn, be used to distinguish between structural events within the evolution of a 

fracture network.  

Evidence of paleo- fluid flow through a fracture network is commonly associated with 

veins, dilatation sites in which mineral aggregates precipitate from a fluid (Bons et al., 

2012). Analysis of shape, orientation and interconnection of fractures can be used to 

assess stress field, deformation kinematics, fluid pressures, and fracture mechanisms 

(Oliver and Bons, 2001; Peacock and Sanderson, 2018; Cox 1999; Cox et al. 2001; 

Sibson 1996; Smith 1997). Internal microstructures and composition of veins are useful 

to infer both mechanical (Bons 2000: Urai et al. 1991: Koehn et al., 2001,) and chemical 

(Fisher et al., 1995; Schulz et al., 2002; Barker et al., 2009) processes of vein formation 

and their relation (e.g., Elburg et al., 2002, Barker et al., 2006,).  

The development of vein in a rock mass can influence the strength and the subsequent 

deformation of the host rock. Moreover, heterogeneities in the host rock, such as 

anisotropy, play a significant role in influencing the orientation and propagation of 

veins (Platt and Vissers, 1980; White et al., 1980). A possible mechanism of vein 
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emplacement requires pre-existing anisotropies, such as fractures, favourably oriented, 

which are reactivated after fluid pressure exceeds the normal stresses acting on the 

fracture wall. If the condition of cyclic increase of fluid pressure is considered, fractures 

opening along such pre-existing anisotropies could occur also under ductile conditions, 

with a mechanism known as fault-valve action (Sibson et al., 1988; Sibson, 1992, 1996, 

2000; Cox et al., 2001). The flow of fluid into the open fractures could lead to an 

‘instantaneous’ drop in fluid pressure, responsible for mineral precipitation and vein 

formation (Cox et al., 1991, 2001; Cox, 1995). The deposited vein materials would seal 

the fracture, returning the system for the next cycle of deformation. Repeated cycles of 

fluid pressure build-up, rupture, fluid flow and vein formation would then generate a 

veins network in host rocks (Blenkinsop et al., 2020; Belgrano et al., 2016;).  

In Olkiluoto, vertical N-S to NNE-SSW trending faults represent the earliest brittle 

structures (Stage I, Fault system I fig 5.1) identified from inversion of fault slip data and 

cross cutting relationship (Mattila and Viola; 2014). Those vertical strike-slip faults are 

approximately parallel to ductile precursors (D1-D4), high-grade ductile shear structures 

(Skyttä and Torvela, 2018) that formed along the limbs of F4 folds towards the end of 

D4 (ca.1.81 Ga ago, Aaltonen et al., 2016). Short fault segments, most-likely controlled 

by these ductile precursors, evolved into more continuous faults, through linkage of 

secondary fractures (Skyttä and Torvela, 2018). The brittle structures developed at the 

transition from an overall ductile to brittle regime, occurring ca. 1.79–1.75 Ga ago 

(Torvela et al., 2008; Aaltonen et al., 2016), and were later reactivated at ca 1.3–1.2 Ga 

(Nordbäck et al. 2022).  As previously discussed, (Chapter 4 of this thesis, Prando et al. 

2020), BFZ045 is a sinistral strike slip fault, associated to Fault system I with an 

average orientation of 87/095 (dip/dip direction) with the presence of a mylonitic 

precursor (Fig 6.1). Similarly, to other faults of the same system synthetic R and 

antithetic R' shears are present in the damage zone (Fig 6.1 a, Nordbäck et al. 2022). 
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The fault core is characterized by the presence of quartz veins, and the most common 

minerals observed lining fractures are smectite, chlorite and illite (Aaltonen et al., 2016, 

Nordbäck et al. 2022). Quartz veins (parallel to the foliation), chlorite veins and 

chlorite-rich cataclasites have been interpreted as a primary indicator of brittle 

deformation along drill cores intersecting BFZ045 (Prando et al. 2020).  

 This chapter approach the analysis of chlorite-filled orientation and their distribution 

along the fault, in a tentative to discern possible relationships with the ductile precursor.  

 

 

Figure 6.1 A) Schematic map of a Fault system I fault zone. b) photographs of BFZ045 

from the tunnels of ONKALOTM. Yellow lines on tunnel walls are paint marks from 

tunnel mapping. C) BFZ045 kinematic fault data (lower-hemisphere Schmidt projection, 

black great circles: fault cores, pink great circles: fault damage zone) (modified from 

Nordbäck et al. 2022, used under CC.BY 4.0) 

 

 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/montmorillonite
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6.2  Materials and Methods  

Samples discussed in this chapter are eight cylinders from the upper half-core of drill 

core PH28 , of ca.1 cm in diameter and up to 2.3 cm in length (samples A-H), collected 

orthogonally, in respect of the cut surface parallel to the stretching lineation (Fig. 6.2a).  

  

Figure 6.2 a,b) Photograph of PH28 upper half-core selected section, cut parallel to 

lineation. Black squares indicate samples position. c) Schematic representation of fault 

domains based on macroscopic and thin section observations, illustrated on the lower 

half of the scheme. Grey 3D shapes in the upper half of the scheme illustrates sample 

and name location on the PH28 drill-core. X and Y define the foliation plane. Z is the 

pole of the foliation plane. 



137 

 

 

The mini cores have been used for micro-computed tomography (µ-CT) data 

acquisition. After image processing of µ-CT dataset, five cores (B, C, E, F, H in Fig. 6.2 

b) were put into resin and cut into six serial thin sections, with a spacing of ca. 3 mm 

between each section. The remaining cores have been utilized for MIP analysis (see 

previous chapter). A thin section (PH28_22) from the drill core PH28 was also obtained 

to investigate the chlorite-rich cataclasite. Polished thin sections were analysed using 

petrographic microscope and SEM in backscattered electron (BSE) mode in order to 

investigate vein microstructures, and Energy Dispersive X-Ray Spectroscopy (EDS) 

was used to identify the main mineral phases. 

 

Figure 6.3 Visual representation of the workflow followed in Image J to segment each 

orthoslice from the 3D dataset. a) original image, b) image filtered with Anisotropic 

Diffusion 2D. c) WEKA 2D plugin interface. Rectangles represent user selected area for 

each class. d) Result of WEKA 2D algorithm training for segmentation, different colors 

represent the selected class e) example of probability maps obtained for class 2/ 

chlorite (represented in green in figure d) 

 

The image acquisition settings and segmentation process for µ -CT images have been 

previously described in section 5.2 of this thesis. The µ -CT images have been re-

oriented with the Avizo™ software, rotating the images to have the previously 
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annotated foliation trace in the samples parallel to the x-axis of software reference 

system, and the vertical axis of the sample parallel to the z-axis of the software. 

Segmentation of chlorite used as proxy for sealed fracture identification on µ-CT 

dataset is summarized in figure 6.3.   

Separation of intersecting chlorite fractures through the segmentation process was not 

sufficient to properly separate the 3D volumes to be used for orientation analysis. The 

segmented dataset was therefore used for visualization purposes. Orientation analysis of 

the chlorite-lined fracture was then conducted on orthoslices (2D images) parallel to the 

xy plane of the Avizo™ software.  

 

6.2.1 Image Analysis 

 

Measurements of vein orientations were conducted on ImageJ/Fiji software. Table 6.1 

reports the selected slice numbers for each sample, corresponding to a slice interval of 

50. Due to the geometry of the samples not being perfectly cylindrical, upper and lower 

slices were not considered for the measurements. For each image, using Adobe 

Illustrator, veins were manually traced as line segments along the vein lengths (the 

procedure applied is common to digital analysis of fracture sets from a variety of other 

imaging methods e.g. Healy et al., 2017). Vein apertures were measured perpendicular 

to the vein walls (average width values are used for each vein length segment).  

Angles and lengths of the traced segments were obtained using the analyse particle 

operator in Image/J. Results were saved as .csv file and plotted as equal-area rose plots 

using MATLAB software. Cumulative orientations of the line traces are represented 

with half circles (0°-180°) rose plots, separated into 10° bins, plotting length-weighted 

frequency (where the frequency was scaled to the fracture length) and aperture-
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weighted frequency (where the frequency was scaled to the average fracture width). The 

orientation of each segmented vein is directly referenced against the trace of the 

foliation plane, which was set parallel to the vertical axis of the slices image in each 

case. 

 

Table 6-1 Summary of trace orientation analysis samples  

  

Sample 

name 

Structural 

domain 

Number of 

slices 

First 

analyzed 

slice 

Last 

analyzed 

slice 

Number of 

slices  

A Damage zone 1665 175 1025 18 

B Damage zone 1885 500 1350 16 

C Damage zone 2099 110 1710 33 

D Damage zone 1452 108 402 7 

E Damage 

zone/ 

cataclasite 

2088 50 1250 25 

F Mylonite 2012 400 1300 19 

G Mylonite 1396 200 1050 18 

H Mylonite 2286 200 2000 37 
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6.3  Results 

6.3.1  Mylonite (Samples G-H) 

 

Chlorite mostly occurs along the foliation in the mica-rich layers, either with grains 

elongated along the foliation (Fig. 6.4a) within pressure shadows of feldspar 

porphyroclasts, or with a radial to massive texture in combination with oxides and 

apatite (Fig. 6.4 b).  

Fractures, lined with chlorite, are mostly observed in feldspar rich layers as hybrid 

extensional fracture (ModeII/III+Mode I), with chlorites stretched along fractures in 

between domino type porphyroclasts (Fig 6.4 c). Locally they present as shear fractures 

(Mode II/III) with fine-grained mineral habit parallel to the shear direction and forming 

conjugate set (Fig 6.4 d). Veins non-parallel to the foliation have similar orientation to 

sinistral shear fractures and are mostly hybrid veins,  

Quartz-chlorite fractures are preserved along foliation and inside porphyroclasts mostly 

as Mode I fractures (Fig. 6.4c, e,f), but there appear to not be any continuity with the 

chlorites surrounding the clast an in its pressure shadows (Fig. 6.4 d|). Chlorites have 

fibrous habits and present syntaxial growth perpendicular to the fracture wall. 
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Figure 6.4 Chlorites in the mylonite at light microscope, SEM.  a)Chlorites along the 

mylonitic foliation, b)chlorite veins elongated subparallel to the foliation c)overview of 

chlorite filled fracture and quartz-chlorite fracture parallel to the foliation  d) 

conjugate set of chlorite fractures(left in the  image) and chlorite matrix cutting 

feldspar grain e) Fractured porphyroclasts of plagioclase cut by quartz-chlorites 

fractures f) Detail of e, showing chlorite crystals are elongated perpendicular to 

fracture wall.  

µ-CT images representing Chlorite volume  Shows preferential orientation of chlorite 

along the anastomosing foliation (Fig 6.5).  In the mylonitic samples (F, G) (Fig. 6.5) 

separation of chlorite veins of was not highly successful due to presence of chlorite and 

biotite along foliation, which resulted in a possible overestimation of chlorite volumes 



142 

 

along the foliation. Similarly, chlorite in the analysed 2D images of the mylonite 

samples appear to be mostly oriented along foliation, with chlorite fractures showing 

then a preferred orientation at ca. 120° and 140° to the mylonitic foliation (Fig 6.6). 

 

 

Figure 6.5 Mylonite 3d section.    Blue axis =z; red axis= x and green axis =y of the 

AvizoTM reference system.  
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Figure 6.6 Orientation of chlorites for the mylonitic samples.. Images present the 2D 

orientation (in the XY plane) obtained for each sample in the mylonite. XY orthoslices 

are used whenever possible, to assess cross cutting relationship between veins and 

foliation trace. 

 

6.3.2 Cataclasite (Sample E) 

 

Cataclasites in Fault Zone BFZ045 are identified from the relative abundance of chlorite 

in hand samples, and are characterized by the occurrence of numerous chlorites 

fractures and bands of white mica (sample PH28_22, Fig 6.7a). Sample E has a foliated 

cataclastic texture with angular clasts surrounded by a fine-grained matrix composed of 

plagioclase, chlorite and white mica (e.g. Fig.6.7 c). Quartz-chlorite in the fracture in 

the cataclasite present syntaxial growth and lamellar habit, with crystals aligned 

perpendicular or slightly off-normal to the vein wall crystals (Fig 6.7 b). Chlorites in the 
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matrix (Fig 6.7c), have a texture that varies from flaky to massive. Locally, chlorite 

lamellae in the chlorite-quartz fractures are elongated parallel to the stretching lineation 

and at a high angle to the fracture wall (Fig. 6.7 d,e). Mostly chlorite-quartz fracture 

shows Mode I aperture (Fig. 6.7f) but occurs also as hybrid fracture interesting domino 

type fragmented clasts (Fig.6.7g). Separation of chlorites filled fractures in the 

cataclastic domain was not attempted, due to the prevalence of chlorite in the matrix.  

 

 

Figure 6.7 Chlorites in the cataclasite. SEM images 
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6.3.3 Damage zone  

 

In the damage zone presence of chlorite-quartz fractures have been observed for only 

two sample (Samples B and E). In sample B chlorite-quartz veins forms a characteristic 

triangular texture, which is commonly associated with infilling of hydraulically 

brecciated rock, resembling a ‘crackle breccia’ style texture (Woodcock and Mort, 

2008) (Fig 6.8a). Chlorite is showing syntaxial growth. For sample E the observed 

chlorite-quartz fracture cuts the mylonitic foliation at the contact with the cataclasite 

(Fig 6.8b) Chlorite grows radially from the fracture walls and intergrown quartz shows 

undulose extinction. Chlorite lined fractures are prevalent and are observed from thin 

extensional veins with aperture widths ~40-100 µm, to larger veins (up to ~400 µm 

aperture widths) with flaky texture (Fig 6.8 c-e). Chlorite is also present lining shear 

fractures, presenting a fine-grained fibrous habit parallel to the shear direction (Fig 6.8 

f).  

In samples from the damage zone, chlorite fractures appear either as homogeneous 

cataclastic band or as fractures  (Fig 6.9).  Cataclastic bands tend to have orientation 

semi parallel to the foliation (e.g Sample B Fig. 6.9). Chlorite fractures shows cross 

cutting relationship with small angles between fracture sets, however it was difficult to 

discern whether a specific orientation cuts another (e.g Sample B,C Fig. 6.9) 

 

 



146 

 

 

Figure 6.8 Chlorites in the damage zone. SEM images  

 

Most of the traced chlorite-filled fractures are oriented sub-parallel to the foliation 

(Fig.6.9). Damage zone fractures can be separated based on the orientations determined 

in the segmented images: Sample A with trend parallel to foliation trace, sample B more 

homogenous, C- E with a trend toward 140-160 degrees angles to the foliation trace 

(Fig 6.9). 
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Figure 6.9 Damage zone fracture orientation. Images present the 2D orientation (in the 

XY plane) obtained for each sample in the damage zone. XY orthoslices are used 

whenever possible, to assess cross cutting relationship between veins and foliation 

trace. 

  



148 

 

6.4 Discussion  

 

6.4.1 Distribution along fault  

 

Mylonite (samples F.G and H, Fig 6.10) are characterised by a mix of both chlorite-

lined fractures and quartz-chlorite filled fractures. Quartz-chlorite fractures appear to 

develop as dominantly mode I veins, oriented subparallel to the mylonitic foliation. 

Opening of the mode I extensional fractures parallel to the foliation could indicate a 

local variation on stress orientation due to elevated pore fluid pressure (Cox, 2005). 

Recrystallized quartz veins were observed with similar orientation in other samples of 

the BFZ045 (Chapter 4).  

  

Figure 6.10 Distribution of sample orientation along fault 

 

Chlorite filled fractures while also showing a preferred orientation parallel to foliation, 

presents a secondary orientation trending at ca. 140° to the foliation plane. Fractures 
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with the widest apertures are mostly oriented at 140-150°, forming angles of around 20-

40° with the foliation plane. Assuming homogenous stress states in the crust and 

Coulomb failure behaviour following the Anderson model of faulting, the earliest 

fracture to form under brittle condition are expected at angles of ~25-30 with respect to 

the maximum principal stress driving the deformation (Anderson, 1942; Scholz, 2002). 

From Olkiluoto regional studies, it is assumed that the ductile precursor of BFZ045 was 

optimally oriented for the reactivation during the first stage of brittle deformation 

(Mattila and Viola, 2014). Chlorite secondary orientation trending at ca. 150° to the 

foliation plane could be consistent with R fractures for a sinistral fault (Fig 6.10).  

The damage zone contrast with the mylonite in that they present dominantly chlorite 

filled fractures with variable orientations. Microstructural observations in the damage 

zone and neighbouring cataclasite zone identified chlorite filled veins having mostly 

extensional component, however present a component of shear.   

In the cataclasite elongation, in quartz-chlorite veins, of chlorite lamellae parallel to the 

precursor foliation trace and dissolution-precipitation of quartz and chlorite in clast 

pressure shadows might suggest that ductile condition was still present during part of 

the cataclastic deformation.  

 

While more detailed analysis of the data in regards of the fracture orientation, separated 

by fracture opening mode is needed to better understand the presented data, some 

preliminary points of discussion can be identified: 

1. Regional studies of the Olkiluoto region propose the development of N-S faults 

due to the linkage of individual fault segments, which exploited the 

anastomosing network of shear zones related to a late stage of ductile 

deformation (D4). From microstructural observation there are evidence that the 

onset of brittle deformation in Olkiluoto was driven by multiple crack and seals 
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events of due to fluids overpressure, seen both in BFZ045 (Prando et al., 2020), 

and more evidently in the conjugated fault BFZ300 (Marchesini et al, 2019).  

2. Ductile precursor of BFZ045, most clearly represented by the main mylonitic 

foliation, did play a role in the localization of brittle deformation. Possibly 

acting either as a fluid barrier or as a fluid pump (Fusseis et al., 2009) leading to 

a local variation of fluid pressure, and in turn promoting brittle failure (Sibson, 

1990; Gratier et al., 2003). Quartz-chlorite fractures observed in the studied 

samples of BFZ045 present microstructures and geometries indicative of a fluid 

driven origin, through hydro fracturing (e.g., crackle breccia’ style texture 

(Woodcock and Mort, 2008)), and could be used as evidence of a temporary 

permeability.  

3. Precipitation of minerals, such as chlorite, in the fractures, under ductile 

condition, could result in an overall weakening under subsequent brittle 

deformation (reduced coefficient of sliding friction and/or cohesion). Preferred 

orientation of phyllosilicates along foliation, as seen in the cataclasite samples, 

could also impact the strength of early formed structures during later brittle 

deformation. Subsequent fracturing under ductile-brittle transition could then 

have been controlled from the interplay of regional stress orientation, for which 

the ductile precursor was optimally oriented (Mattila and Viola, 2014), and the 

presence of fluids. This may explain why observed fracture are oriented parallel 

and at ca. 140° to the foliation. Linkage of different fracture sets could have then 

evolved into the development of cataclasite under brittle conditions.  

 

6.4.2 Summary 
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The core section studied presents two main type fractures:  hybrid shear fractures lined 

with chlorite and extensional (mode I) fractures under the guise of chlorite and quartz-

chlorite fractures. Orientation analysis revealed that fractures are predominantly 

developed along the mylonitic foliation, or at angles to the foliation consistent with 

orientations expected for R and T Riedel shears in a sinistral strike slip fault zone. 

Quartz-chlorite fractures are considered to reflect hydro-fracturing and have been 

observed mostly along the mylonitic foliation and as part of clasts in the cataclasite. 

Chlorite fractures overall have more variability of texture and orientation in comparison 

to the quartz-chlorite veins.  
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7 Conclusions  

This thesis aimed to characterise the onset of brittle deformation under ductile 

conditions that define part of the long deformation history of BFZ045, a brittle fault 

zone exploiting a mylonitic precursor in the Paleoproterozoic basement in Olkiluoto, 

SW Finland. Major focus of the thesis was the study of deformation mechanisms and 

fluid pathways representative of the mechanical evolution of BFZ045 at the transition 

from ductile to brittle deformation. A multimethod approach was used to investigate the 

deformation mechanism and semi-quantify parameters that defined the fault evolution.  

Fault zone geometry shows a cataclastic core that overprints the pre-existing mylonitic 

core structures. The presence of syn-kynematic quartz veins, which are in turn 

characterised by dynamic recrystallization with quartz grains undergoing subgrain 

rotation, suggests that the fault zone underwent transient brittle events under overall 

ductile conditions. Mylonitization of BFZ045 has been estimated to occur at ~450 C and 

3.5 Kbar, corresponding to a depth of faulting at 13 km in the crust that locates the 

strike slip fault in the seismogenic zone.  

Mylonitic creep occurred under increased differential stresses towards the shear zone 

centre and is presented as microscopic-scale complementary evidence of what had been 

previously observed at a larger scale: the discontinuous high-strain ductile structural 

elements that have been described to have strongly contributed to the localization of N-

S sub-vertical faults during a late ductile deformation event in Olkiluoto (Skyttä and 

Torvela 2018).  

The observation of fluid-related microstructures, together with the variation of 

differential stresses along the fault core section, shaped the proposed conceptual model 

of the evolution of BFZ045 slip behaviour. The model highlights the significant role of 
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transiently sub-lithostatic fluid pressure in triggering vein emplacement during ongoing 

mylonitic deformation, as well as the progressive increase in stress and strain rate 

during viscous creep towards peak conditions reached at the BDTZ in the BFZ045.  

Reported microstructural observations indicate that pore fluid pressure played a crucial 

role in veins emplacement and deformation in the BFZ045, further research was aimed 

at characterising fluid pathways at different scales and their impact on the overall 

evolution of the BFZ045.  

The results showed minimal variations in porosity distribution along the fault core, 

indicating that different porosity-generating and porosity-sealing mechanisms played a 

role in controlling porosity variation within different fault rocks.  

The pore volumes obtained along the BFZ045 fault rocks are representative of its long 

deformation history. Overall low pore volume estimates for the mylonitic precursor 

might suggest its limited capacity to permit fluid flow capacity. This finding 

complements several permeability studies conducted in Olkiluoto, as the most 

permeable structures have been indicated to be fractures and fault zones within the 

Olkiluoto bedrock (Baxter et al., 2021). Multimethod approach was helpful to 

investigate pores at different scales and interpret volumetric measurements obtained 

from He-pycnometry and MIP in relationship to microstructural observation from SEM 

images and 3D porosity distribution from µ-CT data. 

The presence of chlorite and quartz-chlorite filled fractures suggests that fluid-rock 

interactions played a significant role in their formation and evolution. Quartz-chlorite 

fractures have been interpreted to be mostly formed through process of hydro-

fracturing, indicate that fluid infiltration and fluid pressure fluctuations were likely 

present during the faulting process. Additionally, the observed orientation of chlorites 
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lamellae filling the fractures coupled with quartz recrystallization evidence suggests that 

part of the formation of the described fracture occurred under partially ductile condition 

during the BFZ045 deformation history. Orientation analysis has shown that chlorite 

filled fractures predominantly developed along the mylonitic foliation, or at angles to 

the foliation consistent with orientations expected for R and T Riedel shears in a 

sinistral strike slip fault zone. Chlorite fractures overall have more variability of texture 

and orientation in comparison to the quartz-chlorite veins. The presence of chlorite 

fractures parallel to the mylonitic foliation indicates that they either may have formed 

during the mylonitization process, or that the mylonitic foliation acted as a preferred 

plane of weakness during the fault deformation history. Overall, the different textures 

and orientations of chlorite fractures suggest a more complex formation history 

compared to the quartz-chlorite veins. Limitations of the presented findings, such as 

missing age constrain, clear cross cutting relationship and composition analysis of the 

chlorite fractures represent a direction for future studies that could be applied for a 

better understanding of the events controlling the fracture formations in Olkiluoto. 

Moreover, the small size of the sample may not accurately represent the entire fracture 

population or elude cross cutting relationship. Future works should be expanded to add 

the rich dataset of fracture available for ONKALO underground mapping, therefore 

closing the gap from the existing micro and the regional scale analysis of fracture and 

fault zone orientations in Olkiluoto.  

The key outcome of this thesis is the recognition of the importance of BFZ045 ductile 

precursor role in influencing the fault behaviour during its evolutionary history at 

seismogenic depth. This study shows that microstructural studies leading to the 

acquisition of independent constraints offer the potential to reconstruct in detail the 

evolutionary history of fault zones that experienced a transition in deformation mode at 

the BDTZ.  Overall, the applied multimethod approach gives complementary 
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information on parameters that were in play at the onset of brittle deformation in 

Olkiluoto.  

In addition to deriving a conceptual model of varying fault slip behaviours at the BDTZ, 

the methods and the results of this work complement and expand thorough site 

characterization studies of deep geological disposal facilities. In the case of Olkiluoto, 

detailed study of a continuous fault section from drill core samples contributed to a 

better understanding of Fault system I behaviour, that is part of the long and complex 

history deformation of the area, which might not have been fully grasped just from 

regional, larger scale studies.  
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Appendix A 

 

 

 

Figure A 4 Photo of selected dill cores. Core section from horizontal drill core 

ONK_PH28. Photo shows the extracted core length at the 98.78- 102.13 m distance 

from the start of the drill core 
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Figure A 5 Scans of ONK_PH28 upper half-core and schematic diagram of the sampled 

lithologies from core descriptions and -photos. Represented section at 99.76- 100.32 m 

distance from the start of the drill core. Separation of the pieces of drill core are due to 

open fractures occurring during the core extraction or  to subsequent sample 

preparation. Comprehensive descriptions of drill core is provided in Chapter 3. 



178 

 

 

Figure A 6 Scans of ONK_PH28 upper half-core and schematic diagram of the sampled 

lithologies from core descriptions and -photos. Represented section at 100.32- 102.13 m 

distance from the start of the drill core. Comprehensive descriptions of drill core is 

provided in Chapter 3. 

 


